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A b st r a c t

The current shortage o f donor lungs for transplantation could be partially solved by 

increasing the safe cold preservation time for pulmonary tissue. This study was 

undertaken to investigate the hypothesis that cold preservation leads to damage to the 

pulmonary endothelium, resulting in loss o f the normal permeability barrier and 

consequent overwhelming oedema. Improvements in lung preservation would follow  

if  normal endothelial cell functions could be maintained. The studies were based on 

(a) a single lung transplantation model in rats; and (b) in vitro cultures o f human 

endothelial cells (EC).

a. Whole lung transplantation was studied using light and electron microscopy, 

radiology and long-term survival with blood gas analysis o f  pulmonary physiology.

b. In vitro studies were based on morphology and viability measured in cultures o f  

confluent EC exposed to cold ischaemia and warm re-oxygenation. Permeability 

studies to measure leakage o f Evan's blue-conjugated albumin across the monolayer 

were performed on transwell membranes.

The data obtained suggested that fluid extravasation from blood vessels to alveoli 

due to poorly preserved endothelium is the main cause o f  organ failure after lung 

transplantation. The results from EC suggested that morphological changes and 

monolayer continuity were closely related and could have a determinant role in 

maintaining vascular permeability. The long term survival studies showed the great 

capacity o f  lung tissue to recover from oedema and haemorrhage with little 

histological damage but some electron microscopic changes 4 weeks after 

transplantation. When different preservation solutions were tested, these differed in 

grades o f effectiveness in vivo and in vitro. Permeability studies suggested that drugs 

modulating cAMP levels could be used to prevent permeability rise due to cold 

ischaemic storage. Preservation o f EC morphology and monolayer continuity should 

be studied in greater depth to improve pulmonary preservation in future.
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Plate 9.19. Scanning electron micrograph o f well preserved rat pulmonary arterial 

endothelium 4 weeks after transplantation. Lungs were stored in UWmod for 48 h.

Plate 9.20. Scanning electron micrograph of badly preserved rat pulmonary arterial 

endothelium subjected to 72 h o f  hypothermic storage in CT solution followed by 4 

weeks o f revascularization. The endothelial covering is absent, leaving exposed 

collagen fibres and fibrotic processes.
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C h a p t e r  1 

In t r o d u c t io n

1.1. The clinical problem

Lung transplants have become successful life saving operations with satisfactory 

long term results (Patterson et al., 1988). However, the short duration (4-6 h) 

currently tolerated by pulmonary tissue prior to transplantation places severe 

limitations on the number o f clinical lung transplants performed (Keshavjee et a l ,

1989), and waiting lists for single, double or combined heart and lung transplants are 

increasingly long. To make full use o f all available organs harvested from heart- 

beating donors, it is necessary to extend the period o f lung preservation while 

maintaining satisfactory organ viability and immediate function upon 

transplantation. This thesis is devoted to elucidating the pathology and improving the 

tolerance o f lungs to preservation, paying special attention not simply to whole lung 

storage, but to preservation o f the vascular endothelium.

1.2. The respiratory system

Respiration is a term used to describe two different but interrelated processes; 

cellular respiration and mechanical respiration. Cellular respiration is the process in 

which cells derive energy by oxidative degradation o f organic molecules. 

Mechanical respiration is the process by which oxygen required for cellular 

respiration is absorbed from the atmosphere into the blood vascular system and the 

process by which carbon dioxide is excreted into the atmosphere. The respiratory 

system is designed to accomplish this task.

Anatomically, the human respiratory system is divided into the lower and upper 

airways. The lungs, bronchi and trachea form the lower airways, while the mouth, 

nose and larynx form the upper airways. A conducting system brings the air into 

blind ending sacs called alveoli, which are the sites o f gaseous exchange. The alveoli 

constitute the bulk o f the lung tissue, and are thin-walled structures enveloped by a 

rich network o f capillaries, the pulmonary capillaries. This arrangement provides a 

vast interface o f minimal thickness for gaseous exchange between the atmosphere 

and the blood, the total surface area o f the alveoli is about 100 m  ̂ for an average
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sized male (Despopoulos & Silbernagl, 1991). The continuous process o f  gaseous 

diffusion requires appropriate gaseous pressure gradients to be maintained across the 

alveolar wall. This is achieved by rapid and continuous perfusion o f the pulmonary 

capillaries by venous blood and the regular replacement o f alveolar gases by the 

process o f  breathing (Wheater et al., 1987).

1.3. The lungs

1.3.1. Human lung anatomy and physiology

The lungs are cone-shaped organs lying in the thoracic cavity. They are separated 

from each other by the heart and other structures in the mediastinum. The 

mediastinum separates the thoracic cavity into two anatomically distinct chambers. 

Two layers o f  serous membrane, called the pleural membranes, enclose and protect 

each lung. The superficial layer lines the wall o f the thoracic cavity and is called the 

parietal pleura. The deep layer is called the visceral pleura, and covers the lungs 

themselves. Between the visceral and the parietal pleurae is a small potential space, 

the pleural cavity, which contains a lubricating fluid secreted by the membranes. 

This fluid reduces friction between the membranes and allows them to slide easily on 

one another during breathing.

Human lungs consist o f two lobes lying on the left and three on the right side o f  the 

thoracic cavity. Each has a main bronchus, one pulmonary artery and two pulmonary 

veins, all o f  which subdivide within the lung parenchyma, together with the 

bronchial vessels, nerves and lymphatics.

In the alveolar walls there are two types o f  epithelial cells or pneumocytes. Type I 

alveolar cells are simple squamous epithelial cells that form a continuous lining o f  

the alveolar wall, interrupted occasionally by a type II alveolar cell. The type I 

alveolar cells are thin, and are the main site o f  gaseous exchange. Type II alveolar 

cells are rounded or cubical epithelial cells whose free surface contains microvilli. 

These secrete alveolar fluid, which helps to maintain the humidity o f alveolar cells 

and prevents collapse o f  the alveoli. Associated with the alveolar wall are alveolar 

macrophages. Their role is to remove fine dust particles and other debris in the 

alveolar spaces (Wheater et al., 1987). In the larger conducting airways, epithelial 

cells are ciliated and covered with a thin layer o f fluid, containing mucus produced 

by glandular cells.
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R esp ira io ry  b ro n c h io le

P u lm o n a ry
A lveoic a p illa ries

Fig. l . l  Schematic representation of lung structures: a) bronchial tree with 
multiple subdivisions; and b) alveoli structure.
From W heater, Bui kitt & Daniels; Functional histology (2nd edition), Churchill 
Livingstone, Edinburgh, I K, 1987.
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The pulmonary artery divides with the bronchi and supplies blood to the alveoli. The 

pulmonary veins are formed from tributaries which do not closely follow the bronchi 

but run in the inter-segmental septa. Lymphatic channels run towards the hilum, 

from the pleura along the bronchi and pulmonary artery. The bronchial tree receives 

its own arterial supply from the bronchial arteries, two on the left which are direct 

branches o f the aorta, and one on the right derived from a single intercostal artery. 

The bronchial veins are formed from a superficial system draining from the hilar 

region, and from visceral pleura, into the azygous veins.

The autonomic nervous supply to the lungs derives from the pulmonary plexus (via 

the cardiac plexus) and is located at the hilum o f each lung, sending fibres along the 

bronchial tree. The parasympathetic fibres arise from the vagus nerve, afferent fibres 

with cell bodies in the inferior ganglia and efferent fibres with cell bodies in the 

dorsal nuclei. The sympathetic efferent fibres stimulate both the dilatation o f  

pulmonary arterioles and bronchi, thereby accommodating higher cardiac output and 

increased pulmonary ventilation. The parasympathetic efferent motor fibres 

stimulate the smooth muscle o f the bronchi and the pulmonary arterioles (McMinn,

1990).

At the capillary level, the distance between air and blood is minimal so creating a 

thin air-blood barrier interface and allowing an efficient gas exchange if  perfusion 

and ventilation are appropriately matched. This barrier has evolved to be as thin as 

possible for maximum efficiency o f gaseous exchange, yet with enough strength to 

withstand high capillary pressures during maximal cardiac output (Bannenberg, 

1994).

The primary task o f the lungs is respiration. Respiration involves the inspiration and 

uptake o f  oxygen (O2 ) from inspired air into the blood; and in reverse, the removal 

o f carbon dioxide (CO2 ) from blood to air which is then exhaled. Additionally, the 

lungs play an important role in systemic metabolism, such as converting angiotensin 

I to angiotensin II and removing certain substances, such as serotonin, from the 

circulation. Furthermore, the pulmonary circulation buffers the blood volume and 

functions as a trap for small blood clots before they can damage arterial pathways 

(Despopoulos & Silbernagl, 1991).

The O2  in air is inspired in the course o f  respiratory movements and reaches the 

alveoli o f  the lungs, where it diffuses into the blood. From here, it is transported by 

the blood to the tissues, where it diffuses to mitochondria inside the cells. The CO2
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produced in the tissue moves in the reverse direction. The respiratory gases are thus 

alternately transported by convection over long distances and by diffusion across thin 

limiting membranes: gas/fluid in the alveoli and blood/tissue in the peripheral 

tissues.

The exchange o f respiratory gases between the lungs and blood takes place by 

diffusion across alveolar and capillary walls. The layers through which the 

respiratory gases diffuse are known as the alveolar-capillary membrane. It consists 

of:

1. The alveolar epithelial wall, composed o f a layer o f  alveolar type I cells with the 

occasional alveolar type II cell and alveolar macrophage.

2. An epithelial basement membrane underlying the alveolar wall.

3. A  capillary basement membrane that is often fused to the epithelial basement 

membrane.

4. The endothelial cells o f  capillaries.

Despite having several layers, the alveolar capillary membrane averages only 0.5 pm 

in thickness. This allows rapid diffusion o f respiratory gases (Tortora and 

Grabowski, 1996).

The vascular endothelial cells play a key role in lung physiology. They are closely 

involved in the gas exchange processes, as well as being metabolically very active.

1.4. Lung diseases

Many conditions interfere with efficient gaseous exchange and can be lethal. When a 

respiratory pathological condition reaches the end-stage, replacement o f failed lungs 

is frequently the only effective treatment.

Terminal illness that require lung transplantation include disabling lesions such as 

fibrosing alveolitis, Eisenmenger's syndrome with atrioseptal defect, primary 

pulmonary hypertension, idiopathic pulmonary fibrosis, sarcoidosis, scleroderma, 

drug induced pulmonary fibrosis, some pneumoconiosis, tobacco-related 

emphysema, bronchiolitis obliterans, primary pulmonary hypertension, pulmonary
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vascular disease with non-correctable Eisenmenger's syndrome, irreparable 

congenital heart disease and end-stage obstructive lung disease and septic lung 

diseases such as cystic fibrosis or bronchiectasis.

1.5. Lung transplantation

Lung transplantation is now the treatment o f choice for the end-stage o f  the above 

named conditions. In current clinical practice, there are several types o f  lung 

transplant procedures available depending on the nature o f the recipient end-stage 

disease (reviewed by Jenkinson & Levine, 1994);

• Single-lung transplants are performed in patients with severe restrictive, 

obstructive and serious vascular pulmonary diseases. Amongst these are: 

idiopathic pulmonary fibrosis, sarcoidosis, scleroderma, drug-induced pulmonary 

fibrosis, some pneumoconiosis, tobacco-related emphysema, bronchiolitis 

obliterans, Eisenmenger's syndrome and pulmonary hypertension. Single-lung 

transplantation is contraindicated in recipients with septic obstructive lung 

disease, such as cystic fibrosis or bronchiectasis, because o f the high risk o f  

infection from the remaining native septic lung during immunosupression.

• Heart-lung transplantation is performed in some cases o f primary pulmonary 

hypertension, pulmonary vascular disease with non correctable Eisenmenger's 

syndrome, pulmonary disease with unrelated cardiac disease, irreparable 

congenital heart disease and in some cases o f cystic fibrosis (depending on the 

transplant centre). The incidence o f chronic rejection in these transplants is 25 % 

to 50 %.

• Double-lung transplantation has been performed in patients with end-stage 

obstructive lung disease, but most recently has been limited to patients with 

septic lung disease such as cystic fibrosis or bronchiectasis.

Some indications for lung transplantation remain controversial. These include 

pulmonary failure due to systemic disease, thromboembolitic pulmonary 

hypertension, drug or radiation induced lung disease, adult respiratory distress 

syndrome and bronchi-alveolar cell carcinoma (Dark, 1994).
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1.5.1. History of lung transplantation

Transplantation o f non-vital organs and tissues has steadily increased during the 

twentieth century. Blood transfusion was widely used in the 1914-1917 war, when 

blood banks were first created to store blood. Corneal transplants began in 1905, and 

became routine in the 1940s. Skin grafts began in the late 1920s and are used as a 

temporary measure in cases o f  serious burns (Lamb, 1990).

The modern transplant era, however, began with the transplantation o f non

regenerating vital organs in the 1950s. Since then, many transplants o f  different 

regenerating and non-regeneration organs and tissues have been attempted with 

varying degrees o f success. Improvements in transplanted patient survival in recent 

years resulted from;

• better surgical techniques

• realisation that low doses o f  steroid (as part o f  the anti-rejection therapy) are as 

effective and safer than high doses

• discovery that blood perfusion prior to transplantation lowers the chances o f  

rejection

• and realisation that patients well-matched at the site o f  human leukocyte antigen 

locus o f the major histocompatibility complex do better than those mismatched.

Rejection was one o f  the earliest recognised and more difficult to overcome 

problems in the history o f  transplantation. From 1902, surgeons were aware o f  a 

rejection problem that caused the failure o f initially successful transplants after a few  

days. It was an early observation that the success o f transplants depends on close 

genetic resemblance between donor and recipient (reviewed by Lamb, 1990).

Rejection is a complex process in which cellular and humoral mechanisms are 

directed to the graft from the host that recognises as foreign the antigens o f the 

transplanted organ. Genetic disparity between host and donor plays the major role in 

graft rejection (Green, 1988). The cascade o f  events leading to organ transplant 

rejection begins in one o f  two ways. If there is a pre-existent state o f immunity to the 

graft , with the presence o f  potentially cytotoxic antibodies present in the blood, 

hyperacute rejection will follow. If not, the cascade begins with activation o f  CD4+ 

T lymphocytes o f  the host (Nossal, 1996).
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In 1983, a new immunosuppressive agent, cyclosporin A, was introduced into 

clinical transplantation, dramatically improving not only organ and patient survival, 

but also community attitudes towards transplantation. Despite these advantages, non

regenerating solid organ transplantation requires time to find immunologically well 

matched recipients to minimise rejection processes, to transport the organs to a 

suitable surgical location, and to prepare donor and recipient for the operation. Thus, 

organ preservation has become one o f  the key factors in determining the success o f  

the whole process.

The ideal immunotherapy for organ transplantation would be induction o f  complete 

immunological tolerance o f all the major and minor histocompatibility antigens o f  

the donor within the host before the transplant operation. Unfortunately, in the 

present state o f knowledge, full tolerance is not possible, and the great 

polymorphism o f MHC genes would pose grave problems for such negative 

vaccination. However, strong immunosuppression achieved by a mixture o f  drugs 

and new biologicals can protect the graft from host immune attack over several 

months, and the graft itself may provide a source o f  antigen which eventually causes 

at least a degree o f lowered host immune reactivity (Nossal, 1996).

The first technically successful lung transplant was performed in 1963 on a 58 year 

old man with bronchogenic carcinoma (Hardy et al., 1963). He survived for 18 days. 

It was a clear short term success; the long term failure was probably due to poor 

patient selection (Maddaus, 1996).

During the following decade, several clinical lung transplants were attempted 

without success. In most cases, failures were attributed to rejection, anastomotic 

complications, and infection in the transplant recipients. A review in 1970 by 

Wildevuur and Benfield o f the current world experience on lung transplantation 

showed that only one patient had survived for more than 30 days, o f  a total o f  23 

lung transplants (3 lobal transplants, 17 whole lung transplants and 3 heart-lung 

transplants). This patient was a 23 year old man with silicosis. He survived for 10 

months, mainly in hospital, with the transplanted lung as his only functioning lung. 

This clearly demonstrated the potential o f  lung transplantation to successfully extend 

life for end-stage pulmonary diseases (Maddaus, 1996).

In 1970, lung transplantation was considered to be at a cross-roads; it was 

established that a single transplanted lung can provide total respiratory function 

while carrying the entire pulmonary blood flow, but several major problems

33



Chapter 1 Introduction

remained. The two main obstacles for lung transplantation were inadequate 

immunosuppression and infection. Experimental animals (dogs) that survived early 

postoperative phase o f a lung transplant invariably died o f rejection by day 100 after 

the operation. The difficulty o f distinguishing between infection and rejection 

clinically was an added complication (Maddaus, 1996).

Despite these drawbacks, sporadic attempts at lung transplantation continued. By 

1978, 13 more human lung transplants had been performed, all unsuccessful. By that 

time, a new problem became apparent; disruption o f  bronchial anastomosis healing, 

becoming the leading cause o f death for patients that survived more than 2 weeks 

after the operation. These problems continued to be actively investigated in the 

laboratory from 1963 to 1983 and even later.

Cyclosporin A was tried in a pilot clinical trial o f renal transplantation by Caine in 

Cambridge (Caine et al., 1978). With the availability o f this new 

immunosuppressant, efforts at human combined heart and lung transplantation 

resumed. Laboratory experiments demonstrated that long-term survival, function and 

more easily managed episodes o f  rejection were achievable using cyclosporin A. 

Since then, clinical lung transplantation has become a realistic treatment for many 

end-stage respiratory pathologies. Surgical techniques for single and double lung 

transplantation have consequently improved, and the number o f deaths from acute 

ejection and infection dramatically reduced. The new obstacles encountered by long 

term survivors o f lung transplantation are obliterative bronchiolitis and graft 

coronary disease (for combined heart and lung transplantation). The limited number 

of suitable donors for lung transplantation has now become the limiting factor for the 

widespread use o f pulmonary transplantation.

1.5.2. Current lung transplantation

Types o f  transplants

There are four distinct types o f  transplant:

autografts: transplants o f an organ or tissue within the same

individual, such as skin or bone marrow, from one part 

o f  the body to another. 

howografts or allogi'afts: transplants from one individual to another within the

same species.

heterografts or xenogi^afts: transplants between individuals o f different species,

usually animal to human.
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isogi'afts: transplants between genetically identical individuals,

such as identical twins or inbred rodents.

Donor selection

Most lung donors are ventilated brain dead patients, usually due to a head trauma, or 

a non infectious central nervous system pathology (very frequently an intracerebral 

haemorrhage). To become a lung donor, the cadaver should be less than 55 years old, 

have normal results in chest radiography, good oxygen exchange function and 

negative serologic results for infectious agents including hepatitis surface antigen 

and human immunodeficiency virus. Additionally, many centres require ĉ carr) ne- 

g«T)Vc sputum stain or normal bronchoscopic examination. Donor and recipient are 

matched for ABO compatibility, size and, in some centres, cytomegalovirus status 

(Jenkinson & Levine, 1994).

Recipient selection

To become a lung transplant recipient, a patient with end-stage pulmonary disease 

should be younger than 60 for a single-lung transplant and less than 55 years o f  age 

for heart-lung or double-lung transplantation. The predicted anticipated survival 

without the transplant would be around 18 months and the patient should have no 

extra-pulmonary or systemic disease, an adequate nutritional status, and negative 

serologic testing results for human im m unode^ncy virus (Jenkinson & Levine, 

1994).

In addition, the recipient requirements include a stable psychological profile. The 

demands o f  living with a transplanted organ are high. Numerous medications and 

prolonged hospital supervision are better tolerated with a certain degree o f  psycho

social stability. Non-compliance with the prescribed treatment when the patient is 

feeling well is a recurring cause o f late graft loss (Dark, 1992).

Routine pre-transplantation evaluation o f  recipients includes complete pulmonary 

function testing, evaluation o f blood for haematological, renal and hepatic function, 

immunological testing, quantitative ventilation perfusion scanning, cardiac 

evaluation, chest x-ray examination, computer tomography scan o f  the chest, 

tuberculosis skin testing, and psychiatric and dental services consultations (Jenkinson 

& Levine, 1994).

Currently, the survival rate at one year for heart-lung and double-lung 

transplantation is about 60%, while for single lung transplantation the rate is close to

35



Chapter 1 Introduction

70% (Berry and Billingham, 1996). Intraoperative mortality for single-lung 

transplantation has been estimated to be around 19%, 17% for double-lung 

transplantation , and 16% for combined heart-lung transplantation. Early mortality is 

considered when the patient dies within 6 months o f  the operation, and the cause o f  

death is generally poor lung function and allied infection. When the patient dies 6 

months or more after transplantation, the cause o f death is most often rejection.

The future for lung transplantation is promising, with the potential for rapid growth 

and wide application. The main problems that remain to be addressed are the 

financial cost to health care systems, the diagnosis and treatment o f rejection and/or 

infection in transplant recipients, the shortage o f  donors, and the relatively short 

preservation times currently available for lung tissue. This study will address one o f  

these problems and focus on pulmonary tissue preservation, aiming to achieve more 

efficient use o f all available donors.

1.5.3. Lung preservation

The preservation tolerance o f pulmonary tissue is inferior to other thoracic and 

abdominal solid organs (Penketh e t a l ,  1987; Toledo-Pereyra and Rodriguez, 1994). 

This is mainly due to the marked sensitivity to ischaemia (Novick et a l ,  1992). The 

high incidence o f  respiratory infections o f terminal patients is another reason to 

explain the shortage o f donors.

The availability o f more lungs is also limited by the fact that lungs o f brain-dead 

donors are very intolerant to excessive fluid transfusion. The maintenance o f  good 

liver and kidney function by aggressive transfusion may be a conflict o f interest with 

the needs o f lung retrieval (Dark, 1994).

Moreover, the demands o f  any technique o f lung preservation are high. As in heart 

transplantation, the stored lung must function immediately after transplantation. 

Primary non function and delayed function can be tolerated in transplantation in 

some organs such as kidney but not to any degree in lung transplantation (Kirk et a l ,  

1993).

With the advancement o f  more rational methods o f  organ preservation, the number 

o f hours that an organ can maintain its viability before being transplanted into its 

recipient is constantly being enlarged. The research in this area is motivated by the 

need for simplifying the logistics o f organ transplantation. Cadaveric organ
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transplantation, once an emergency procedure, is now a scheduled operation for 

some organs such as kidneys (Collins, 1982). Liver and heart are becoming semi

scheduled procedures, and eventually all organ transplants will probably become 

scheduled procedures. To make available every donor lung that is suitable for 

transplantation, the clinical preservation time desirable would be 24 or even 48 h. In 

that period, organs can be harvested and flown to transplant centres nationally or 

internationally (Southard, 1989).

Current techniques used in lung preservation include;

1. Cardiopulmonary by-pass with profound hypothermia: this method involves the 

use o f  a portable heart-lung machine and heat exchanger, and is still used to cool 

donors down before flush preservation. It has proven to be effective, but it is not 

simple and may not be suitable for extended preservation.

2. Simple hypothermic immersion: this method involves topical cooling o f  the lung. 

Its efficacy is limited.

3. Static and hypothermic preservation after arterial flush: this is the most widely 

used method due to its simplicity, low cost and lack o f  interference with the 

retrieval o f other organs.

4. Others: Some investigators have reported that storage o f  lungs inflated with cold 

air provides better lung preservation than hypothermic immersion in ice slush 

(Kon e ta l.,  1991; Shimokawa a /., 1991).

The most commonly used method in lung transplantation is to perfuse and submerge 

the lung graft in Euro-Collins solution or a variant o f this solution at 4°C. Many 

compounds have been tested in experimental studies, with the aim o f  improving lung 

preservation (Jenkinson & Levine, 1994). Some o f these include antioxidant 

enzymes, like catalase and superoxide dismutase, glutathione (the co-factor for 

glutathione, peroxidase, an antioxidant enzyme), allopurinol (a xanthine oxidase 

inhibitor), deferoxamine (an iron binder), and vitamin E (a chain breaker 

antioxidant).
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1.5.4. Preservation solutions

In formulating the University o f Wisconsin solution (a relatively successful 

experimental and clinical preservation solution), Belzer and Southard (1988) 

attempted to rationalise the principles o f organ preservation. They considered 

essentially those components which would:

a) minimise hypothermic-induced cell swelling

b) prevent intracellular acidosis

c) prevent expansion o f the interstitial space

d) prevent injury from oxygen derived free radicals

e) provide substrates for regenerating high energy phosphate compounds during

reperfusion.

Animal research has been absolutely indispensable for the development o f clinical 

organ transplantation. Without the results derived from genetically pure strains o f  

mice, human tissue-typing almost certainly could not have been possible or at best 

would have been delayed for several decades (Murray, 1992). Experimental 

transplantation also plays a key role in the development o f  new surgical techniques, 

testing o f preservation solution and drugs.

Animal models for lung transplantation are divided into large and small animals. 

Amongst the large animals, dogs and primates have been used most frequently. The 

majority o f these studies have relied on single-lung transplantation. These models are 

expensive and are becoming increasingly less accepted by public opinion. Studies o f 

lung preservation in small animals allow relatively large numbers o f  studies to be 

performed at a relatively low cost. However, lung transplantation in rats requires 

highly trained staff and good microsurgical facilities (Kirk et al., 1993). In the 

present study, it was decided to conduct all the in vivo experiments in rats.

1.6. Rat lung anatomy and physiology

As is the case with humans, rat lungs lie within the thoracic cavity and are covered 

by a visceral pleura. They are composed o f three lobes in the right lung, superior, 

middle and inferior, readily visible, and a fourth one, the deeper median lobe which 

lies in contact with the diaphragm and apex o f  the heart. This lobe is notched to 

accommodate the inferior vein cava, and is sometimes called the post caval lobe
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(Greene, 1963). The left lung consists o f a single lobe, and it is the one being used in 

the lung transplant studies described in this thesis (chapter 2).

The respiratory bronchioles are short and lead almost immediately into the alveolar 

ducts, each o f which subdivides four or five times. The epithelial lining o f  the 

respiratory bronchioles consist o f high cubical cells on the adjacent site to the 

accompanying arteriole, and the opposite side progressively decreases in height. The 

total surface area o f  the lung o f a young adult rat weighing 400 grams is about 

7.5 m .̂

As in humans, the alveolar wall consists o f  four layers: the epithelial cells lining the 

alveolar space, the two basement membranes and the endothelial cells lining the 

capillary vessel. Alveolar type II cells are also present with lamellar bodies 

containing surfactant.

The pulmonary artery o f the rat is relatively thin, whereas the pulmonary vein is 

slightly thicker. The innervation o f rat lungs is complex, with a high density o f  

nerves. The rat and the rabbit do not have an adrenergic nerve supply to the 

bronchial muscle; the bronchioconstrictor bronchioles are controlled by vagal tone 

(B ak ers/a /., 1980).

In current clinical lung transplantation, in the simplest and most effective procedure, 

the lungs are flushed via the pulmonary artery with a preservation solution and 

subsequently stored in this solution at low temperature (between 0° and 4°C). This 

procedure aims to evacuate blood and cool the organ to inhibit autolysis during the 

cold ischaemic period. Vascular endothelial cells (EC) are the first line o f  cells to be 

exposed to the cooling process, forming an interface between the organ and the 

preservation solution during the whole o f  the storage period, and are again the first 

cells to be exposed to warm oxygenated blood flow  at revascularization. Study o f  the 

effects o f  hypothermic preservation on EC was therefore identified as a key area in 

pulmonary preservation and it was decided to concentrate much o f our effort on 

vascular endothelium.
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1.7. The endothelial cells

1.7.1. Vascular endothelium

The EC lining o f  the vascular wall is the largest complex functional organ in the 

body in terms o f  exposed surface area. The entire endothelium o f a 70 Kg man 

covers approximately 720 m^ and weighs between 1.5 and 2 Kg. About 80% o f  the 

endothelium is located within capillaries.

Until recently, endothelial cells were considered an homogeneous cell population 

that functioned exclusively as a selective filter and barrier between blood and extra 

vascular space. Modern research has revealed that, on the contrary, the endothelium 

is highly heterogeneous. Throughout the vascular tree, EC lining the vessel walls can 

be classified into distinct phenotypes, such as the continuous endothelium o f large 

vessels, the fenestrated capillaries within the endocrine organs, the sinusoidal 

endothelium in the liver, bone marrow and spleen, the highly selective monolayer o f  

the EC blood-brain barrier and the highly metabolically active endothelium in the 

lung. In addition, there are organ-specific differences between similar vascular 

structures (Schuppe-Koistinen, 1995).

EC participate actively in the overall control o f  blood coagulation, blood flow  and 

pressure. They are able to phagocytose particles, attract leukocytes, modulate the 

properties o f  platelets and regulate the vessel permeability to macromolecules and 

cells both in health and inflammation. The endothelium also secretes many specific 

proteins including basal membrane proteins, influences and controls the margination 

and extravasation o f white blood cells and contributes to local and systemic 

responses to inflammatory stimuli. Furthermore, the endothelium plays an important 

role in angiogenesis, co-ordinating the formation o f new vessels during 

neovascularization (van Hinsbergh, 1992; Schuppe-Koistinen, 1995).

1.7.2. EC function and products

The vascular endothelium has three main related regulating functions (reviewed by 

van Hinsbergh, 1992):

a) barrier and exchange regulatory function

b) regulation o f coagulation and platelet aggregation

c) contribution to the regulation o f vascular tone
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Impairment o f these functions can occur in ischaemia, hypertension, arteriosclerosis 

and inflammation.

a) The exchange o f  oxygen and metabolites between blood and the tissues 

occurs in the capillaries and post capillary venules o f the microvasculature. Here, the 

endothelium forms a selective barrier for fluids, solutes, macromolecules and white 

blood cells, between blood and tissue, and here the exchange o f nutrients, hormones 

and waste products takes place. All these products can pass through the endothelium 

via several routes depending on the physiochemical properties and size o f the 

molecules. The exchange o f  these occurs by:

diffusion through the cell membranes and the cytoplasm, 

lateral diffusion through the lipid bilayers o f cellular junctions, 

extracellular passage through the narrow slits o f  endothelial junctions, 

vesicular exchange,

transendothelial channels which consist o f fused vesicles, and 

carrier-mediated exchange and receptor-mediated transport.

Oxygen diffuses through the plasma membranes and the cytoplasm. Small lipophilic 

molecules pass through the lipid bilayers o f cell membranes in junctional areas or via 

transendothelial channels. Solutes, like nutrients and macromolecules, predominantly 

pass through the narrow slits o f intercellular junctions; in post capillary venules and 

large capillaries, the tightness o f  the junctional complex can be regulated.

b) The endothelium contributes to the regulation o f  coagulation by 

preventing the formation o f  thrombus and platelet deposition. If the endothelium is 

damaged, coagulation and platelet depositions are triggered by the exposed 

extracellular matrix. The intact endothelium prevents thrombus formation by three 

mechanisms:

• production o f proteins that retard or inhibit the coagulation pathway,

• production o f  factors that interfere with platelet aggregation and 

vasoconstriction,

• release o f tissue-type plasminogen activator, which triggers fibrinolysis.

Each o f these processes is regulated by the endothelium at several levels. EC present 

two major anticoagulant proteins: anti-thrombin IT and thrombomodulin. Anti-
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thrombin II binding to glycosaminoglycans rapidly inactivates thrombin and factor 

Xa. The endothelial surface protein thrombomodulin immediately catalyses the 

activation o f  protein C upon thrombin generation. This results in shutdown o f  

thrombin generation, because activated protein C inactivates the cofactors Va and 

factor V illa , which are necessary for the activation o f factor X and prothrombin.

Regarding the inhibition o f platelet deposition, the endothelium produces 

prostacyclin, which suppresses the activation o f blood platelets. This suppression is 

enhanced by nitric oxide (NO), also produced by EC. The surface o f the endothelium  

contains ectonucleotidases, including ADPase; this enzyme converts ADP released 

from blood platelets into AMP and phosphate and limits the extent o f  platelet 

aggregation, because ADP activates other adjacent platelets.

The third mechanism by which the endothelium controls coagulation mechanisms is 

by fibrinolysis. The dissolution o f fibrin is achieved by the serine protease plasmin, 

which is formed from its zymogen plasminogen by the action o f  plasminogen 

activators. In the blood compartment, this action is reinforced by tissue-type 

plasminogen activator, which is synthesised in the endothelium. Under normal 

resting conditions, almost equal amounts o f  plasmin activator and an efficient 

plasmin activator inhibitor are produced. The endothelial production o f the plasmin 

activator inhibitor increases dramatically upon exposure o f the endothelium to 

inflammatory mediators.

c) The endothelium regulates the vascular tone via several mechanisms. ATP 

and ADP are converted by the endothelium into AMP and eventually into adenosine, 

which is a potent vasodilator. Angiotensin I is converted by angiotensin converting 

enzyme into the potent vasoconstrictor angiotensin II, which can be degraded by 

angiotensinases to angiotensin III. Histamine is methylated to form its competitive 

inhibitor methyl-histamine or inactivated by decarboxylation. In addition, the 

endothelium modulates vascular response to vasoactive mediators by the uptake and 

degradation o f  these mediators.

The vascular endothelium produces several metabolically active substances o f  which 

some have special physiological importance (reviewed by Vane et a l ,  1990):

Prostacyclin
Prostacyclin is a powerful vasodilator and inhibits platelet aggregation through 

activation o f  adenylate cyclase, which leads to an increase in intracellular cyclic
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adenosine monophosphate (cAMP). Physiologically, prostacyclin acts as a local 

hormone rather than on the systemic circulation. It also has a relaxing effect on 

muscular vessels by increasing cAMP in smooth muscle cells. Cycloxygenase 

activity is constitutively present in EC, and can be additionally induced by EC 

activation. There is a fine balance in blood vessels between prostacyclin and 

thromboxane A2 . Prostaglandin is produced by EC and has antiplatelet and 

vasodilator actions, whereas thromboxane A ] is produced from the same precursor 

in platelets and induces platelet activation and vasoconstriction. Together, they form 

a regulating mechanism to control the formation o f  intra-arterial thrombi.

Endothelial derived relaxing factor (EDRF)
The endothelium also produces endothelium-derived relaxing factor (EDRF), now 

identified as nitric oxide (NO). Production can be induced by many vasoactive 

substances including acetylcholine, histamine, bradykinin, substance P and ATP. 

These agents activate receptors, which results in the activation o f phospholipase C 

and generation o f the second messengers inositoltriphosphate and diacylglycerol. 

These mediators respectively increase the cytoplasm ic calcium concentration and 

stimulate protein kinase C. NO activates soluble guanylate cyclase in smooth muscle 

cells and thus causes vascular relaxation. NO is synthesised from L-arginine via the 

enzyme NO-synthase. NO relaxes vascular smooth muscle via the formation o f  

intracellular cyclic guanosine monophosphate (cGMP), and inhibits the aggregation 

and adhesion o f platelets by raising platelet levels o f  cGMP.

Endothelins 1, 2 and 3
EC are also able to produce vasoconstrictor factors which may be involved in 

autoregulation o f blood flow  after rapid elevation o f intraluminal blood pressure in 

arteries and resistance vessels. Endothelin-1 is a very potent vasoconstrictor, and 

plays an important role in vasoregulation and in the regulation o f  water and salt 

balance. It produces a long-lasting hypertensive action, 10 times more potent than 

angiotensin II.

1.7.3. Responses to injury

In addition to their physiological role in healthy endothelium, EC are able to respond 

to several stimuli and alter functions to cope with any altered or pathological 

situation. Some examples o f  that ability have been reviewed previously (van 

Hinsbergh, 1992) and are listed here;
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• In response to changes in shear forces  due to haemodynamic alterations, EC can

induce vasorelaxation by increasing the release o f  endothelium-derived relaxing 

factor and prostacyclin

• In early arteriosclerosic lesions, the endothelium though still intact, has altered

characteristics including binding o f monocytes (which extravasate into the

arterial wall), morphological alterations (cell enlargement) in damaged areas and 

alteration o f the barrier function

• In inflammation, EC are activated by inflammatory mediators, such as

interleukin-1, tumour necrosis factor and interferon-gamma. These mediators 

induce synthesis o f  new proteins in EC, including the inducible forms o f  NO- 

synthase and cycloxygenase, and adhesion molecules which aid leukocyte 

adherence and extravasation

• In ischaemia, endothelium-dependent relaxation o f smooth muscle cells via

release o f  prostacyclin, has been observed in addition to direct relaxation o f  these 

cells. In vitro, endothelium-dependent vasoconstriction has also been observed 

under anoxic conditions.

Over the past decade, advances in culture techniques have facilitated the isolation 

and culture o f  EC from a variety o f organs and locations within the organs. In the 

present study, in vitro cultures o f human cells have been used to study vascular 

endothelium under similar conditions to those encountered by vascular endothelium 

o f solid organs undergoing transplantation.

1.8. Lung transplantation challenges

Organs undergoing transplantation are subjected to two periods o f warm ischaemia 

during harvesting from the donor and transplantation into the recipient separated by 

a period o f  cold ischaemia during organ storage and transport, when required. The 

whole organ is subjected to several damaging processes for a variable length o f time 

that will determine the level o f adequate preservation and consequently the chances 

of recovery after transplantation. Some o f the more important elements in lung 

preservation storage damage are: (i) ischaemia and reperfusion with creation o f free 

radicals; and (ii) hypothermia.
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1.8.1. Ischaemia and reperfusion

Ischaemia is defined as deficiency o f blood supply. Clinically, ischaemia occurs in 

pathological situations such as acute myocardial infarction and stroke. Some o f the 

more frequent causes o f ischaemia are arterial embolism, arteriosclerosis, thrombosis 

and vasoconstriction. Reperfusion is the restoration o f blood flow  after a period o f  

ischaemia. In lung transplantation, as in several other surgical procedures, ischaemia 

and reperfusion are inevitable, and the resultant injury is called ischaemia and 

reperfusion injury. As described in chapters 6 and 9, some o f the changes occurring 

during ischaemia became apparent only after the reperfusion period. However, the 

length o f the ischaemic period and the severity o f the alterations occurring during 

that time determine the quality o f  preservation and eventually the outcome o f the 

whole transplant.

Ischaemia causes progressive cellular injury, proportional to its duration and to the 

rapidity o f energy depletion during depressed metabolic turnover. Reperfusion o f  

previously ischaemic tissue can exacerbate injury and induce further damage. While 

ischaemia potentially damages all types o f cells in an organ, the initial reperfusion 

injury probably occurs primarily at the endothelial interface.

At the intra-cellular level, ischaemia is responsible for suppression o f the 

mitochondrial electron transport. This causes depletion o f  ATP and accumulation o f  

non-phosphorylated pyridine metabolites. Energy-dependent membrane pumps such 

as the sodium-potassium and calcium ATPases are inactivated, and cellular 

homeostasis can not be actively maintained. The influx o f  water that follows the 

dissipation o f ionic membrane gradient leads to cellular swelling.

Reperfusion o f the organ after a period o f warm or cold ischaemia leads to re- 

introduction o f oxygen and the possibility to reverse pathological changes, but the 

process can be detrimental through the formation o f uncontrolled oxygen-derived 

free radicals (Green et al., 1986; Fuller et a l ,  1988), a process collectively termed 

oxidative stress.

Free radicals are atoms or molecules with one or more unpaired electrons. They are 

usually extremely reactive and tend to have a very short half life (10’  ̂ seconds or 

less in an aqueous solution). By losing or gaining a single electron from 

neighbouring molecules they gain thermodynamic stability but create another 

radical, initiating a chain reaction.
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Free radicals are produced and eliminated under normal physiological conditions, as 

part o f  the respiratory chain in the mitochondria in the course o f oxidative 

phosphorylation (Green, 1995; Halliwell, 1989). Natural antioxidant systems are 

widespread in the organism , and include enzymes such as superoxide dismutase, 

catalase and glutathione peroxidase, and co-enzymes as vitamin C, E, glutathione 

and p-carotin. These antioxidant systems effectively neutralise the natural production 

o f free radicals.

Changes occurring during organ storage diminish the capacity o f the antioxidant 

enzymes and co-enzymes to inhibit free radical propagation, and simultaneously 

increase the formation o f free radical species (Fuller et ah, 1988). Free radicals are 

probably involved in the initiation o f chain reactions leading to membrane 

peroxidation, nuclear alterations and damage to mitochondrial and cellular proteins.

Several compounds with antioxidant properties have been added to preservation 

solutions aiming to limit the formation o f  oxygen-derived free radicals, or to 

enhance the cellular antioxidant mechanisms. Most preservation solutions (including 

those used in the experiments presented in the following chapters) have one or more 

components specifically directed to limiting free radical damage.

1.8.2. Hypothermia

Hypothermia is considered the key to successful preservation, because it decreases 

the rate at which intracellular enzymes degrade essential cellular components. 

However, hypothermia does not stop metabolism, it simply slows reaction rates and 

cell death, until ultimately the organ ceases to function and loses viability (Belzer 

and Southard, 1988).

Hypothermia alters intracellular homeostasis by inhibiting a variety o f enzymatic 

processes, including the Na'^-K  ̂ pump and calcium extrusion pumps ,

inducing alteration o f the endothelial cytoskeleton and inducing EC detachment and 

loss o f endothelium continuity. Hypothermia can also accentuate endothelium- 

independent vasoconstriction (Z illac /a /., 1993).

Destroying the continuity o f the endothelium o f  a vessel is harmful for several 

reasons: the barrier effect o f the endothelial monolayer is lost; blood is exposed to 

the thrombogenic subcellular matrix; and platelets and leukocytes aggregate and
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adhere to the site o f  injury. However, removing the endothelium is not always 

necessary to cause serious harm to the vessel and the surrounding tissue. Sub lethal 

injury to the endothelium can also render the surface adhesive to platelets and 

leukocytes, pro-coagulant, immunoreactive, and can increase vascular permeability 

and promote vasoconstriction. Even if part o f the injured endothelium manages to 

survive and re-endotheliation occurs, the regenerated endothelium may express 

abnormal function for several weeks, with a tendency to promote endothelium- 

derived vasoconstriction and a reduction in release o f EDRF. Both lethal and 

sub lethal injury produce immediate and prolonged predisposition to thrombosis and 

vasospasm. In addition, endothelial damage can enhance the effects o f  humoral 

antibodies, and thereby increase the potential for rejection (review Zilla et a l ,  1993).

During hypothermia, EC are deprived o f energy supply and reserves o f  ATP are 

rapidly depleted and eventually exhausted. The inactivity o f  ATP-dependent Na'"'-K'̂  

membrane pumps results in ionic imbalance between infra and extra cellular milieu 

and impairment o f  cellular volume regulation.

After a period o f  hypothermic storage, solid organs undergoing transplantation are 

subjected to reperfusion, and three main damaging processes converge in time: 

rewarming, restoration o f  blood supply and reoxygenation, resulting in severe 

oedema following lung preservation (Pickford et a l ,  1991; Hall et a l ,  1992).

1.9. Hypothesis and aims of this study

1.9.1. Hypotheses

This study is designed to address two connected hypotheses:

• the endothelial cell layer is a sensitive site o f damage during cold hypoxic 

preservation o f lungs, and de-stabilisation o f the endothelial monolayer leads to 

loss o f control o f  permeability between pulmonary capillaries and alveolar air 

spaces, leading to oedema and vascular damage; and

• therapies aimed at maintaining the continuity o f the EC monolayer will limit 

oedema formation and improve functional and morphological recovery o f lungs 

after transplantation.
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1.9.2. Aim s

The aims o f this study are:

• to identify the most frequent and more important morpho-physiological 

alterations in lung tissue after a period o f hypothermic storage and subsequent 

reperfusion in lung transplantation, concentrating on the importance o f the EC 

monolayer in pulmonary capillaries.

• to develop an in vitro model o f endothelial cell biology which allows parallel 

investigations in in vivo model and cells in culture.

• to combine the information from these approaches to improve lung preservation 

under hypothermic and hypoxic conditions.
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C h a p t e r  2 

M a t e r ia l s  a n d  M e t h o d s

2.1. In vivo lung transplantation

2.1.1. Materials

Lung transplants were performed in inbred female Lewis rats weighing 250 g. 

Enflurane (Ethrane) for anaesthesia was obtained from Abbott Laboratories Ltd, UK, 

and frusemide injection BP (20 mg/ml) from Phoenix Pharmaceuticals, Gloucester, 

UK. Micropaque standard (100% w/v barium sulphate) for angiography was 

obtained from Nicholas Laboratories Limited, Slough, UK. All chemicals used were 

Analar grade, from Sigma Chemicals, St. Louis, USA. The operating microscope 

used was a Zeiss 0PM 16-DF, at 10, 16 or 24 magnification. Surgical sutures were 

from Ethicon, Edinburgh, UK. Microsurgical instruments were from John Weiss Ltd, 

UK.

Electron microscopy reagents were obtained from Agar Scientific, Stanstead, Essex, 

UK. The critical point dryer to process specimens for scanning electron microscopy 

studies was from Polaron. Samples were viewed in a JEOL 1200EX STEM 

microscope. Histological processing and staining materials were provided by the 

histopathological department at Northwick Park Hospital, Harrow, UK.

Preservation solutions

The two lactobionate-raffinose solutions used (UWmod and UWmod-low K"̂ ) are 

modifications o f the University o f  Wisconsin (UW) preservation solution and were 

prepared as described earlier (Kurzawinski et a l ,  1994). The composition o f these 

solutions is shown in Table 2.1. Cytoskeleton solution (CT) and sucrose based 

solution (sucrose) are experimental solutions designed and prepared in our laboratory 

for these experiments. Their compositions are shown in Table 2.2. Hypertonic citrate 

solution (HCA) was obtained from Baxter Healthcare Ltd, Thetford, Norfolk, UK, 

and the low potassium HCA (HCA-low K'*') was prepared as shown in Table 2.3.
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UW mod

(mmol/L)

UWmod low  

(mmol/L)

Lactobionic acid 108 108

Potassium hydroxide 104 0

Sodium hydroxide 38 142

Potassium dihydrogen phosphate 26 26

Magnesium sulphate 11 11

Raffmose pentahydrate 31 31

Glutathione reduced 3 3

Allopurinol 1 1

pH 7 7

Osmolarity 305 305

Table 2.1. Composition of lactiobionate-raffinose based preservation solutions

CT Sucrose

(mmol/L) (mmol/L)

Lactobionic acid 100 14

Potassium hydroxide 100

Dipotassium hydrogen phosphate 10 30

Magnesium hydrogen phosphate 5

Glutathione 3 3

Disodium phosphate 10

Histidine 80 45

Dextran 40 1%

Phallacidin 0.5pM

Potassium dihydrogen phosphate 30

Sodium chloride 10

Sucrose 100

N-acetylcysteine 2

Chlorpromazine lOOpM

pH 7.2 7

Osmolarity 315 317

Table 2.2. Composition of CT and sucrose preservation solutions
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HCA HCA low

(mmol/L) (mm ol/L)
Trisodium citrate 27 53
Tripotassium citrate 27 2
Magnesium sulphate 40 40
Mannitol 100 100

pH 7 7

Osmolarity 485 485

Table 2.3. Composition of HCA and HCA low preservation solutions 

2.1.2. Methods

Surgical procedure

Ail animals were cared for and all surgical procedures performed in compliance with 

the Home Office regulations, Animals (Scientific Procedures) Act, 1986. All 

transplants were performed by the same surgeon.

Anaesthesia

The initial induction was achieved using an anaesthetic chamber filled with enflurane 

vapour. Animals were then intubated intratracheally with a 16G intravenous cannula, 

and connected to a Harvard rodent ventilator. The tidal volume was 2.3 ml at 45 

strokes per minute. Animals were maintained on 100% oxygen during both the 

harvesting and re-implantation surgical procedures.

Organ harvesting

The donor chest was opened with a bilateral subcostal incision and intracardiac 

heparin was immediately administi^.red (50 IU).The hilum o f the left lung was 

adequately cleared by blunt dissection. The left pulmonary vein was divided and 

subsequently the common pulmonary artery was cannulated for vascular flushing. A  

total o f  12 to 15 ml o f the chosen preservation solution was infused via the main 

pulmonary artery, which flushed both lungs. All flush solutions used were at room 

temperature (18° C) and the flush pressure was constant (45 cm o f  water). The 

pulmonary artery was then sectioned and the bronchus tied to keep the lung inflated 

throughout the storage period. After dividing the bronchus the whole organ was 

wrapped in cling film and submerged in the same flush solution in a sterile container
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surrounded by ice. Experimental lungs were harvested and stored at 4° C for a 

variable number of hours depending on the experimental protocol. The donor animal 
was sacrificed by anaesthetic overdose immediately after organ harvesting.

Plate 2.1. Organ harvesting operation. The donor was intubated intratracheally 
and connected to a Harvard rodent ventilator.
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Plate 2.2. Organ harvesting operation. The left lung was flushed via cannulation 
of the main pulmonary artery. The preservation solution replaced the blood in 
the vascular space, giving the organ its pale appearance.
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Recipient operation

The chest o f  the intubated and deeply anaesthetised animal was opened via a 

laterothoracotomy following the intercostal space between the third and the fourth 

ribs. The native left lung was removed as well as the retrocaval lobe o f the right 

lung, to avoid superposition during subsequent X-ray examinations. The donor graft 

was placed in position, the hilar vein and artery were anastomosed with continuous 

sutures and the bronchus with a combination o f  continuous and interrupted sutures, 

using 10/0 monofilament nylon (Ethilon) and microsurgical techniques. After 

arterial, venular and bronchial anastomosis have been completed, blood and air flow  

were restored simultaneously. The rib cage and thoracic muscles were closed with 

3/0 chromic catgut, and 3/0 braided silk was used to close the skin. Controls were 

either examined immediately after harvesting (non-stored, non-transplanted controls) 

or 4 weeks after transplantation without previous storage (non-stored, transplanted 

controls).

Postoperative care

All recipients received 0.1 ml o f frusemide (0.5 mg/kg i.m.) immediately after the 

operation and a second dose 24 h later. To compensate for loss o f fluid they received 

3 ml o f isotonic saline solution injected subcutaneously postoperatively. After 

extubation they received no respiratory assistance and had access to food and drink 

ad  libitum.

Sample harvesting

After the desired revascularization period post-transplantation, animals were 

sacrificed with an overdose o f enflurane in the anaesthetic chamber. Transplanted 

lungs were directly harvested via a midline sternal thoracotomy, or after X-ray 

analysis.
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%

Plate 2.3. Organ storage. Once flushed and removed from the donor, the lung 
was kept inflated by ligature of the main bronchus. The lung was then 
submerged in the preservation solution and placed in a container surrounded 
by ice.
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r

Plate 2.4. Transplant operation. After the hypothermic storage period, lungs 
were transplanted orthotopically into a recipient using microsurgical 
instruments and techniques. The image shows a step of the arterial anastomosis 
performed with a 10/0 suture.
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Assessments

Macroscopic inspection, radioanalvsis and angiology

Following revascularization and immediately before organ harvesting, macroscopic 

inspection o f the lungs was carried out with the animal anaesthetised and intubated. 

The percentage o f  functioning lung tissue was then rated for each transplanted lung: 

lungs size, colour, respiratory movements and capacity to inflate were compared 

with the same parameters in the native right lung. After macroscopic assessment, the 

animals were sacrificed with an overdose o f enflurane in the anaesthetic chamber, 

and anteroposterior X-rays were taken. The pulmonary tissue was kept artificially 

inflated by clamping the trachea. The transplanted lungs were graded in both the 

macroscopic and the X-ray analysis by the percentage o f left lung inflating normally:

100%: when all left lung tissue was inflating normally,

90%: when more than 90% o f  the lung was ventilating,

80%: when more than 80% o f the lung was ventilating,

50%: when more than 50% o f  the lung was ventilating,

10%: when less than 50% o f the lung was inflating,

0: when the lung was totally collapsed.

For angio graphic assessment, 0.5 ml o f  barium sulphate was injected directly into 

the common pulmonary artery. An angiogram was taken with the animal in the 

supine position. The angiogram results were graded as:

i) full organ inflation and complete perfusion;

ii) no inflation but perfusion; and

iii) no ventilation and no perfusion.

Ventilation and perfusion were considered adequate when they involved at least 80% 

o f  the pulmonary tissue in the transplanted left lung.

Light microscopy

Transplanted lungs were fixed immediately after harvesting by infusion o f  2.5 ml o f  

3% phosphate buffered glutaraldehyde into the airways via direct cannulation o f the 

left main bronchus. The lung was then longitudinally divided into two halves, o f  

which the anterior part was processed for light microscopic analysis and stained with 

haematoxylin and eosin, and the posterior was processed for electron microscopy
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studies. For light microscopy, selected sections were stained with sodium 

rhodizonate to highlight barium sulphate in blood vessels.

All samples were analysed blindly by the same observer, and subsequently 

corroborated by a second observer. Features studied were;

a) general preservation o f the alveolar structure,

b) oedema (perivascular and intra-alveolar),

c) haemorrhage,

d) inflammation,

e) congestion (vascular and septal),

f) state o f  the pleura (sub-pleural haemorrhage, inflammatory cell 

infiltration and pleural thickness),

g) fibrosis (fibrotic structures were considered destructive when 

involving more than 4 alveoli).

With some variations according to the experimental protocol, specimens o f  

experiments in which this model was used were rated on a scale from 0 to 5:

0= histologically normal lung,

1= minimal alterations,

2= mild alterations,

3= moderate alterations,

4= pulmonary tissue structure still recognisable but severely damaged,

5= pulmonary tissue severely damaged without defined pulmonary structure.

The degree o f alveolar oedema (after 5 min and 24 h o f revascularization only) was 

also graded as absent, mild, moderate, or severe.

Transmission electron microscopv TTEM)

Immediately after harvesting, lungs were fixed by infusion into the airways with 3 % 

phosphate buffered glutaraldehyde by cannulation o f  the main bronchus. For electron 

microscopy studies, blocks o f  2 mm^ were cut out from the ventilating and 

macroscopically well preserved areas o f each lung. These blocks were post-fixed in 1 

% osmium tetroxide followed by dehydration in a graded acetone series and 

embedded in Spurr resin. Ultra-thin sections were cut and mounted on copper grids, 

stained with uranyl acetate and lead citrate, and carbon coated. All specimens were
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examined in the JEOL microscope by the same observer in a blind fashion , and 

subsequently corroborated by a second observer, also blindly.

In examining microphotographs, alterations in any o f the following elements in lung 

tissue were recorded:

1. endothelial cells: nuclei, cytoplasmic elements and membrane integrity,

2. respiratory wall,

3. inflammatory cells,

4. alveolar type II cells,

5. bronchial epithelial cells,

6. smooth muscle cells,

7. interstitial spaces.

Scanning electron microscopv TSEMJ o f vascular endothelial surface 

After revascularization and fixation, blocks o f  2 mm^ o f full thickness blood vessel 

wall were cut out from the second intrapulmonary ramification o f  the main left 

bronchial artery using microsurgical instruments and an operating microscope at 

high (x l6 ) magnification. Samples were washed (3 times, 10 min) in O.IM 

phosphate buffer, fixed in 1% osmium tetroxide in phosphate buffer (60 min at room 

temperature), and washed again (10 min). Dehydration was accomplished by serial 

immersion o f the samples (10 min) in 25%, 50%, 70% and 100% ethanol. 

Specimens were then critical point dried, and mounted on copper stubs with silver 

dag. They were gold coated in a sputter coater and kept in a vacuum desiccator until 

viewed in the JEOL electron microscope in SEM mode.

Six different random fields on the luminal endothelial surface were photographed 

(final magnification x l6 0 0 ) in each specimen. A  further three high magnification 

micrographs (final magnification x8000) were taken from the same areas. All 

micrographs were analysed by the same observer in a blind fashion, and 

subsequently corroborated by a second observer, also blindly. Endothelial surface 

was scored as follows:

100% intact endothelium: normal lung

75% o f  normal endothelium

50% o f normal endothelium

25% o f normal endothelium

0: no identifiable endothelial surface
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2.2. Ex vivo preservation of human veins: Scanning electron 
microscopic study of endothelium

2.2.1. Materials

Fresh human umbilical cords were collected from the maternity department in 

Northwick Park Hospital. Electron microscopy reagents and glutaraldehyde were 

obtained from Agar Scientific, Stanstead, Essex, UK. The critical point dryer used 

for electron microscopy samples processing was from Polaron and the electron 

microscope to view  samples was a JEOL 1200EX STEM microscope in SEM mode.

The preservation solutions used in these experiments were the lactobionate-raffinose 

solutions (UWmod and UWmod low K'*'), and the hypertonic citrate solutions (HCA  

and HCA-low K'*'). Compositions are shown in Table 2.1 and 2.3.

2.2.2. Methods

Vein preservation

All experiments using human tissue and cells were performed under the Northwick 

Park Hospital Trust ethical committee approval. All specimens were processed 

within 15 min o f  birth. The umbilical vein was cannulated and gently flushed with 

20 ml o f  warm (37°C) phosphate buffered saline (PBS) to remove blood. The vein  

was divided into 4 cm segments and either immediately fixed (controls) or filled 

with the preservation solution under study at room temperature. Both ends o f  the 

vein segment were then closed by suture and the sealed whole vein submerged in the 

same preservation solution and stored at 4°C in a container surrounded by ice.

Sample processing

After the storage period veins were fixed by luminal infusion (manually at constant 

rate and pressure) o f  3% glutaraldehyde in 0. IM phosphate and left 2 h at room 

temperature. Blocks o f 2 mm^ o f  full thickness blood vessel wall were dissected 

from the vein wall using microsurgical instruments under an operating microscope at 

high (x l6 ) magnification. Samples were washed (3 times for 10 min each) in O.IM 

phosphate buffer, post fixed in 1% osmium tetra oxide in phosphate buffer (60 min 

at room temperature), and washed again (10 min). Dehydration was accomplished by 

serial immersion (10 min) o f the samples in 25%, 50%, 70% and 100% ethanol. 

Specimens were then critical point dried, and mounted on copper stubs with silver
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dag. They were gold coated in a sputter coater and kept in a vacuum desiccator until 

viewed.

Assessments

Six different random fields on the luminal endothelial surface were photographed 

(final magnification x l600) in each specimen. A further three high magnification 

micrographs (final magnification xSOOO) were taken from the same areas. All 

micrographs were analysed blindly by the same observer, and subsequently 

corroborated by a second observer. Normal lung was scored as having 100% intact 

endothelium. In the experimental groups, samples were rated as having either 0, 25, 

50, 75 or 100% normal intact endothelium.

Morphological alterations were evaluated by three criteria:

a) endothelial monolayer continuity,

b) individual EC morphology, and

c) cytoplasmic membrane irregularities.

2.3. In vitro cultured human EC

2.3.1. Umbilical vein EC

M aterials

The culture medium (CM) used was bicarbonate-buffered RPMI 1640 containing 2 

mM glutamine, 100 i.u./ml penicillin, 100 pg/ml streptomycin, 10% foetal calf 

serum, 10% new-born calf serum, and an additional 10 mM HEPES. All 

components, as well as collagenase and Triton X-100, were obtained from Sigma 

Chemicals, St Louis, MO, USA. Radiolabelled sodium chromate was provided by 

the pharmacy o f  Northwick Park Hospital, Harrow, UK. Lactate dehydrogenase 

(LDH) kit (DG 1340-K) was obtained from Sigma, Poole, Dorset, UK.

The lactobionate-raffinose solutions (UWmod and UWmod low K"*"), are 

modifications o f  the University o f  Wisconsin preservation solution and were 

prepared as described earlier (Kurzawinski et al., 1994). The composition o f these 

solutions are presented in Table 2.1. Hypertonic citrate solution (HCA) was obtained 

from Baxter Healthcare Ltd. (Thetford, Norfolk, UK), and the low potassium HCA 

(HCA low K'*’) was prepared as shown in Table 2.3. Cytoskeleton solution (CT) and
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sucrose solutions are experimental solutions designed for these experiments, and 

were prepared as illustrated in Table 2.2.

For morphometric studies a Leica microscope was used (Mikroskope und Système 

GmbH, Wetzlar, Germany). Membrane ^^Cr leakage readings were performed using 

a LKB-Wallac Clinigamma 1272 automatic gamma counter. The spectrophotometer 

used for LDH measurements was an Uvicon 81 OP.

M ethods

Isolation and culture

These experiments have been performed under the Northwick Park Hospital Trust 

ethical committee approval. Fresh human umbilical cords were collected from the 

maternity department at Northwick Park Hospital. The umbilical vein o f each cord 

was cannulated and flushed with warm phosphate buffered saline (PBS) to remove 

blood. The vein was filled with 10-15 ml o f warm collagenase solution (0.5 mg/ml 

in serum free medium) and incubated at 37° C for 7 min. Detached cells were 

collected by flushing the vessels with PBS and massaging gently to remove all loose 

cells. The resulting cell suspension was centrifuged (800 x g, 5 min), the supernatant 

removed, and the cell pellet resuspended in CM. Primary cultures were grown in 25 

cm^ Falcon culture flasks. When monolayers were 90% confluent, they were 

trips! nized and second passage EC were plated onto 1 cm^ coverslips (6 per cord) 

located in 6 well culture plates for morphological studies. For ^^Cr leakage assays 

second passage cells were plated on 96 well culture plates.

Hvpothermic and hypoxic storage

The method here described was developed to mimic hi vitro the low temperatures 

and oxygen deprivation conditions o f vascular endothelium o f organs undergoing 

transplantation.

Monolayers reached confluence 1 to 2 days after being plated onto the experimental 

wells. CM was then removed and replaced with either fresh CM or with one o f  the 

organ preservation solutions under study. For hypothermic storage experiments, 

plates were located in a refrigerator and kept at 4°C. For hypothermic and hypoxic 

experiments, each individual well was sealed after being flushed with a mixture o f  

95% nitrogen and 5% carbon-dioxide for 5 min to displace any oxygen present in the 

air located between the surface o f the preservation fluid and the lid sealing the well. 

It is realised that some oxygen was dissolved in the CM and in the preservation
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solutions used. However, the intention was to mimic the conditions faced by vascular 

EC o f organs during harvesting, where the dissolved oxygen in flush solutions is not 

removed. For that reason the storage conditions are hypoxic and hypothermic (rather 

than anoxic and hypothermic). Plates were subsequently placed in a refrigerator and 

subjected to a period o f cold (4°C) hypoxic storage.

Pilot studies storing EC with preservation solutions under hypoxic conditions at 

normothermia (37°C) resulted in total death and detachment o f  cells after only 3 h; 

therefore those conditions were not investigated further.

Re-warming and re-oxygenation

After the desired cold-hypoxic storage period, some cultures were subjected to 24 h 

o f  re-warming by carefully replacing the preservation solution used during the cold 

storage period with warm CM and relocating the cultures into the incubator under 

standard growing conditions (95% air plus 5% CO2  at 37°C).

Morphometric assessment

After staining o f  non-viable cells with eosin Y (0.1% in PBS), EC were observed 

and photographed for morphometric measurement. Morphological changes were 

assessed using a x40 objective on a light microscope connected to a 22 inch closed 

circuit TV monitor. Each individual experiment consisted o f 20 to 24 monolayers for 

each storage time and solution, with cells obtained from at least 10 different 

umbilical cords. Ten fields per monolayer were analysed. The percentage o f viable 

cells and the percentage o f monolayer present at the end o f the storage or storage 

plus re-warming period were recorded in every studied field. Electronic evaluation 
was not performed.

Membrane integritv assessment

^^Cr leakage analysis was performed to determine membrane integrity as a sensitive 

indicator o f  sub lytic EC injury (Chopra et a l,  1987). Due to the natural slow leakage 

o f  ^^Cr from healthy labelled EC (Chopra et a l ,  1987), hypothermic storage periods 

were limited to a maximum o f 16 h.

Confluent monolayers were incubated at 37°C for 3 h in CM containing 25pCi/ml 

^^Cr sodium chromate. Labelled cells were washed twice with serum free medium 

and incubated for a further hour in CM at 37°. A final wash with serum free medium 

was carried out to remove any ^^Cr not taken up by cells. Then CM was removed 

and either fresh CM or test solutions were added (lOOpl/well). Cells were then 

subjected to 3 or 16 h o f cold hypoxic storage. At the end o f the storage period the
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storage fluid was removed and the amount o f ^^Cr released from the cells was read 

in a gamma counter. EC were then disrupted with 1% Triton X-100 (100 p 1/well) and 

the supernatant subsequently removed for counting. Membrane leakage results were 

recorded as the amount o f ^^Cr leaked into the solution during storage, expressed as 

a percentage o f  total ^^Cr present in each well. Spontaneous leakage was measured in 

a sub-population o f every cell isolate kept under standard growing conditions (EC in 

CM with 95% air plus 5% CO2  at 37°C) and subtracted from the corresponding 

experimental results. For each experimental condition, 6 to 8 samples (each 

averaging 6 readings) from at least 6 different umbilical cords were studied.

Cell membrane integrity was also monitored by measuring leakage o f the cytosolic 

enzyme lactate dehydrogenase (LDH) into the medium. A spectrophotometer was 

used to determine the amount o f  LDH present in the storage fluid after the 

preservation period, and the total LDH present in the monolayers following cellular 

disruption with Triton X-100. The data are presented as the % o f total LDH in the 

culture (after cell lysis with 1% Triton X-100) found in the extracellular medium.

2.3.2. Saphenous vein EC

M aterials

Minimum essential medium (MEM) and the antibiotics penicillin and streptomycin 

were obtained from Gibco, Scotland, UK. Collagenase was obtained from 

Worthington Biochemical Corporation, Freehold, N ew  Jersey, USA. Human serum 

was provided by the Karolinska and Sabbatsberg Hospitals, Stockholm, Sweden. 

Trans well polycarbonate permeability chambers (pore size 3 pm) were obtained 

from Costar, Badhoevedrop, The Netherlands, and the human fibronectin to coat 

them was obtained from Boehringer Mannheim Scandinavia, Bromma, Sweden. 

Isobutylmethyl-xanthine (IBMX), forskolin, bovine serum albumin (BSA) and the 

lyophilised powder o f thrombin from bovine plasma were all obtained from Sigma 

Chemicals, St Louis, MO, USA. Evan's blue powder was obtained from Labkemi, 

Stockholm, Sweden. Ropivacaine and l/docaine were kindly donated by Astra, 

Huddinge, Sweden. Samples were read in a spectrophotometer MR 250, from 

Dynatech.

The lactobionate-raffinose clinical organ preservation solution (UWmod), as 

described earlier (Kurzawinski et a l ,  1994), and is shown in Table 2.1. Cytosolution 

(CT), was made according to Table 2.2.
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For morphological studies, CD31 monoclonal mouse anti-human endothelial cell 

antibody, biotin conjugated species and Cy-3 antibodies were obtained from Dako, 

Glostrup, Denmark. Permanox slides were from Lab-Tech, Naperville, Illinois, 

USA.

M ethods

Isolation and culture

Human great saphenous vein segments were donated by patients undergoing cardiac 

by-pass surgery under informed consent and local ethical practices o f  the Karolinska 

Hospital, Sweden. The veins were rinsed with 50-100 ml o f warm phosphate 

buffered saline (PBS) and incubated with 0.1% o f collagenase at 37° C for 20 min. 

The suspension containing detached EC was centrifuged (800 x g, 5 min), re

suspended in culture medium (MEM containing 40% of pooled heat inactivated 

human serum plus 33pM o f IBMX, 50 U/ml o f penicillin and 50 pg/ml o f  

streptomycin) and seeded into a tissue culture plastic well (12 well plate) previously 

coated with 0.2% gelatine (20 min at 4° C). After 24 h later and every second day 

the culture medium was replaced. As cells grew in numbers, several passages were 

made to accommodate them in an increasing number o f wells. All cells used in these 

experiments were obtained from the same donor and used between the 6th and 9th 

passages.

Cell seeding on permeabilitv wells

A mix o f trypsin and EDTA (1:1) was used to detach cells. After centrifugation (5 

min at 2500 rpm), cells were resuspended in MEM containing 30% human serum, 

and seeded into the upper chamber (see Fig. 2.1.) o f the transwell filters at a density 

o f 30,000 cells per cm^ (filter surface was 0.33 cm^). The polycarbonate filters were 

previously coated with 10 pl/cm^ o f human fibronectin (40 min at room 

temperature), and washed with warm PBS to remove excess fibronectin. Four h after 

seeding, the medium in the filter chambers was replaced to remove non-attached 

cells, and on subsequent alternate days the medium was replaced. Experiments were 

carried out 5 to 6 days after seeding to allow EC tight junctions to form and mature.
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Evan's blue 
conjugated BSA 

leakage 
direction

upper chamber

EC monolayer

lower chamber

Fig. 2.1. Schem atic representation of a permeability chamber used in this 
experiments.

Bovine serum albumin (BSA) conjugated Evan's blue

BSA (5g/100ml) was dissolved in warm distilled water. Evan's blue powder up to a 

final concentration o f  0.5% was added before an incubation time o f 15 min at 37° C. 

Then, absolute alcohol was added (1:1) and the solution was left for 25 min at room 

temperature. Serial centrifugations (800 x g, 5 min) and re-suspension in absolute 

alcohol o f the pellets were conducted to completely remove un-conjugated Evan's 

blue. After the last centrifugation, the pellet was weighed, dissolved at 5% w/v 

concentration in PBS and filtered through a 0.2 pm filter to ensure sterility.
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Permeabilitv assessment

All wells were subjected to 15 min o f  incubation with serum-free MEM at 37° C. 

Both sides o f the filter were then rinsed with warm PBS and 200pl o f  the chosen 

preservation solution were pipetted into the upper chamber with or without drugs 

depending on the experiment. An aliquot o f  600pl o f the same preservation solution 

were placed in the lower chamber. The culture plates were then stored for 6 h at 4°C 

to mimic hypothermic organ storage. After the storage period, solutions were 

carefully removed and the Evan's blue-protein conjugate solution (200pl) was placed 

in the upper chamber. Clean PBS (600pl) was placed in the lower chamber. The 

wells were placed in the incubator (37°C) and samples o f lOOpl each were taken 

after 30, 45, 60 and 90 min from the lower chamber. These samples were pipetted 

into a 96 well plate for spectrophotometric reading. The two volumes used (200pi in 

the upper chamber and 600pl in the lower chamber) provided the monolayer with a 

small positive hydrostatic pressure, designed to mimic the storage conditions in a 

lung transplant procedure where organs are maintained inflated after flushing the 

vascular bed with a synthetic solution. We were aware that with each sample 

collected the total volume o f  PBS in the lower chamber decreased by lOOpl. This 

may have affected the hydrostatic pressure between the two chambers and the 

relation between solute and solvent. However, in all cases the same protocols were 

used in all experiments, and thus any variation in hydrostatic pressure with time was 

constant between all groups compared. Samples collected from the lower chamber 

were located in 96 well plates and read in a spectrophotometer.

Immune fluorescent staining

Saphenous vein EC from the same human donor were cultured on Permanox slides. 

Five days post-seeding they were subjected to the same conditions as the 

experimental cultures. After fixation in 4% formaldehyde in PBS (0 .0 IM) and 3 

separate rinses with PBS, the primary antibody diluted 1:200 in PBS plus 0.3% 

Triton X-100 was added. The cells were ii^cjubated overnight and after a further PBS 

rinse, biotin conjugated species-specific^l :200 in PBS) was added and incubated for 

1 h. Finally, streptomycin-linked Cy-3 (1:200 in PBS) was added after a new PBS 

wash (again incubation time was 1 h) to amplify fluorescence. Cells were then rinsed 

and mounted in 25% glycerine to be photographed with an epifluorescence 

microscope.
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2.4. Statistical methods

All statistical evaluations were discussed with resident statistician prior to 

performing analyses, and the most appropriate tests selected and performed using 

Stata package on a PC.

2.4.1. Histopathological analysis

Due to the non normal distribution o f the data, a non-parametric test was used. A  

Mann-Whitney U-test was performed to compare the amount o f alveolar oedema 

recorded with each solution for every storage and revascularization period 

separately. Then, Kendall's rank correlation coefficient was calculated to relate the 

histologically graded lung tissue appearance with the revascularization period within 

each storage time and for each solution independently. For both tests, results were 

considered statistically significant when thep  value was less than 0.05.

2.4.2. Scanning electron microscopic analysis of human veins

Again a non-parametric statistical test was used. A Kruskal-Wallis one-way analysis 

o f variance o f  the ranks was performed to compare results obtained with all 

preservation solutions used at each storage time, and to compare specimens stored 

for different periods. Results with a p  value o f  less than 0.05 were considered 

statistically significant.

2.4.3. Scanning electron microscopic analysis o f rat pulmonary arteries

Due to the small number o f specimens in each individual group, it was not possible 

to perform a non-parametric statistical analysis to compare results obtained with the 

two preservation solutions for each storage and revascularization period separately. It 

is not possible to obtain a significant ip<0.05) difference using a Mann-Whitney U  

test unless there are at least 8 observations in total. Instead, a Kendall's rank 

correlation coefficient test was performed to relate the percentage o f preserved 

endothelium with the revascularization periods within each storage time and for each 

solution independently. Results were considered statistically significant when the p  

value was less that 0.05.

2.4.4. Morphometrical analysis of cultured EC subjected to cold hypoxic 

storage

Shaprito and Francia's W' test o f Normality and Bartlett's test o f  equality o f  

variances were performed. However, the samples did not have a normal distribution
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and so the non-parametric Kruskal-Wallis analysis o f variance o f the ranks was used 

to test the null hypothesis that all the group medians were the same. Then, a Mann- 

Whitney U test was performed to compare pairs o f  groups. All possible pairs o f  

treatments within the same storage period and all pairs using the same fluid in the 

different storage periods under study were compared. Bonferroni's correction for 

multiple comparisons was applied to the results and p  values less than 0.05 after the 

Bonferroni's correction were considered significant.

2.4.5. Morphometrical analysis o f cultured EC subjected to cold hypoxic 

storage followed by 24 h of re-warming

A  three way analysis o f variance was performed with factors: preservation

solution, storage period, and re-warming. Each o f these factors was considered 

individually and in combination with the other factors. The pooled estimate o f  

standard deviation from the analysis o f variance table was used to compare pairs o f  

individual means.

2.4.6. M embrane integrity analysis

For ^^Cr leakage studies, an analysis one/two way o f  variance was performed with 

factors;cord, solution and storage time. Cord was considered to be a random factor 

while solution and storage time were considered to be fixed factors. The effect o f  

storage time was assessed relative to the variation between cords, while the effect o f  

solution and the interaction between solution and storage time was assessed relative 

to the variation within cords. Results were considered significant when the p  value 

was less that 0.05, and highly significant when thep  value was less that 0.005.

2.4.7. Permeability studies

In these experiments there was a variation in hydrostatic pressure between the 

different time points, but the pressure effect was constant within the same time 

points. To allow for this, an analysis o f variance was performed separately for each 

time point within every experiment. To compare treatments, the null hypothesis that 

all the group means were the same was tested. Shapiro and Francia's W  test o f 

normality and Bartlett's test o f equality o f  variances were performed. Then, contrasts 

to compare particular combinations o f group means for the different treatments using 

the pooled estimate o f the standard deviation from the analysis o f  variance were 

performed. Bonferroni's correction for multiple comparisons was applied. Only p  

values less than 0.05 after the Bonferroni correction were considered to be 

significant.
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The possibility o f combining the results from the different experiments was also 

investigated. The interaction between different groups was nearly significant at 30 

min, but the differences were significantly more variable between the experiments 

for samples collected at 60 and 90 min, with results too scattered to allow reasonable 

statistical comparison. This can be appreciated by looking at the standard deviation 

presented in the results table for each experiment using this model, where the 

standard deviations increased in samples collected after 60 and 90 min compared to 

samples collected after 30 and 45 min.
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C h a p t e r  3 

Ex p e r im e n t a l  l u n g  p r e s e r v a t io n ; 
HISTOPATHOLOGICAL DAMAGE IN LUNG TISSUE AFTER 

STORAGE AND REVASCULARIZATION

The experiments presented in this chapter had been published in the 

International Journal of Experimental Pathology, 1995; 76; 43-54

3. 1. Introduction

In clinical lung transplantation, the single vascular flush followed by hypothermic 

storage is the method o f choice due to its simplicity and low cost (Orak et a l ,  1994). 

The lung transplant model described in the method sections was used to test different 

preservation solutions in vivo. Histopathological assessment o f  pulmonary tissue 

after lung transplantation was taken as means o f  identifying damaging

processes.

Several key experiments using different types o f  flush solutions for organ 

preservation have been carried out in recent years (Jamieson et al., 1988; Hooper et 

a l ,  1991; Okouchi et a l,  1992). Historically, the first group o f  organ flush solutions 

that were used attempted to mimic the intracellular medium by incorporating high 

concentrations o f potassium (intracellular levels) and osmotic agents were added to 

raise osmotic pressure inside the capillaries (Wheeldon, 1991). However, some 

authors have suggested that extracellular type solutions (with high sodium and low  

potassium concentrations) are more successful in lung preservation and give better 

results (Fujimura et a l ,  1987; Oka et a l ,  1991; Yamazaki et a l ,  1990). Moen and 

colleagues (Moen et a l,  1989) found that a high sodium UW solution was as 

effective as the original UW (intracellular type) for 48 h preservation in a multiorgan 

study in dogs.

To analyse the effects o f varying sodium (Na‘*‘) and potassium (K^) levels in a single 

lung isograft model in rats with cold storage times up to 48 h, we used two modified 

versions o f  University o f Wisconsin flush solution in which the only differenceswere 

the sodium and potassium concentrations. The storage times were chosen in view o f  

previous reports o f  relative success after 24 h o f cold storage o f  lung using a similar
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model (Pickford et al,od99Qi). To assess pulmonary tissue recovery after cold- 

ischaemic damage, histopathological damage was assess four weeks after pulmonary 

transplantation.

Histopathological analysis recorded pulmonary tissue alterations at three different 

levels:

i) macroscopic level: X-rays and angiograms;

ii) microscopic level: light microscopy after staining with 

haematoxylin and eosin, and sodium rhodizonate; and

iii) ultrastructural level: transmission electron microscopy.

3.2. Aims of this chapter

The aims o f the set o f  experiments described in this chapter were to:

1. study long-term histopathological alteration o f  pulmonary tissue subjected to 

hypothermic storage and transplantation.

2. compare protective effects o f two preservation solutions, one mimicking the 

extracellular medium and the other the intracellular medium.

3. identify the process leading to morphological damage to lung tissue undergoing 

transplantation.

3.3. Materials and methods

3.3.1. Materials

The materials used in this experiment have been described in chapter 2.

Two preservation solutions were used in this study:

1. modified University o f Wisconsin with high potassium and low sodium  

concentration as an intracellular type solution (UWmod), and

2. modified University o f Wisconsin with high concentration o f  sodium and low  

potassium (UWmod low K'*’) as an extracellular type.
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3.3.2. Methods

Surgical procedure

The transplant lung operations were performed as described in chapter 2 (/« vivo 

lung transplantation). A total o f 42 lung transplants were performed for this study.

M acroscopic inspection, radio analysis and angiography

All assessments were performed four weeks after transplantation, as described in 

chapter 2. Following macroscopical and X-ray analysis, transplanted lungs were 

scored. Results are presented as the percentage o f left lung inflating normally:

100%; in which all left lung tissue was inflating normally,

90%; where more than 90% of the lung was inflating,

80%; where more than 80% o f the lung was inflating,

50%; where more than 50% o f the lung was inflating,

10%; where less than 50% o f the lung was inflating,

0; where the lung was totally collapsed.

Ventilation and perfusion were considered adequate when they involved at least 80% 

o f the pulmonary tissue in the transplanted left lung.

Light and electron microscopy

All transplanted lungs were assessed histologically after haematoxylin and eosin 

staining. Selected lungs were also stained with sodium rhodizonate to highlight 

barium sulphate in the vascular space. Preservation o f  general lung architecture, 

presence o f  oedema, septal congestion, parenchymal haemorrhage, inflammatory and 

pleural changes were recorded.

Three animals in each group were selected for ultrastructural analysis. In examining 

microphotographs, particular note was made o f any alterations in:

endothelial cells (membrane integrity, nuclei and cytoplasmic elements), 

respiratory wall, 

inflammatory cells, 

alveolar type II cells, 

bronchial epithelial cells, 

smooth muscle cells, and 

interstitial spaces.
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3.3.3. Experimental protocol

Group 1 Controls

la: Non-stored, non-transplanted lungs, 

lb: Non-stored, transplanted lungs.

Group 2 Lungs stored 24 h and then transplanted

2a: Lungs flushed with UWmod solution,

2b: Lungs flushed with UWmod low solution,

Group 3 Lungs stored 48 h and then transplanted

3 a: Lungs flushed with UWmod solution,

3b: Lungs flushed with UWmod low K'*’ solution.

All subgroups consisted o f  7 animals. All animals were sacrificed 4 weeks after 

transplantation for the different analysis except Group la which were examined 

immediately after harvesting. Only animals that survived 28 days after the transplant 

operation were included in the study. The number o f  animals in which pulmonary 

failure necessitated sacrifice before the selected survival time was not influenced by 

the type o f  preservation solution used but by the length o f storage period. After 24h 

o f  hypothermic storage only one animal had to be killed before the intended 4 weeks 

(Group 2a) while after 48 h, 3 animals for each solution tested had to be sacrificed 

before reaching the total number o f 7 surviving animals. The cause o f  death was in 

all cases massive intrathoracic oedema.

3.4. Results

3.4.1. M acroscopic appearance and radiology

A  very good correlation was observed between the macroscopic appearance o f  the 

lung tissue and X-ray images 4 weeks after transplantation. A clear chest 

radiographic image, full o f air, was seen in all transplanted controls and in all those 

lungs with more than 80% o f inflating lung tissue at macroscopic observation. Lungs 

classified macroscopically as 50% or less inflated tissue had equally poor inflated X- 

ray images. The successfully preserved lungs presented angiographic images similar 

to those o f control animals (Group lb). The unsuccessfully preserved lungs were 

identified by non ventilated, fibrotic areas on both macroscopic and X-ray analysis 

and subsequently presented poorly-perfused angiogram images.
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Pulmonary tissue in both Group la  (non-stored non-transplanted control lungs) and 

Group lb (non-stored, transplanted lungs sacrificed 4 weeks after transplantation) 

presented normal macroscopic and radiographic appearance. Assessment o f  

macroscopic and X-ray analysis are presented in Fig. 3.1. After 24 h o f cold storage 

using the intracellular type (UWmod) solution and four weeks o f revascularization, 

all 7 transplanted lungs (Group 2a) were ventilating at more than 80% o f their 

original capacity. In Group 2b, after preservation for 24 h in UWmod low K'*' 

solution, 6 out o f 7 lungs showed more than 80% o f tissue inflation. After 48 h o f  

cold storage plus 4 weeks o f  revascularization, in 6 out o f  7 lungs over 80% of the 

lung tissue was inflating with the UWmod solution (Group 3a) but only 3 out o f 7 o f  

the lungs stored in UWmod low (Group 3b) were well inflated.
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Fig. 3.1. Schematic representation of the percentage o f lung tissue 
ventilating/perfusing assessed by macroscopic and X-ray analysis. Each dot 
represents one animal.
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For all solutions, the angiograms showed adequate capillary perfusion in the areas o f  

ventilating lungs with no statistical differences between the groups. Perfusion in 

these areas was equivalent to the perfusion in the right, native lungs o f the recipients. 

Fine capillaries filled with barium sulphate could be observed (Plate 3.1). The 

unsuccessfully transplanted lungs gave an angiogram image o f a single main artery 

filled with barium, but no capillary perfusion, differing notably from the ventilating 

native right lung (Plate 3.2). These areas o f  poor capillary perfusion coincided with 

scarred areas observed macroscopically.

The general outcome for both solutions in terms o f perfusion was considered very 

good (13 out o f  14 lungs had more than 80% o f  the pulmonary tissue perfused like 

the control native right lung) after 24 h o f  storage, and less satisfactory (9 lungs out 

o f  14) after 48 h o f cold storage.

3.4.2. Histopathological alterations

Group 1: Both control subgroups (Group la, non-stored and non-transplanted group; 

and Group lb, non-stored, transplanted lungs sacrificed 4 weeks later) presented 

normal lung tissue with clear alveolar spaces and thin respiratory walls.

Group 2: Four weeks after transplantation, lungs stored 24 h using the UWmod flush 

solution, had a general appearance o f well preserved pulmonary tissue. Some o f the 

lungs presented areas o f scarring limited principally to the apical part o f  the lobe. 

Smaller perivascular fibrotic areas, slightly deforming otherwise normal lung tissue, 

were found (Plate 3.3). Neither oedema nor haemorrhage were observed. Some 

chronic inflammation was seen within a small scar in one specimen. Macrophages 

laden with haemosiderin were found in the scarred areas. The UWmod low  

solution resulted in adequate morphological preservation o f the pulmonary 

architecture and absence o f  oedema and haemorrhage. Pockets o f  chronic 

inflammation including haemosiderin-laden macrophages were found in only one 

specimen. With both solutions a small degree o f  thickening was observed in the 

pleura.
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Plate 3.1. Successfully preserved luiig tissue. X-ray and angiogram taken four  
weeks after transplantation of a 24 h stored lung using the U W m od low 
solution. The radiological images o f the transplanted left lung which was  
ventilating normally, are com parable to those o f  the native right lung, showing  
a 100% recovery of the pulm onary tissue.
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\

Plate 3.2. Unsuccessfully preserved lung tissue. X-ray and angiogram  of  a 48 h 
stored lung using the U W m od low KC solution 4 weeks after transplantation. 
The transplanted left lung which was fibrotic and not ventilating, appears as an 
opaque area in the X-ray image. In the angiogram , only the main pulm onary  
artery o f the left lung is visible (arrow), indicating some perfusion of the 
fibrotic tissue.
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Plate 3.3. Histopathological changes in successfully preserved lung tissue: 
fibrotic perivascular changes in this case linking small blood vessels to a 
bronchioli (arrow; mag. x30).

T
-

Plate 3.4. Haemosiderin-loaded m acrophages in otherwise histologically normal 
pulm onary tissue (arrow; mag. x60).
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Group 3: Four weeks after transplantation, the histological appearance o f lungs 

stored 48 h was considerably different from normal lung tissue. Areas containing 

normal ventilating tissue presented a well preserved, normal lung architecture. Areas 

which failed to recover from the damaging ischaemia and reperfusion processes, 

presented fibrotic organisation. Chronic inflammation was limited to unsuccessfully 

recovered lung tissue. In both Group 3a and Group 3b small foci o f scarring with 

focal mild inflammation in the pleura were observed. With both preservation 

solutions macrophages full o f haemosiderin were occasionally seen in unscarred 

parenchymal tissue (Plate 3.4); this was in marked contrast to the 24 h stored lungs 

where these cells were only encountered in scarred areas. One specimen in the group 

flushed with UWmod showed a small level o f perivascular oedema but no 

haemorrhage nor intra-alveolar oedema were found. Chronic inflammatory changes 

were observed within the scar tissues with inflammatory cells consisting o f  

lymphocytes and plasma cells (Plate 3.5 & 3.6).

Lungs flushed and preserved with UWmod low had a similar appearance 

including absence o f oedema and haemorrhage but focal chronic inflammatory 

infiltrates were seen in scars. Pleural thickening was more severe in two specimens 

in the Group 3 a, and some chronic inflammatory cells were also found in the pleura 

o f this last group. Only one specimen presented thickening o f the respiratory wall 

and this was in the Group 3b.

In groups 2 and 3 some lungs were stained with sodium rhodizonate to highlight the 

presence o f barium sulphate in blood vessels. These lungs showed good perfusion in 

areas with preserved pulmonary architecture. By contrast, as might be predicted, 

perfusion was poor in areas with fibrotic changes (Plates 3.7. and 3.8).
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'  s ^  *
Plate 3.5. Chronic inflammation in badly preserved pulm onary tissue (mag. 
x60).

Plate 3.6. Lung stored in U W m od low for 48 h and exam ined four weeks  
after transplantation. Part of the pulmonary tissue has recovered to near  
normal, while som e areas have undergone scarring, accompanied by chronic  
inflammation (mag. x30).
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Plate 3.7. Vascularization o f pulm onary tissue shown by sodium  rhodizonate  
staining o f  barium sulphate. W ell perfused tissue where has stained barium  
sulphate in the alveolar septae; this feature corresponds with a histologically  
well preserved lung tissue area (m ag. x40).
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Plate 3.8. Vascularization of pulm onary tissue shown by sodium rhodizonate  
staining o f barium sulphate. Fibro-obliteration o f  pulm onary parenchym a with  
scattered vascularization can be observed. This feature corresponds to scarred  
pulm onary tissue (mag. x40).
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3.4.3. Transmission electron microscopy

Group 1: All controls presented an ultrastructural architecture characterised by thin 

respiratory walls formed by endothelium, basal membrane and alveolar type I cells. 

An occasional alveolar macrophage could be seen in the alveolar space. In blood 

vessels, only erythrocytes, platelets and occasional lymphocytes were found. Healthy 

alveolar type II cells with cytoplasm containing laminar bodies were seen in all 

samples.

Group 2: Lungs stored for 24 h and revascularized for 4 weeks presented a uniform  

ultrastructural appearance with both flush solutions. The endothelial cells were in 

good condition, with intact membranes and normal mitochondria. The respiratory 

wall was even in thickness and basal membranes appeared well defined. Any 

inflammatory cells present in the samples were mainly lymphocytes and alveolar 

macrophages, with an occasional mast cell. All cells were normal in appearance, 

although the number o f intravascular inflammatory cells was elevated in relation to 

the control group. Alveolar type II cells were healthy and in their usual location, 

with a normal distribution o f chromatin in their nuclei, dense cytoplasm and well 

defined membranes. Bronchial epithelial cells were clearly defined with desmosomes 

between the cells and surface cilia. The interstitial spaces had collagen fibres and 

connective tissue in normal distribution. Small vascular vessels presented a normal 

looking elastic lamina with fenestrations. Perivascular smooth muscles cells were 

very active, with relatively large amounts o f endoplasmic reticulum and increased 

numbers o f  mitochondria compared to controls, suggesting a remodelling process. 

Around an arteriole in one specimen, duplication o f  the basal membrane was found 

(Plate 3.9). No significant differences were found between the two preservation 

solutions studied.

Group 3: After 48 h o f cold storage and 4 weeks o f revascularization, specimens 

from both flush solution groups presented similar ultrastructural characteristics. In 

some specimens, a few endothelial cells presented pale looking cytoplasm but these 

co-existed with absolutely normal endothelial cells in the same area. In patches, 

occasional endothelial cell loss was observed. In these damaged areas a few  cells 

with injured mitochondria were found. Overall, the respiratory wall was in good 

condition and the basal membrane was o f  an even thickness. Inflammatory cells 

within the vascular space were seen in higher numbers when compared with controls. 

Some lymphocytes had dense marginated chromatin and disrupted nuclei in some 

specimens. Alveolar type II cells presented a good ultrastructural appearance with
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normal mitochondria. Bronchiolar cells were well preserved with very slightly 

swollen mitochondria in some specimens. In these cells the nuclear chromatin was 

mildly marginated and dense. In the interstitial spaces, enlarged areas o f connective 

tissue were seen in different specimens from this 48 h stored group. In these patchy 

areas o f swollen connective tissue some mast cells with a small amount o f oedema 

were found (Plate 3.10).

3.4.4. Overall preservation

Preservation o f pulmonary tissue for 24 h in this model was excellent but outcome 

after 48 h o f cold ischaemia was less satisfactory. No statistically significant 

differences were found between specimens stored with the two preservation solutions 

under study. Ove^^ll, the concentration o f sodium and potassium in the preservation 

solution did not affect the morphology o f pulmonary tissue examined 4 weeks after 

transplantation; the 24 h stored lungs appeared very similar with only minor lesions 

detectable. Lungs flushed with intracellular UWmod solution (Group 3a) stored for 

48 h appeared to be slightly better preserved.

3.5. Discussion

The present experiment was performed to identify the histopathological alterations 

occurring in pulmonary tissue after long term revascularization post hypothermic 

storage and transplantation in vivo. Pulmonary tissue was surprisingly able to recover 

from cold ischaemic storage periods o f 24 and even 48 h. The fact that recipients 

retained their healthy, native right lungs, allowed prolonged animal survival and the 

study o f long term morphology and ultrastructure o f  the isotransplanted left lung 

after these had recovered from their initial post-transplantation damage.

Lungs stored for 24 h (Group 2), were virtually normal four weeks after the 

transplant procedure. In the respiratory wall, there was no morphological evidence to 

suggest impaired blood-gas exchange. However, after 48 h o f cold ischaemia (Group 

3), moderate ultrastructural damage could be detected. For both solutions tested, 

transmission electron microscopy studies showed that recovery o f the tissue was 

good but not complete. Moderately damaged endothelial cells was the main feature. 

In both groups, the number o f inflammatory cells was elevated in comparison to 

controls, suggesting mild general inflammatory activity in the tissue.
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Plate 3.9. Transmission electron micrograph of a well preserved capillary in 
ventilating lung tissue showing an endothelial cell with: intact m em brane, even  
distribution of unclear chromatin; and with intercellular connection (thin  
arrow). Duplication o f the capillary basal m em brane is seen (thick arrow; mag. 
xl9 ,000) .
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Plate 3.10. Transmission electron m icrograph of transplanted lung tissue. An  
alveolar type II cell with laminar bodies (thin arrow) and an endothelial cell 
(thick arrow) are well preserved. The interstitial space appears enlarged with  
collagen fibrils (arrow heads). Note the presence o f an inflam m atory cell in the 
capillary (mag. x7,600).
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From early studies (Toledo-Pereyra and Condie, 1978), it was concluded that 

hyperosmolarity and hyperkalaemia were the main factors involved in maintaining 

the viability o f  preserved lung allografts. Moreover, the use o f a solution with 

intracellular concentration of has some detrimental effects. Harjula and 

colleagues (1984) reported that infusion o f  a high (intracellular) concentration o f  

potassium crystalloid solution caused endothelial destruction and damage o f  canine 

coronary arteries. Furthermore, Kimblad and co-workers (1991) have shown that a 

high content o f  potassium in flush preservation solutions caused strong 

vasoconstriction in preserved lungs, which was not counteracted by prostaglandin 

E l. This strong vasoconstriction could severely impair the complete flush o f  the 

organ. Another potential problem when using a high potassium solution is the 

deleterious effect o f hyperkalaemia on recipient cardiac function if  traces o f  the 

preservation solution are allowed to escape into the recipient's circulation on 

revascularization (Moen et a l, 1989).

In the present study, variation o f potassium and sodium concentration in the flush 

solution had no significant effect on lung morphology four weeks after 

transplantation, in accordance with a recent clinical trial in liver transplantation 

(Kurzawinski et a l ,  1994). However, the amount o f  pulmonary tissue that was able 

to recover after 48 h o f cold storage was slightly superior in the group flushed and 

stored in UWmod solution, where 6 out o f  7 animals showed normal morphology in 

80 % or more o f  transplanted pulmonary tissue, while only 3 out o f 7 lungs reached 

that level in the UWmod low K'*' group. Due to the sample size (n=7), that difference 

failed to reach statistical significance.

It has been shown that stored lung weight increases significantly after reperfusion 

(Kawahara et a l ,  1991), and perivascular oedema was found after storage even in 

the presence o f an apparently intact sheet o f  endothelial cells (Hall et a l ,  1992). In 

the present study w e found that perivascular areas were more likely to be affected by 

oedema, and fibrotic changes accompanied by haemosiderin laden macrophages 

were mainly found around arterioles. As both cold and ischaemia are known to alter 

endothelial cell shape accompanied by a rise in vascular permeability (Taylor, 1991, 

Solberg et a l,  1987, Shreeniwas et a l ,  1991), this is perhaps not surprising. 

Furthermore, since, in this model, lymphatic vessels were not reconnected in the 

recipient, the transplanted lung lacked lymphatic drainage. In these circumstances, 

when the endothelial lining was damaged, even small increases in hydrostatic 

pressure might cause oedema. This would hypothetically be exaggerated by 

interaction between neutrophils and endothelial cells which is known to increase
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permeability and produce protein rich oedema (Malik, 1990). Assuming that 

increased vascular permeability was the main cause o f dysfunction, the ionic Na"̂ : 

balance in the flush solution appeared to have little effect on it.

3.6. Conclusions

1. Four weeks after transplantation, rat lungs stored for 24 or 48 h were able to 

recover morphologically and present a nearly normal ultrastructure. Most lungs 

recovered successfully after 24 h o f hypothermic storage.

2. The concentration o f sodium and potassium in the flush solution used to 

preserve rat lungs did not have a significant impact on the quality o f  recovery 

and morphological appearance in the long term.

3. The histological and electron microscopic alterations observed correspond with 

loss o f control o f  vascular permeability during the early stages o f  

revascularization. Traces o f  oedema and haemorrhage in the tissue were the 

main features found, suggesting that endothelial cell damage may play a central 

role in ischaemia and reperfusion damage.

4. Future studies aiming to improve pulmonary preservation should be directed at 

preserving the endothelial cell monolayer and at preventing increases in 

vascular permeability.

Having identified oedema as one o f the main damaging problems limiting the 

success o f lung transplantation, and the endothelial cell layer as one probable site for 

hypothermic and ischaemic damage leading to vascular permeability alterations, the 

next set o f experiments were directed to study this particular type o f  cells under 

conditioiyrelated to organ transplantation.
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Ch apter  4

E n d o t h e l ia l  c e l l  b e h a v io u r  u n d e r  h y p o t h e r m ic  
CONDITIONS

The experiments presented in this chapter had been published in 

Cryoletters 1993; 14: 339-346

4.1. Introduction

It was concluded from the previous chapter that EC may have a key role in lung 

preservation. However, it is difficult to study the damage infl icted to EC during 

transplantation in vivo. The endothelial monolayer is a compact layer o f  regularly 

shaped cells in close contact which each other. One o f the many functions o f  the 

vascular endothelium is to help regulate vascular permeability. Individual cell shape 

and intercellular connections are important factors in endothelial permeability 

control (Zilla et a i ,  1993). Thus, EC morphology and viability may play an 

important role in loss o f permeability control in solid organ storage and 

transplantation. With the aim o f investigating this, we developed a method to subject 

isolated cultures o f  human EC to conditions similar to those endured by vascular 

endothelium o f solid organs undergoing transplantation.

The most common preservation method currently used in clinical organ harvesting 

consists o f  flushing the organ with a preservation solution to remove blood cells and 

provide the organ with minimal metabolic support during the storage period. The 

organ is then immersed in the same solution and stored under hypothermic 

conditions (4° C). Two main damaging factors interact during the storage period: 

hypothermia and hypoxia.

We decided to investigate the effects o f  hypothermia in isolation before adding the 

hypoxic injury to our cell cultures. Continuous monolayers o f human EC were 

subjected to levels o f  hypothermia equivalent to those encountered by lungs stored 

for transplantation. Results from experiments where EC were subjected to hypoxia 

combined with hypothermia only are presented in this chapter (chapter 4). Results o f  

experiments where EC were subjected to hypoxia and hypothermia are presented in 

chapter 5.



Chapter 4 Hypothermia and EC

Another point to consider was the effects o f  the preservation solutions on cells in 

culture. Using culture medium (CM) as control, we stored cultures using two 

preservation solutions, aiming to observe the influence, if  any, o f  the levels o f  

sodium and potassium in the morphology, viability and continuity o f the monolayer 

preserved.

The solutions chosen for this study were hypertonic citrate solution (HCA), as 

originally described by Ross et al. (1976), and a modified version o f  the same 

solution (HCA low K"**) in which sodium and potassium concentrations had been 

raised and lowered respectively to extracellular levels, in an effort to best preserve 

EC. Morphometric analysis and LDH leakage were used to determine quality o f  

preservation o f the monolayer.

The main objective o f this study was to explore the time limits o f  hypothermic 

damage to EC under those conditions, and to set the limits for more detailed studies 

in the next chapters. We also intend to bring together in a comparative study 

experiments using the modified UW solution used in the previously described whole 

organ transplant (chapter 3) and the HCA solution which has been used in rat lung 

preservation studies previously (Pickford et a/.^1990).

4.2. Aims of this chapter

The aims o f  the set o f experiments described in this chapter were:

1. To develop a model to study effects o f hypothermia on EC in vitro.

2. To observe effects o f hypothermia, as an individual factor on EC morphology 

and viability.

3. To compare preservation efficacy o f  solutions with variable concentrations o f  

potassium on their compositions.
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4.3. Materials and Methods

4.3.1. M aterials

The materials used in this experiment have described in chapter 2. The composition 

o f the preservation solutions used in this experiments is shown in Table 2.3. The 

standard culture medium (CM, chapter 2) was used as control.

4.3.2. Methods

Development o f  a new model

Human vein EC were obtained from fresh umbilical cords and grown to confluent 

monolayers in vitro as described in the methods section. At the outset o f  the 

experiment CM and flush solutions were at 37°C. Solutions were added to each w ell 

(2 ml/well, 6 wells plates) after removal o f  the CM. Endothelial cells cultures were 

then placed in a refrigerator and subjected to 3, 8, 16 or 24 h o f cold storage (4°C).

Cell viability, morphology and surface coverage were determined by light 

microscopy following staining o f non-viable cells with eosin Y (0.1%), as described 

in the methods section. To perform the morphometric analysis o f  EC cultures after 

the hypothermic storage period it was necessary to locate the monolayers under the 

Leica microscope connected to the closet circuit o f TV. For that purpose, cultures 

were grown on 1 cm  ̂ coverslips placed in 6 well culture plates. After the desired 

storage period, the coverslips were removed from the wells and located under the 

microscope.

4.3.2. Experimental protocol

Group 1: un-stored controls; confluent monolayers maintained under standard 

growing conditions (in CM, at 37°C, 95% O2 , 5% CO2 ).

Group 2: EC stored for 3 h:

2a: EC stored in CM 

2b: EC stored in HCA 

2c: EC stored in HCA low  

Group 3: EC stored for 8 h:

3 a: EC stored in CM

3b: EC stored in HCA

3c: EC stored in HCA low K'*’
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Group 4: EC stored for 16 h:

4a: EC stored in CM 

4b: EC stored in HCA 

4c: EC stored in HCA low 

Group 5: EC stored for 24 h:

5a: EC stored in CM

5b: EC stored in HCA

5c: EC stored in HCA low K'*'

Each individual group consisted o f 6 to 8 samples, with cells obtained from at least 4 

different umbilical cords. Ten random fields per monolayer were analysed.

Cell membrane integrity was monitored by measuring leakage o f the cytosolic 

enzyme lactate dehydrogenase (LDH) into the medium as described in chapter 2. 

The data are presented as the % of LDH found in the extracellular medium at the end 

o f the storage period, after calculation o f the total LDH present in each well 

following cell lysis with 1% Triton X-100. Statistical analyses was performed using 

the Mann-Whitney test. Results were considered significant when the p  value was 

less than 0.05

4.4. Results

4.4.1. Controls

Healthy monolayers o f human umbilical vein EC presented a regular cobblestone 

pattern. Individual cells had a fusiform shape in close contact with each other. Cell 

boundaries were well defined. The totality o f the surface was covered by cells (100% 

continuity), and viability was 95%. The 5% o f dead cells found in controls is due to 

the normal constant replacement o f EC in confluent monolayers. No gaps were 

found in the monolayer, and coverage was rated 100% (Plate 4.1).

4.4.2. Cell morphology

The morphology o f EC was progressively altered with the time o f exposure to 

hypothermia. A clear tendency to cell rounding and progressive detachment was 

found with both solutions tested as well as in cells stored in CM. As consequence o f  

the change o f shape o f EC towards spherical morphology, the continuity o f the 

monolayer was disrupted and gaps appeared between cells (Plates 4.2, 4.3. & 4.4).

93



Chapter 4 Hypotherm ia and EC

» f

-

- t . . '

Plate 4.1. Control: normal confluent m onolayer o f EC in vitro after eosin Y  
staining. Dead cells are eosin (pink) stained (m ag x85) Continuity  o f  the  
monolayers is 100%.
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Plate 4.2. Endothelial m onolayer subjected to 3 h o f  hypothermic storage in 
vitro using HCA solution. Dead cells are eosin (pink) stained. Small gaps  
appeared on the monolayer (arrow, mag x85).
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Plate 4.3. Endothelial monolayer subjected to 8 h o f  hypotherm ic storage in 
vitro using HCA solution. Dead cells are eosin (pink) stained (m ag x85).

m

Plate 4.4. Endothelial monolayer subjected to 24 h o f hypotherm ic storage in 
vitro using HCA solution. Dead cells are eosin (pink) stained (m ag x85).
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4.4.3. Cell viability

Total cell counts per sample at any single time point did not vary significantly 

between the different solutions throughout the experiment. Viability, as assessed by 

eosin Y staining o f healthy confluent monolayers was 95%. A marked drop in cell 

viability (p<0.001) was observed between 8 and 16 h o f cold storage (Fig. 4.1). 

Comparing individual time points for the different preservation fluids tested, the 

only statistically significant difference was found between cells stored for 8 h in 

HCA low which had lower viability than those stored in CM for the same period 

(p=0.035).

4.4.4. M onolayer continuity

The percentage o f  continuous monolayer present at the end o f the storage period was 

also measured. At time 0 the coverage was 100%, the monolayers being continuous 

and confluent before storage. Preservation o f  monolayer continuity is shown in 

Figure 4.2. No statistically significant differences were observed when treatment 

groups were compared at any time point; however, as observed with cell viability, 

there was a sharp drop in surface coverage between 8 and 16 h o f  cold storage 

(p<0.001) in all groups. The decrease in coverage between the groups stored for 0 

and 3 h was mainly due to changes in cell shape, resulting in gaps between the cells. 

The large decrease in surface coverage observed between 8 and 16 h was mainly due 

to detachment o f  cells from the surface.

4.4.5. M em brane integrity

LDH leakage increased as the cold insult progressed with some membrane disruption 

being noticeable after only 3 h o f  cold storage (Fig. 4.3). HCA low K'*' resulted in 

more satisfactory protection to hypothermia-induced LDH leakage in cells stored for 

8 h, but statistical significance was not reached.
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Fig. 4.1. Viability, measured as morphometrical counting o f eosin Y stained 
cells under light microscopy of EC subjected to hypothermic storage. Icons 
represent the mean: empty circles represent cells stored in CM, full circles 
represent cells stored in HCA, and triangles represent cells stored in HCA low  
K^. Error bars represent standard errors.
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Fig. 4.2. Monolayer preservation expressed as the percentage o f surface covered 
by cells after the hypothermic storage period. Icons represent the mean: empty 
circles represent cells stored in CM, full circles represent cells stored in HCA, 
and triangles represent cells stored in HCA low K^. Error bars represent 
standard errors.
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Fig. 4.3. M embrane integrity expressed as the percentage of LDH leaked out of 
the cells at the end of the hypothermic storage period. Icons represent the 
mean: em pty circles represent cells stored in CM, full circles represent cells 
stored in HCA, and triangles represent cells stored in HCA low K^. Error bars 
represent standard errors.

4.5. Discussion

Marked changes in cell morphology were observed after cold storage o f  confluent 

monolayers o f human EC We found noticeable changes in cell shape after only 3 h 

o f storage under hypothermic conditions. This was accompanied by a progressive 

loss o f cell viability, as determined by eosin uptake and membrane disruption (LDH 

release). In this model, ischaemia was excluded as a damaging factor, thus providing 

evidence that cold storage in flush solution alone caused time dependent damage to 

cultured EC.
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These results are in accordance with data published by Haworth and co-workers 

(1992) which suggest that depolymerisation o f cytoskeletal elements occurs under 

hypothermic conditions. These alterations lead to a loss o f endothelial cell shape and 

disruption o f monolayer continuity (Taylor, 1991). In vivo, this may contribute to the 

increase in vascular permeability observed following cold storage o f  solid organs . In 

addition, loss o f integrity o f  the endothelium may expose the basement membrane 

resulting in thrombotic processes (Pickford et ûf/.,d990).

No statistically significant difference was found between the different concentrations 

o f  sodium and potassium in the flush solutions studied here at any time point 

suggesting that the concentration o f potassium in the cellular medium does not seem 

to have a dramatic effect on preservation o f cell shape or membrane integrity. 

However, this point need to be investigated further, with the inclusion o f the 

ischaemic injury in this cell preservation model, and will be discussed in chapter 5.

Marzi et al. (1989) found that EC were significantly more vulnerable to cold storage 

and reperfusion than liver parenchymal cells. They presented evidence that 

preservation o f endothelial cell viability is critical for graft outcome o f liver in 

transplantation. Many authors have stressed the importance o f endothelial cell 

preservation in the successful outcome o f organ transplants (Killinger et a l ,  1992; 

Nishikawa et a l,  1993). The in vitro model o f cultured human endothelial cells 

presented here provides a method to assess cell morphology and membrane integrity 

and an effective way to evaluate new protective agents and preservation solutions 

under hypothermic conditions.

4.6. Conclusions

1. Hypothermia alone markedly alters EC morphology and decreases cell viability.

2. These alterations are proportional to the duration o f  the hypothermic insult.

3. Substantial variations in the levels o f sodium and potassium in the preservation 

solutions did not seem to condition significantly the preservation o f monolayers 

subjected to hypothermic storage.

4. Hypothermic storage o f in viti’o cultures o f EC can be used as useful models to 

mimic organ storage conditions, test different preservation fluids, and further 

investigate the role o f EC damage in organ preservation.
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All monolayers studied in the set o f experiments presented in this chapter were 

hypothermically stored with free access to oxygen during the storage period. 

However, in organs undergoing transplantation, vascular endothelium is 

hypothermically stored under hypoxic conditions. To determine how the damaging 

effects o f  hypothermia and ischaemia interact, the next set o f experiments was 

designed to study cold-hypoxic storage o f  EC.
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Chapter  5

In  vitro e f f e c t s  o f  o x y g e n  d e p r iv a t io n  u n d e r  
HYPOTHERMIC CONDITIONS ON CULTURED HUMAN E C

The experiments presented in this chapter had been partially published in 

Clinical Science 1996; 90: 135-141

5.1. Introduction

It was shown in chapter 4 that hypothermic storage o f  cultured EC has a marked 

effect on cell morphology, viability and monolayer continuity o f  vascular 

endothelium in vitro. It was speculated that these changes observed in vitro  at the 

end o f  the hypothermic storage period were compatible with the increase in vascular 

permeability observed in in vivo  models o f  organ transplantation soon after blood 

flow  restoration.

Other investigators concluded that the consistent presence o f oedema found after 

organ storage and revascularization in pulmonary transplantation (Oka et a i ,  1991; 

Pickford et a l, 1991) suggests some dysfunction o f endothelial cells (EC) following 

preservation. Furthermore, several authors have claimed that EC are more easily 

damaged by cold-ischaemia than parenchymal cells, and have proposed EC as the 

critical target o f injury in organ preservation (Caldwell-Kenkel et a l ,  1988; 

McKeown et a l,  1988). Considering the well stabilised physiological role o f  

endothelium in maintaining fluids inside the vascular space and regulating 

permeability and coagulation in vivo  (Shreeniwas et a l ,  1991), w e decided to study 

the damage suffered by EC under hypothermic and hypoxic conditions in isolation 

from the intact organ.

In chapter 4, EC were subjected to hypothermic storage. In the set o f experiments 

presented in this chapter, the lack o f  oxygen availability inherent to organ harvesting 

in transplantation was added to our model, as described in the methods section. A  

theoretical previous step in which EC were subjected to hypoxia without 

hypothermia proved o f little use at the initial stage o f studies and because EC rapidly 

died under those conditions and thus was not investigated further. The reason was 

that cultures o f EC in CM survive and grow happily at 37°C, but the tolerance o f
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cultures to preservation solutions at normothermia was minimal. After only 3 h most 

cells were dead and/or detached. Preservation solutions considerably enhance organ 

viability when coupled with the metabolic arrest caused by hypothermia, but were 

highly toxic to cultured cells at 37°C.

As discussed before (chapter 3, 4 and Fujimura et a l ,  1987; Jamieson et a l,  1988; 

Mo en et a l,  1989; Kirk et a l,  1993; Kurzawinski et a l ,  1994), the influence o f  the 

solution Na"̂  and K'*' levels on preservation is not clear. In the present study, two 

fundamentally different preservation solutions, UWmod and HCA were compared in 

this in vitro model under the same conditions, to select what might be most 

appropriate solution for further studies to improve lung preservation.

The design o f these experiments had some variations directed to improve the model 

after the experience gained from chapter 4. The storage periods were limited to 3 and 

16 h and the number o f cultures per experimental situation studied was raised to 20 

or 22, to allow for more complex statistical analysis. The membrane integrity 

measurement was performed using radiolabelled sodium chromate, as a possibly 

more reliable method 1b; measure endothelial cell injury (Chopra et a l ,  1987). 

Finally, aiming to assess the role o f oxygen deprivation during cold storage o f  EC 

cultures the whole experiment was repeated, with subgroups either allowed free 

access to oxygen during the storage period or made hypoxic for the same number o f  

hours. Results are divided in hypoxic and oxygenated cultures, subjected to 3 or 16 h 

o f hypothermic storage using 5 different preservation fluids, one o f  which is CM. 

Cellular morphological changes were recorded, assisted morphometric analyses to 

determine monolayer continuity and cellular viability were performed, and 

radiolabelled sodium chromate leakage was used to assespmembrane integrity during 

the storage period.

5.2. Aims of this chapter

The aims o f  the set o f  experiments described in this chapter were:

1. To assess morphological alterations suffered by human umbilical EC after 

different periods o f hypothermic and hypoxic storage in vitro.

2. To study the effects o f  the previously used four different solid organ preservation 

solutions on monolayer continuity, cell viability and endothelial membrane 

integrity in this model.
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3. To compare hypothermic storage o f cultured EC under hypoxic conditions or 

with free access to oxygen in vitro.

4. To correlate morphological alterations o f cell in culture with in vivo events 

following hypothermic storage o f  organs for transplantation.

5.3. Materials and Methods

5.3.1. Materials

The materials used in these experiments have been described in Chapter 2. The 

preservation fluids used were: CM (standard culture medium), UWmod, UWmod 

low K'*', HCA and HCAmod. The composition o f the CM is described in chapter 2, 

and the composition o f the preservation solutionsis presented in Tables 2.1 & 2.3.

5.3.2. Methods

C ell culture and hypothermic-hypoxic storage

These experiments have been performed under the Northwick Park Hospital Tmst 

ethical committee approval. Fresh human umbilical cords were collected from the 

maternity department at Northwick Park Hospital. EC were harvested and cultured as 

described in chapter 2. The number o f hours o f  hypothermic storage was limited to 3 

and 16 for both morphometrical analysis and membrane leakage studies, based on 

results from Chapter 4.

Monolayers reached confluence 1 to 2 days after being plated onto the experimental 

wells. CM was then removed and replaced with either fresh CM or with one o f the 

organ preservation solutions under study (see experimental protocol). Half o f  the 

cultures were then placed at 4°C and subjected to hypothermic storage with free 

access to room oxygen. Those groups are going to be called "oxygenatecP'. The other 

half o f the plates were rended hypoxic and from now on called "hypoxic". To render 

the cultures hypoxic, each individual well was sealed after being flushed with a 

mixture o f 95% nitrogen and 5% carbon-dioxide for 5 min to displace any oxygen 

present in the air located between the surface o f the preservation fluid and the lid 

sealing the well. It is realised that some oxygen was dissolved in the CM or in the 

preservation solutions used. However, the intention was to mimic the conditions 

faced by vascular EC o f organs during harvesting, where the dissolved oxygen in
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cold flush solutions is not removed. For that reason the storage conditions are 

hypoxic and hypothermic (rather than anoxic and hypothermic). Plates were 

subsequently placed in a refrigerator and subjected to 3 or 16 h o f cold (4°C) 

hypoxic storage.

As commented before, pilot studies storing EC with preservation solutions under 

hypoxic conditions at normothermia (37°C) resulted in total death and detachment o f  

cells after only 3 h; therefore those conditions were subsequently not investigated 

further.

Each individual experiment consisted o f  20 to 22 monolayers per storage time and 

solution, with cells obtained from at least 10 different umbilical cords. Ten fields per 

monolayer were analysed.

Membrane integrity

Sodium chromate leakage (^^Cr) analyses were performed to determine membrane 

integrity as a sensitive indicator o f sublytic EC injury (Chopra et a l ,  1987). As with 

the morphometric studies, some plates were subjected to hypothermic storage with 

free access to oxygen, and the rest were rended hypoxic and sealed in the same way 

described before. Membrane leakage results are given as the amount of^hCf leaked 

into the solution during storage, expressed as a percentage o f  total ^^Cr present in 

each well. Spontaneous leakage was measured in a sub-population o f  every cell 

isolate kept under standard growing conditions (EC in CM with 95% air plus 5% 

CO2  at 37°C) and subtracted from the corresponding experimental results. For each 

experimental condition, 6 to 8 samples (each consisting o f  6 readings) from at least 6 

different umbilical cords were studied.

Statistical analysis

For analysis o f  results within the same oxygen condition groups (hypoxic or 

oxygenated), a two-way analysis o f variance was performed for each variable to test 

the null hypothesis that all the group means were the same. Shapiro and Francia's W  

test o f Normality and Bartlett's test o f equality o f  variances were performed. 

However, the samples did not have a Normal distribution and so the non-parametric 

Kruskal-Wallis analysis o f variance o f the ranks was used to test the null hypothesis 

that all the group medians were the same. Then, a Mann-Whitney U test was 

performed to compare pairs o f groups. All possible pairs o f  treatments within the 

same storage period and all pairs using the same fluid in the two different storage 

periods under study were compared. Bonferroni's correction for multiple
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comparisons was applied to the results and p  values less than 0.05 after the 

Bonferroni correction were considered significant.

For comparison o f results obtained with the two different oxygen conditions o f  

hypothermic storage (hypoxic or oxygenated), a three way analysis o f  variance was 

performed. The possibility o f a three way interaction between oxygen, storage time 

and solution was tested. Then, two way interactions for oxygen-storage time and 

storage time-solution were tested. Finally, a series o f two way analysis o f  variance 

were performed to locate the significant differences (when they were found) for each 

solution and for each storage time with and without oxygen. Results were considered 

significant when thep  values were less than 0.01.

5.3.3. Experimental protocol

The experimental protocol consisted o f  three main groups; controls and two oxygen 

conditions:

Group 5.1: Controls: EC kept in the incubator with fresh CM under

standard growing conditions (95% air plus 5% CO2  at 37°C).

Group 5.2: EC subjected to hypoxic and hypothermic storage:

5.2.1. EC stored 3 h:

a. EC stored in CM

b. EC stored in UWmod

c. EC stored in UWmod low K'*’

d. EC stored in HCA

e. EC stored in HCA low K'*'

5.2.2. EC stored 16 h:

a. EC stored in CM

b. EC stored in UWmod

c. EC stored in UWmod low

d. EC stored in HCA

e. EC stored in HCA low K"""

Group 5.3: EC subjected to hypothermic storage with free access to oxygen:

5.3.1. EC stored 3 h:

a. EC stored in CM

b. EC stored in UWmod

c. EC stored in UWmod low K'*'
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d. EC stored in HCA

e. EC stored in HCA low K'*'

5.3.2. EC stored 16 h:

a. EC stored in CM

b. EC stored in UWmod

c. EC stored in UWmod low K"*"

d. EC stored in HCA

e. EC stored in HCA low

5.4. Results

5.4.1. Cell morphology

Controls showed continuous monolayers o f  equally shaped EC. The whole surface 

area was covered by fusiform cells in a cobblestone pattern. Viability was 95%, with 

a small number (5%) o f dead cells as part o f the normal constant replacement o f  cells 

in healthy monolayers (Plate 5.1.).

Under experimental conditions, EC were considerably affected by cold hypoxic 

storage although the total number o f cells in each group did not change significantly 

throughout the experiment. The changes observed in cell morphology were common 

to the main two groups o f these experiments; hypoxic and oxygenated EC. A clear 

tendency to adopt spherical shape resulted in a loss o f cell-to-cell contact and 

monolayer continuity, proportional to the number o f hours o f  cold-hypoxic insult. 

Gaps in the monolayer were observed with all treatments after 3 h (Plate 5.2.), and 

became larger and more frequent after 16 h o f cold hypoxic storage (Plate 5.3.). In 

poorly preserved monolayers, large blebs on EC were observed in both live and dead 

cells, as assessed by eosin Y exclusion (Plate 5.4 ).

5.4.2. Cell viability

EC viability in experimental groups is shown in Fig. 5.1.

Group 2: In the group o f cultures stored hypoxically, no statistically significant 

differences were found between the different treatments after 3 h o f  cold hypoxic 

storage. After 16 h, both UWmod and UWmod low presented significantly better 

viability (p<0.01) than HCA and HCA low K^, while HCA low K'*' solution resulted 

in significantly better (/?<0.05) preservation than HCA solution.
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* ' I

Plate 5.1. Control: confluent m onolayer o f hum an venous endothelia l cells. 
Viability o f  controls was 95% and 100% o f  the surface was covered. T he 5% of  
dead cells is due to the continuous active replacement process o f  EC in 
monolayers (mag. x85).

I-

Plate 5.2. EC m onolayer subjected to 3 h o f cold hypoxic storage in U W m od  
solution. The continuity of the m onolayer was lost. EC tended to adopt a 
spherical shape and som e intercellular connections disappeared (arrows, mag. 
x85).
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Plate 5.3. EC m onolayer subjected to 16 h of hypotherm ic storage with free
access to oxygen. Larger gaps interrupt the continuity o f the monolayer. The
num ber o f  dead cells was considerable (mag. x85). Cells were stored in UW mod  
solution.

• %

Plate 5.4. EC monolayer subjected to 16 h of cold hypoxic storage in H C A  
solution. Many EC appear detached from the monolayer, getting out o f the 
focus range. Blebs can he seen in dead (pink cells, curl arrow) and alive EC  
(straight arrow, mag. x85).
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Group 3: Results regarding cellular viability o f the oxygenated cultures were similar 

to those o f  the hypoxic cultures; no significant differences between solutions were 

found after 3 h o f  hypothermic storage, while after 16 h HCA was the worst solution 

reaching significance (/?<0.01) when compared with all the other preservation fluids.

When comparing pairs o f  groups o f monolayers stored with the same solution under 

the same oxygen conditions some significant differences between both storage 

periods were found. In hypoxically stored monolayers, cells stored 16 h in CM, HCA  

and HCA low K'*' presented significantly lower viability than after only 3 h o f  

hypothermic storage (^<0.001), while in the oxygenated group, only cells stored in 

HCA presented significantly worse viability after 16 h o f  cold storage (p<0.001).

Preservation o f EC viability, as measured by morphometrical analysis following 

eosin Y staining o f non-viable cells resulted in statistically significant differences for 

interaction oxygen-storage time (^=0.01) and storage time-solution (p<0.001). 

Results are presented in Fig. 5.1.

The effect o f hypoxic storage versus free access to oxygen storage did not vary with 

the solution used, but it was significantly (p=0.0014) influenced by the length o f  the 

hypothermic storage. For both storage times, better preservation o f viability was 

reached when cells were stored hypoxically, but that effects depended upon solution 

used.

After 3 h o f  cold storage, both oxygen (p<0.001), and storage solution ip=Q.Q02) had 

a significant effect on cell viability. Deprivation o f oxygen during the hypothermic 

storage period resulted in improved EC viability o f monolayers.

After 16 h o f cold storage, oxygen did not have a significant effect on viability 

results, but the effect o f  solution was highly significant (p<0.001). The poorest 

viability results were obtained with cells stored in HCA with free access to oxygen, 

which were significantly worse than hypoxic and oxygenated storage o f cells in CM, 

UWmod and UWmod low (p<0.001).

Comparing individual pairs o f groups o f monolayers stored with the same 

preservation solution under different oxygen conditions, no significant statistical 

differences were found.
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5.4.3. M onolayer continuity

Preservation of monolayer continuity results are shown in Fig. 5.2.

Group 5.2: After 3 h o f cold hypoxic storage, all solutions maintained 65% or more 

o f the surface covered by cells. After 16 h, the best treatments were UWmod and 

UWmod low K'*', while HCA gave significantly (p<0.01) worse results. Statistically 

significant differences (p<0.05) between the two storage periods in the same fluid 

were found for CM, HCA and HCA low K'*‘ solutions regarding area o f  surface 

covered.

Group 5.3: The oxygenated group gave similar result regarding monolayer 

continuity after the cold storage period: no significant differences between 

treatments were found after 3 h o f storage, while HCA was significantly worse than 

any other solution but HCAmod (p<0.01).

Monolayer continuity was better preserved in presence o f oxygen. Regarding 

comparison between the different preservation solutions tested, HCA resulted in 

poorer results. In groups with free access to oxygen, HCA reached statistical 

significance for poorer results when compared with CM, UWmod and UWmod low  

K'*' (p<0.01). In the hypoxic groups, HCA showed lower monolayer preservation 

when compared with hypoxic UWmod and UWmod low (p<0.01).

In the 3 ways analysis o f variance, comparisons between the effects o f oxygen, 

storage time and solutions were performed:

After 3 h o f  hypothermic storage no significant effect o f the preservation solution 

was found, but presence o f  oxygen during the storage period resulted in a 

significantly (p<0.001) better preservation o f  monolayer continuity. After 16 h o f  

hypothermic storage, both oxygen and preservation solution had a statistically 

significant effect (p<0.001) on preservation o f monolayer continuity.

Regarding oxygen versus hypoxic storage, hypoxic stored cells in HCA resulted in 

significantly worse monolayer preservation than oxygenated cells stored in CM, 

UWmod, UWmod low K'*’ and HCA low K'*’ (p<0.01).
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5.4.4. Membrane integrity

Results are presented in Fig. 5.3.

Regarding the different preservation fluids used, CM preserved membrane integrity, 

as assessed by ^^Cr leakage better than any other preservation fluid used for both 

storage periods studied and regardless o f the presence o f oxygen during the storage 

period. After 3 h, that difference reached statistical significance when compared with 

all the other treatments in the oxygenated experiments (p<0.001), and when 

compared to the HCA and HCA low groups in the hypoxic conditions (p<0.001). 

After 16 h the difference between the CM stored monolayers and the rest o f the 

solutions also reached significance in the oxygenated groups (/?<0.001). In hypoxic 

experiments, CM stored cells resulted in significantly better membrane preservation 

than HCA, HCA low K, and U \^ o w  (p><0.001).

Group 2: Amongst the solutions, UWmod gave the best preservation o f  membrane 

integrity, but only reached statistical significance (p<0.05) when compared with 

HCA stored cells after 3 h o f  cold hypoxia.

Group 3: The length o f  the storage time showed some statistically significant 

differences, in monolayers stored with free access to oxygen. In those groups ^^Cr 

leakage after 16 h o f  hypothermic storage was higher in EC stored in HCA, HCA 

low K'*', and UWmod low K'*' (p<0.001 for all solutions).

The three way anova showed a significant 3 way interaction between oxygen, storage 

time and storage solution for chromium leakage studies (^=0.001). After 3 h o f  

hypothermic storage the presence o f oxygen during the storage period resulted in 

significantly less ^^Cr leakage (p=0.004), while after 16 h no significant effect o f  

oxygen was found.
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Fig. 5.1. Percentage of viable cells in hypothermically stored monolayers under 
hypoxic conditions (top) and with free access to oxygen (lower graph). Icons 
represent medians, error bars represent the 95% confidence interval (M ann- 
W hitney). ▲ = CM, e  = UW mod, O  = UWmod low K^, ■  = HCA, □  = HCA  
low K+.
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Fig. 5.2. Percentage of surface covered by EC after hypothermically stored 
monolayers under hypoxic conditions (top) and with free access to oxygen 
(lower graph). Icons represent medians, error bars represent the 95%  
confidence interval (M ann-W hitney). A  = CM, #  = UW mod, O  = UWmod low  
K^, ■  = HCA, □  = HCA low K+.
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Fig. 5.3. Percentage of leaked from EC during hypothermic storage under 
hypoxic conditions (top) and with free access to oxygen (lower graph). Icons 
represent medians and error bars represent the 95% confidence interval 
(M ann-W hitney). ▲ = CM, #  = UW mod, O  = UWmod low KT*", ■  = HCA, □  =  
HCA low K^. No error bars are shown when the parameters were so small that 
they were included within the icon.
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5.4.5. Results summary

Summarising the effect o f oxygen in the storage period on the preservation o f EC in 

culture:

Cell viability: 3 h; better hypoxic

16 h; no significant statistical difference

Monolayer continuity: 3 h; better oxygenated

16 h; better oxygenated

Membrane integrity: 3 h; better oxygenated

16 h; no significant statistical difference

5.5. Discussion

In clinical organ transplantation, specific preservation solutions designed to maintain 

organ viability are flushed through the vascular bed before cold ischaemic storage. 

As a result, vascular EC are the cell population most directly and immediately in 

contact with the preservation fluid from the initial flush, until the blood supply is 

restored after the transplant procedure.

Due to the complexity o f clinical and in vivo models o f organ storage, the conditions 

encountered by the vascular endothelium were recreated in an in vitro controlled 

situation in order to study the combined effects o f  hypothermia, hypoxia and ionic 

composition o f the preservation fluid on EC. The results obtained with this model 

regarding viability, as assessed by light morphometric analysis, correlated well with 

membrane leakage results for the different preservation solutions studied within each 

oxygen condition individually. However, this correlation was not maintained by the 

standard culture medium (CM), in which very little ^^Cr leakage occurred through 

the cellular membrane when compared with the preservation solutions. We can only 

speculate that despite the fact that the number o f viable cells stored in CM, as 

assessed by light microscopy, was inferior to that obtained with some o f the 

preservation solutions (UWmod and UWmod low K'*'), the integrity o f  cytoplasmic 

membranes o f the remaining viable cells was superior. This may relate to the fact 

that CM contains amino acids. Weinberg and co-workers (Weinberg et al., 1992) 

showed that glycine and structurally similar amino acids have specific actions to 

prevent loss o f plasma membrane integrity o f human EC. In accordance with our
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results, those amino acids did not prevent retraction and severe blebbing o f  injured 

EC. Despite good correlation o f viability obtained with eosin Y staining and ^^Cr 

leakage, some solutions (HCA, 16 h, hypoxic storage) presented low viability o f  EC, 

as measured by eosin Y, with moderate ^^Cr leakage (40%). ^̂ Cr is a sensitive 

marker for sub-lytic EC injury (Chopra el a l,  1987), but breakdown in membrane 

permeability o f dead cells (eosin Y stained cells) do not necessarily indicate that all 

^^Cr has left the cytoplasm. The possibility o f residual ^^Cr in the cytoplasm o f dead 

cells, or sequestered in intracellular sites could account for the less marked 

differences in viability measured by this method.

The composition o f  the preservation solution for solid organs in transplantation is a 

determinant factor o f the transplant success (Hooper et a l ,  1991; Collins and 

Wicomb, 1992). Some preservation solutions (called intracellular-type) aim to 

prevent cell swelling by providing the organ with a hypertonic solution, generally 

having intracellular levels o f  sodium and potassium . In contrast, extracellular-type 

solutions have plasma-like levels o f both these cations. Currently, the University o f  

Wisconsin solution (UW) with intracellular levels o f  potassium remains the most 

popular preservation solution with satisfactory clinical and experimental results 

(Jamieson et a l ,  1988; Collins 1992; Okouchi et a l,  1992), but the alleged

superiority o f  intra versus extra-cellular type o f  solutions for several solid organs 

remains controversial. The reason justifying the presence o f a moderate amount o f  

sodium in the preservation solution is to prevent the sodium-pump-dependent cell 

swelling under hypothermic conditions (Aminalai et a l ,  1992). On the other hand, 

the disadvantages o f  a high level o f potassium in the extracellular space have been 

readily pointed out by Kimblad and colleagues (1991), who found that high 

potassium content in organ preservation solutions induced strong pulmonary 

vasoconstriction at 20° C. Similarly, Harjula and co-workers (1984) showed 

destruction and damage to the endothelium o f  canine coronary arteries following 

infusion o f a crystalloid (high K^) cardioplegic solution. Experimental studies in 

lung transplantation with low potassium containing solutions have reported good 

results (Oka et a l ,  1991; Keshavjee et a l ,  1989), and a recent clinical trial o f liver 

preservation found no significant differences between high sodium and high 

potassium lactobionate-raffmose solution in preservation-related graft damage and 

outcome (Kurzawinski et a l ,  1994).

In the present experiment, UWmod (intracellular levels o f potassium) proved to be 

the best solution for preserving EC morphology and membrane integrity, without 

reaching statistical significance when compared with the UWmod low K^ (identical
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composition but extracellular levels o f sodium and potassium). In contrast, HCA low  

K'*’ (extracellular levels o f potassium) gave consistently better results than the 

original HCA (with equal levels o f both ions), reaching statistical significance in 

preserving EC viability after 16 h o f  cold storage with and without oxygen. A 

possible explanation could be found in the strong osmotic buffer provided by the 

lactobionate, which may play a role in compensating the effect o f  the transmembrane 

ion exchange, masking the consequences o f a high or low concentration o f  potassium 

which becomes evident when another anion (such as citrate) is used. However, these 

experiments were performed on venous EC; different susceptibility o f  arterial EC to 

hypoxia, and the damage caused by re-warming and re-oxygenation at 

revascularization may alter the cell responses to different preservation solutions.

Continuity o f endothelial monolayers depends to a large extent on cytoskeletal 

structures that maintain EC shape and cell-to-cell connections (Savion et a l,  1982; 

Gotlieb, 1990). In the present experiment, cold hypoxic storage dramatically altered 

EC shape, and monolayers containing EC with disrupted morphology consistently 

developed intercellular gaps. Furthermore, when shape and intercellular connections 

were lost, EC detached easily from the underlying substrate. Previous experiments 

have shown that EC have a strong tendency to detach after cold storage in a 

crystalloid solution (Solberg et a l,  1987; Hidalgo et a l,  1993; and chapter 4), and 

further insult by oxygen deprivation did not seem to alter that tendency.

The mechanisms leading to morphological alteration o f EC are probably a 

consequence o f several concurrent processes taking place during the cold hypoxic 

storage period including; i) lack o f  cellular energy during storage and 

hypothermically induced metabolic depression lead to EC retraction (Kuhne et a l ,  

1993) and have profound effects on cytoskeletal structures (Hinshaw et a l ,  1993); ii) 

low temperatures have been shown to modify cytoskeletal structures leading to cell 

shape alterations (Larsen et a l,  1988); and iii) oxygen-derived free radicals 

generated on reoxygenation are believed to play a role in membrane damage and cell 

death (Green et a l,  1986) and could produce significant disruption o f microfilament 

architecture (Hinshaw et a l ,  1993).

All these processes, combined or individually, would result in cytoskeletal 

disorganisation leading to spherical EC. Cell-to-cell connections, normally 

dependant on cytoskeletal structures would also be disrupted causing EC separation 

following cytoskeletal disintegration (Watanabe et a l,  1991), Thus the cell-to- 

underlying substrate connections would be lost or at best impoverished. The
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intercellular gaps created by this processes would evolve into larger denuded areas as 

damage to monolayers is increased.

Several pathological alterations o f crucial importance in organ transplantation could 

follow those changes. First, considering the important role that EC cytoskeleton 

plays in monolayer permeability (Shasby et a l ,  1982), the regulating capacity o f  the 

monolayer would be seriously impaired. In a transplantation situation, blood flow  

restoration would result in perivascular and subsequent parenchymal oedema, as is 

the case in clinical and experimental studies (Pickford et a/.;til990; Locke et a l ,  

1991; Hall et a l ,  1992; Hidalgo et a l,  1995). Some authors have suggested that 

oedema found in transplanted lungs after cold hypoxic storage o f  pulmonary tissue is 

due to increase o f  transport o f fluids through EC via multilocular channels (Mills et 

a l,  1992). The evidence presented in the present experiment, where wide 

intercellular spaces appeared between EC in confluent monolayers after cold hypoxic 

and non-hypoxic storage suggests that the paracellular pathway is the more probable 

passageway for fluid to reach the alveolar space. Secondly, cell detachment and 

creation o f gaps in the monolayer would expose thrombogenic basal membrane to 

the blood elements. Coagulation pathway activation and microthrombi formation 

would increase the hydrostatic pressure in the vessel, thus exacerbating parenchymal 

oedema. Thirdly, individual EC would be compromised with loss o f  cytoplasmic 

volume regulation due to the hypothermic inactivation o f ATP-dependent sodium- 

potassium membrane pumps, leading to ionic exchanges and cell swelling (Collins 

and Wicomb, 1992). Cytoplasmic blebs, as observed in the present experiment, are a 

probable consequence o f cold hypoxic storage and have been previously described in 

EC and hepatocytes (Gores e ta l ,  1990; Fratté et a l,  1991).

However, morphological alterations were not invariably associated with cell death. 

Numerous EC able to exclude eosin Y, and consequently classified as viable had 

spherical morphology and were either loose or very weakly attached to the 

underlying surface. Cell connections were lost before cell viability, in accordance 

with Constantinides and Robinson (1969), who found EC membranes to be more 

resistant to damage than EC junctions. Also in agreement with those findings, 

Messent and co-workers (Messent et al., 1993) showed that loss o f  monolayer 

integrity was not always associated with loss o f  EC function. In the present 

experiment, loss o f shape seems to precede loss o f EC viability. Another possibility 

could the obvious toxicity showed by preservation solutions at 37°C for EC. It is 

possible that the 3 h groups, were the solutions were warm, reflects some o f this 

before hypothermia takes a hold.
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Finally, the influence o f oxygen during the preservation period gave some interesting 

results. Although measurements o f cell viability as assessed by eosin Y staining after 

3 h o f  hypothermic storage showed better results than the same group stored with 

free access to oxygen, all other experimental conditions showed no statistically 

significant difference , or better preservation when stored with free access to oxygen. 

The apparent protection given by hypoxia after short term injury (3 h) could be 

partially explained by the production o f hypoxia-associated proteins. In vitro 

experiments on EC cultures suggested a role for these proteins in the maintenance o f  

EC integrity under conditions o f decreased ambient oxygen (Zimmerman et a l ,  

1991).On the other hand, studies on excised rabbit lungs showed that preservation 

with 100% oxygen inflation appears to give superior results than inflation with room 

air, and significantly better that inflation with nitrogen (Weder et a l ,  1991).

5.6. Conclusions

1. Hypothermic storage resulted in severe changes in EC morphology with 

formation o f intercellular gaps that destroyed monolayer continuity after only 3 

h. Cellular blebbing was a common feature in seriously damaged cells.

2. After a period o f hypothermic-hypoxic storage, vascular EC appeared 

morphologically deformed and poorly attached in vitro. Lactobionate-based 

preservation solutions were more effective in preserving viability and continuity 

than citrate-based HCA.

3. The present data suggest that morphological changes in the endothelium could be 

a major element in cold damage leading to fluid leaking into the interstitial space 

(oedema formation) through gaps in the endothelial monolayer created during 

hypothermic storage.

4. No significant differences were found between EC stored in extracellular versus 

intracellular-type o f solutions for the lactobionate based solutions.

5. The difference between effective and ineffective preservation solutions could rest 

on the ability to preserve EC junctions and monolayer integrity, as much as 

parenchymal cell viability.
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Chapter 5 Cold-hypoxic EC

EC tend to round and detach under the studied conditions in vitro. However, all these 

experiments have been done on cells grown on covers!ips. Uncoated glass is 

substantially different from the multiple layers o f biopolymers that form the real 

vessel wall. The next step would be to test the behaviour o f EC in their physiological 

environment: EC attached to basal membrane in whole vessels.
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Ch apter  6

E f f e c t s  o f  h y p o t h e r m ic  h y p o x ia  o n  EC  a t t a c h e d  t o  
WHOLE v e s s e l s : A SCANNING ELECTRON MICROSCOPE 

STUDY OF MORPHOLOGICAL CHANGE IN HUMAN VEIN

The experiments presented in this chapter had been published in the 

Journal of Cardiovascular Surgery, 1995; 36: 525-532

6.1. Introduction

It was suggested in the previous chapter that hypothermic storage after single flush 

with a preservation fluid results in damage to EC as a consequence o f  prolonged 

contact o f  the vascular endothelium o f solid organs with the preservation solution 

under hypothermic and ischaemic conditions. Despite the proven advantages o f  

hypothermia in organ preservation, and the unquestionable necessity o f  infusing the 

vascular bed with a preservation solution, there is ample evidence o f  EC damage 

suffered during the transplantation procedure (McKeown et a l ,  1988; Marzi et a l ,  

1989; Momii et a l ,  1990; Pickford et a/.,U990; Fratté et a l ,  1991; Rauen et a l ,

1993).

In chapters 4 and 5, it has been shown that reproduction o f hypothermic and hypoxic 

conditions in vitro leads to EC shape alteration, monolayer continuity interruption 

and loss o f cell viability. However, in vitro  cultured EC are not supported by a 

normal basal membrane and other layers o f tissues that form intact vessel wall in 

vivo, and findings regarding cell detachment should therefore be considered 

carefully.

For lung preservation, it would obviously be most appropriated to study EC o f  

normal pulmonary vessels, but neither it was practical nor ethical to try and obtain 

such specimens for research. It was, however, decided that the study should 

concentrate on human as opposed to animal vessels, since the previous chapters 

studied cell cultures o f human EC. For this purpose, umbilical veins provided a 

source o f  fresh material.
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The present chapter aims to analyse morphologically human EC after preservation 

under organ storage conditions without depriving them o f their natural underlying 

substrata; to observe hypothermic and hypoxic damage to EC on whole vessels. For 

this purpose, scanning electron microscopy (SEM) micrographs o f vascular 

endothelium o f human umbilical veins were taken immediately after hypothermic 

(4°C) storage o f  organs flushed with different preservation solutions. Morphological 

alterations observed in the endothelium should therefore result from the combined 

effects o f hypothermia and/or hypoxia and contact with the preservation solutions. 

The effects o f re-warming, restoration o f oxygen supply, and granulocyte-EC 

interactions that take place upon revascularization (Granger, 1988) are additional to 

cold ischaemic damage, and will be considered separately in in vivo transplantation 

experiments in subsequent chapters.

The same four preservation solutions used for in viti'o cell culture studies in chapter 

5 were investigated in the present chapter, and after the same time periods. 

Endothelial morphology was studied at three levels;

i) monolayer continuity,

ii) cellular morphology, and

iii) cytoplasmic membrane irregularities.

6.2. Aims of this chapter

The aims o f  the set o f  experiments presented in this chapter were:

1. To evaluate the effect o f cold-hypoxic storage on EC monolayers attached to 

their physiological underlying substrate.

2. To compare effects o f  preservation solution with intra and ex/ra-cellular type 

o f  solution in this model.

3. To record morphological alterations in monolayers and individual cell shape 

and membrane surface alteration on EC under these conditions.

1 2 2



Chapter 6 SEM o f  umbilical veins

6.3. Materials and Methods

6.3.1. M aterials

Fresh human umbilical cords were collected from the maternity department in 

Northwick Park Hospital. All materials used in these experiments were described in 

chapter 2 (section 2.2.1).

6.3.2. Methods

Vein présentation

Since on^  aim was to study fresh vein EC as a suitable control, all specimens were 

processed within 30 min after birth. The umbilical vein was cannulated and flushed 

with warm phosphate buffered saline (PBS) to remove blood. The vein was divided 

into two inches length segments and either immediately fixed (controls) or filled 

with the preservation solution under study and submerged into the same preservation 

solution to be stored at 4° C for 3 or 16 h.

Sample processing

After the desired storage time veins were fixed in 3% glutaraldehyde in O.IM 

phosphate for 2 h at room temperature, then stored at 4°C. Blocks o f  2 mm^ o f full 

thickness blood vessel wall were cut out from the vein wall using microsurgical 

instruments and an operating microscope at high (x l6 ) magnification. Samples were 

processed for SEM studies as described in chapter 2 (section 2.2.2)

Analysis o f  results

Seven different random fields on the luminal endothelial surface were photographed 

(final magnification x l,600) in each specimen. A  further three high magnification 

microphotographs (final magnification x8,000) were taken from the same areas. All 

photographs were analysed in a blind manner by the same observer, and 

subsequently corroborated by a second observer.

Morphological alterations were recorded at three levels;

• endothelial monolayer continuity (analysed at mag. x 1,600);

• individual endothelial cell morphology (analysed at mag. x 1,600 & mag. 

8,000);and

• cytoplasmic membrane irregularities (observed at mag. x8,000).
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Endothelium continuity preservation (i) is presented as the estimation (macroscopic 

grid analysis o f micrograph) o f percentage o f  surface covered by cells in each field  

studied, EC morphology (ii) is presented in photographs, and cytoplasmic membrane 

irregularities (iii) in the form of blebs were scored as presented in Table 6.1.

A  Kruskal-Wallis one-way analysis o f variance o f  the ranks was performed to 

compare the four groups at each storage time and the same groups at different 

storage times. We considered statistically significant those results with a p  value less 

than 0.05.

6.3.3. Experimental protocol

Experimental groups were as follows:

Group 1 : Controls; veins fixed after removal o f blood with warm PBS

Group 2: Umbilical veins stored for 3 h:

2 a: in UWmod solution 

2 b: in UWmod low K'*’ solution 

2 c: in HCA solution

2 d: in HCA low K'*’

Group 3 : Umbilical veins stored for 16 h:

3 a: in UWmod solution

3 b: in UWmod low K'*' solution 

3 c: in HCA solution 

3 d: in HCA low K+

All subgroups consisted o f  three specimens. In each specimen, 10 random fields 

were photographed at magnification x 1,600, and further 3 fields at magnification 

x8,000.

6.4. Results

6.4.1. Controls

Un-stored segments o f umbilical vein presented a uniform endothelial surface with 

cobblestone disposition o f EC completely covering the vessel wall. A small number 

o f microvilli were identified on cellular surfaces (Plates 6.1 & 6.2).
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Experimental groups results are presented in Table 6.1. Hypothermic storage o f  

human veins with solid organ preservation solutions altered endothelial morphology 

at all three levels studied:

storage specimen UWmod UWmod HCA HCA

time low low K"*"

% of preserved

1 monolayer 40 80 40 50

3h 2 90 90 90 40

3 60 80 80 50

all blebs + - H - ++ +

% of preserved

1 monolayer 90 90 80 40

16h 2 90 90 90 90

3 80 70 80 40

all blebs +++ +++ +++ +++

Table 6. L Hypothermic storage effects on vein EC expressed as the percentage 
o f monolayer maintained after the preservation period. M em brane surface 
blebs are ranked as: + blebs on a single cell in some micrographs; ++ blebs on 
at least one cell in all micrographs; and +++ blebs in most cells in all 
micrographs. Controls presented 100 % of continuous m onolayer and absence 
of blebs.

6.4.2. Monolayer continuity

All specimens exhibited some detachment o f EC after both storage periods. Cell 

detachment resulted in loss o f monolayer continuity (expressed as % in Table 6.Ï). 

Denuded areas exposed basal matrix and bundles o f collagen (Plate 6.3).

6.4.3. Cellular morphology

In most specimens, swollen EC coexisted with slightly retracted EC. The general 

shape change tended toward rounding, and although spherical cells were seen 

occasionally attached, rounding was mainly found in detached or partially-detached 

cells (Plate 6.4). These partially-detached cells were always observed with one or 

both o f  their poles as the last point o f contact with the vessel wall, suggesting that 

detachment occurred initially in the central portion o f each cell (Plate 6.5).
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6.4.4. C ytoplasm ic m em branes

The number o f cytoplasmic microvilli found after the hypothermic storage period 

was very increased, when compared to controls. Very frequently, swollen microvilli 

became blebs (Plate 6.6). These could detach from the cell membrane and become 

spherical free bodies (Plate 6.7). Enlarged microvilli and blebs were larger and more 

numerous in specimens stored for 16 h (Table 6.1), this was the most noticeable 

difference between the two storage periods studied. Some EC with membrane holes, 

which might compromise cell viability, presented a smooth membrane surface 

devoid o f microvilli or blebs (Plate 6 8).

Hypothermic storage negatively influenced monolayer continuity to a significant 

degree after only 3 h (p<0.01) However, no significant differences in preservation 

of monolayer continuity were found between the four different solutions tested, or 

between specimens stored for 3 and 16 h

Plate 6.1. C ontrol: Scanning electron m icrograph o f unstored um bilical vein  
endothelium  (m ag. x 1,600).
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%

■' ~  -

i ^ t,-

Plate 6.2. Control: High m agnification  scanning electron m icrograph o f nn- 
stored um bilical vein endothelium  (m ag. x8,000). A sm all num ber o f m em brane  
surface m icrovilli can be seen.
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Plate 6.3. Scanning electron micrograph of umbilical vein endothelium  stored
for 16 h in UW mod low k  . Denuded areas show exposed basal m em brane
and collagen bundles (arrow, mag. x l ,600) .

128



Chapter 6 SEM o f  umbilical veins

Plate 6.4. Scanning electron micrograph of nmbilical vein endothelium  stored
for 3 h in UW m od low k \  Semi-detached EC present with spherical
m orphology (arrows, mag. x 1,600).
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¥

P late 6.5. Scanning electron m icrograph o f um bilical vein endothelium  stored  
for 16 h in HCA solution. D etachm ent appears to start in the central portion o f  
cells, w hich rem ain w ith one or both poles in contact w ith the vessel wall 
(arrow s, m ag. x 1,600).
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Plate 6.6. Scanning electron micrograph of nmbilical vein endothelium  stored
for 3 h in UW m od low K . Swollen microvilli occasionally become blebs (arrow,
mag. x8,000).
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Plate 6.7. Scanning electron micrograph of umbilical vein endothelium  stored
for 16 h in UW mod. Some blebs seem to be able to detach and becom e free
spherical bodies (arrows, mag. x8,000).
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Plate 6.8. Scanning electron micrograph of umbilical vein endothelium  stored
for 16 h in HCA. EC with mem brane discontinuities incom patible with cell life
(arrow) yet have smooth surfaces without microvilli or blebs (mag. x8,000).
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6.5. Discussion

III vivo animal experimentation and human transplants show a clear difference in the 

efficacy o f the different preservation solutions used in transplantation (Ledingham et 

a l ,  1900; Belzer et a l ,  1992; Okouchi et a l ,  1992; Kirk et a l ,  1993). However, 

organ survival depends on a combination o f  factors including effects o f  hypothermia 

on parenchymal and endothelial compartments, reperfusion in jury and secondary 

events such as adhesion o f leukocytes or platelet activation.

In the present study, hypothermia was found to be equally damaging irrespective o f  

the composition o f the storage solution, and vein endothelium seemed to be damaged 

to the same extent after 3 or 16 h o f hypothermic storage. This is in accordance with 

the lack o f statistically significant differences between different storage periods 

reported by Fehrenbach and colleagues (Fehrenbach et a l ,  1994) in a recent study o f  

human lung preservation, in which they found no relation between the extent o f  

denuded epithelial basal lamina and the duration o f  the ischaemic insult. These 

observations highlight the difficulty o f  determining the efficiency o f  a preservation 

solution on morphological criteria until the organ has : been exposed to 

normothermic whole blood. We assume that differences rn degree o f damage 

inflicted during the cold storage period may become more obvious when the blood 

flow  is restored.

Several recent studies have described morphological deformation, creation o f  

intercellular gaps, and eventual cell detachment o f EC after periods o f  cold and/or 

ischaemia (Hidalgo et a l ,  1993; Loose et a l ,  1993; Carles et a l ,  1994; Ohno et a l ,

1994). However, in vitro experiments provide EC with an unphysiological surface 

upon which to grow and therefore detachment under conditions such as hypothermia 

may be an artefact not mimicked in vivo. Studies on whole organs using light or 

transmission electron microscopy have shown EC detachment in an unquantitative 

manner (Ohno et a l , 1994) and provide little information about the continuity o f the 

endothelial monolayer or the detachment process itself. In the present study it was 

observed that EC could remain weakly attached to the basal matrix after all 

intercellular connections had disappeared. Constatinides and Robinson (1969) 

reported that EC junctions are more fragile than EC membranes, and our 

observations seem to suggest that cell-to-matrix links are stronger that cell-to-cell 

connections. These observation are in accordance with the fact that the localisation 

o f  matrix assembly sites on the basolateral cell surface o f EC do not depend on the 

presence o f intercellular junctions (Kowalczyk and McKeown-Longo, 1992).

134



Chapter 6 SEM o f umbilical veins

Moreover, the separation o f EC from the vessel wall does not necessarily coincide 

with EC death; this appears to be a later event (Carles et aL, 1994).

An immediate consequence o f the loss o f EC shape and subsequent detachment was 

the loss o f continuity o f  the endothelium, exposing basal membrane and collagen 

bundles. The physiological outcome at revascularization would be an immediate and 

significant loss o f  vascular permeability control in that vessel. This correlates with in 

vivo reports o f vascular permeability being severely altered in lungs subjected to 

hypothermic storage and revascularization following transplantation procedures 

(Pickford et a/., 1990; Hall et al., 1992; Mills et al., 1992). It is difficult to separate 

hypothermic and ischaemic effects in identifying responsibility for the loss o f  

permeability control. The fact that substantial oedema is found in solid organs after 

periods o f cold (Pickford et al.,k\992; Mueller et a l ,  1994) and warm ischaemia 

(Manciet et a l ,  1994) implies that hypoxia could be responsible for the rise in 

permeability. However, in an interesting experiment in which isolated rat hearts were 

subjected to hypothermia and rewarming, but not to ischaemia or reperfusion, 

Ytrehus and Aspang (1994) found that tissue oedema still developed. They found 

that these changes correlated with a reduction in cellular ATP. Likewise, severe 

depletion o f ATP is known to be one o f  the effects o f hypoxia in stored organs 

(Pinsky et a l ,  1993; Busza et a l ,  1994). The fall in ATP levels could be a 

mechanism common to hypothermia and ischaemia leading to a rise in permeability 

after organ storage and transplantation.

Exposure o f basal membrane and collagen structures to blood flow after a period o f  

hypothermic storage may result in immediate local activation o f the coagulation 

pathways. Clinical studies have emphasised the severity and frequency o f  pro

coagulation processes (Mazzaferro et a l ,  1989) and the increased risk o f artery 

thrombosis (Mor et a l ,  1993) following organ storage and transplantation. Such 

blood flow disturbances and vascular congestion are commonplace after ischaemia 

and reperfusion (Teramoto et a l ,  1993). The pro-thrombotic tendency o f stored 

organs (Arai et a l ,  1994) can be explained only partially by the fact that EC surface 

coagulant properties are shifted to promote coagulation when subjected to hypoxia 

(Gertler et a l ,  1991; Ogawa et a l ,  1990). The loss o f continuity seen in this 

experiment after only 3 h o f hypothermic storage would alone explain the increased 

risk o f  thrombosis after transplantation o f stored organs.

The main ultrastructural change found on the EC cytoplasmic membranes throughout 

the present experiment was the formation o f blebs. EC blebbing has previously been
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reported after hypothermic preservation (Okouchi et a l ,  1994). We observed that the 

blebbing process was initiated from microvilli that increase in number and volume 

with the duration o f the hypothermic and ischaemic insult. Swollen microvilli grew 

to a threshold volume before detaching from the cell membrane surface and 

becoming spherical free bodies. It has been shown that ischaemia causes 

redistribution o f Na'̂ '-K.'"' ATPase in membranes o f renal epithelial cells (van Why et 

a l ,  1994). A  similar re-distribution o f membrane proteins during ischaemia in EC, 

added to the fact that restriction o f energy supply results in loss o f  the ability to 

control internal pH (Fuller et a l ,  1993), may lead to loss o f  internal volume 

regulation after a period o f hypothermic and ischaemic storage. Therefore, blebs 

could be a mechanism used by compromised EC to regulate the excess o f  

intracellular volume that results from hypothermic inactivation o f the Na'"'-K''' 

membrane pump. The fact that dead cells presented smooth surfaces deprived o f  

microvilli and blebs seems to reinforce that hypothesis.

6.6. Conclusions

1. Cold ischaemic storage seriously disrupts morphology o f EC attached to their 

physiological underlying substrata.

2. Alterations o f shape and detachment o f EC cause loss o f monolayer continuity, 

exposing thrombogenic components o f the vessel wall.

3. On EC cytoplasmic membranes, hypothermic storage caused microvilli 

swelling and blebbing.

4. All observed alterations in themselves might not directly cause organ 

malfunction following revascularisation, but might combine with other factors 

in reperfusion damage.

The currently used organ preservations are designed to preserved organ viability as a 

whole. Hypothesising that first intention preservation o f  EC monolayer with 

specifically designed preservation solutions should considerably improve organ 

preservation, our next step was to design an endothelium-protective solution. 

Secondly, knowing that a very important factor in transplantation related damage is 

the revascularization process, it was decided to add a re-warming period to our in 

vitro model in the next chapter.
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Chapter  7

T h e  d e s ig n  o f  a  n e w  p r e s e r v a t i o n  s o l u t i o n ;  
IN VITRO TESTING

The experiments presented in this chapter are the bases of a 

manuscript currently submitted for publication

7.1. Introduction

As discussed in chapters 4, 5 and 6, damage to vascular endothelial cells is an 

increasingly recognised problem in organ transplantation (Caldwell-Kenkel et a i ,  

1988; McKeown et a l ,  1988; Holloway et a l ,  1990; Furukawa et a l ,  1993, and 

previous chapters). The critical location o f EC at the interface between the solid 

organ and the preservation fluid, in association with their susceptibility to oxygen 

toxicity (Michiels et a l ,  1990), hypoxia (Block et a l ,  1989), and hypoxia and 

reperfusion associated injury (Inauen et a l ,  1990) strongly suggests that the 

endothelium should be one o f the crucial tissues to study in organ preservation.

In chapter 6, serious damage inflicted to EC by hypothermic storage was recorded 

using at least one preservation solution in current clinical use. In absence o f  

revascularization, and with varying concentration o f Na"̂  and K^, the endothelial 

monolayer o f  preserved umbilical veins appeared seriously damaged following short 

(3 h) and long (16 h) hypothermic storage.

The effect on the endothelium o f the preservation and revascularization process is 

multifactorial and complex. The current more widely used method for harvesting 

solid organs for transplantation subjects the vascular endothelium o f  transplanted 

organs to a considerable degree o f  stress. The abrupt interruption o f  blood flow  at 

harvesting is followed by infusion o f an unphysiological fluid (preservation solution) 

accompanied by severe hypothermia. When the organ is transplanted into a recipient, 

the endothelium suffers the sudden return o f fully oxygenated blood and associated 

re-warming.

With the aim o f providing the vascular endothelium with a balanced solution 

containing some agents with theoretical EC protective effects, a new experimental
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preservation solution called Cytoskeleton (CT) solution was designed. In the set o f  

experiments presented in this chapter this new solution and another two solutions 

were tested: the clinically used all-purpose preservation fluid (UWmod) already 

tested in previous chapters, and a sucrose based experimental solution formulated to 

protect parenchymal cells (Lam et a l ,  1989). The sucrose-based solution presented 

relatively good results when used to preserve rabbit kidneys in our laboratory 

(unpublished results).

In in vitro and ex vivo experiments presented so far (chapters 4, 5 and 6), damage to 

EC was studied up to the end o f  the storage period. To advance one step further the 

in vitro  model for mimicking organ storage conditions, in the present sets o f  

experiments the period o f  cold-hypoxic storage was followed by a period o f  re

warming plus re-oxygenation.

Confluent monolayers o f EC were subjected either to cold (4°C) hypoxic storage, or 

to storage plus subsequent 24 h o f  re-warming, with free access to oxygen, to 

simulate organ revascularization. All cells were hypothermically stored under 

hypoxic conditions in the experiments presented in this chapter.

Video assisted morphometric analyses were performed to determine monolayer 

continuity and cellular viability before and after re-warming. Morphological 

alteration o f  cell shape, cellular attachment and surface irregularities were also 

observed and photographed under light microscopy. Membrane integrity was 

assessed by measuring the radio-labelled sodium chromate leakage during the 

storage period. The influence o f  storage time, preservation solutions and re-warming 

on EC morphology, viability and membrane integrity were the 3 main points o f  

focus o f  this study.

7.2. Aims of this chapter

The aims o f the set o f experiments presented in this chapter were:

1. To test the efficacy o f  a specifically formulated preservation solution directed to 

protect EC under hypothermic and hypoxic conditions in vitro.

2. To record the effects of a period o f re-warming with free access to oxygen after 

cold-hypoxic storage in this model.
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3. To observe the effects o f re-warming in relation to the preservation solution and 

the storage period on EC viability and monolayer continuity.

7.3. Materials and Methods

7.3.1. M aterials

The materials used in this set o f experiments were described in chapter 2. The 

preservation solutions used in this chapter were: lactobionate-raffmose solution 

(UWmod) described before (Table 2.1), and two experimental solutions; a sucrose 

based solution, and Cytoskeleton solution (CT). Both compositions are presented in 

Table 2.2.

7.3.2. M ethods

The design o f  a  new preservation solution

The first step in the formulation o f a new preservation solution was to chose between 

an extracellular-type (plasma levels o f Na'*’ and K'*') or and intracellular-type o f  

solution. As commented in previous chapters, there is still controversy about the 

optimal level o f Na“̂ and required for the ideal lung preservation solution. Some 

workers claim that high storage solutions significantly impaired EC function and 

vascular smooth muscle cells reactivity (Chan et a l,  1993). However, in other 

experimental studies no difference was found in the preservation quality o f  

modifications o f UW solution containing intracellular versus extracellular levels o f  

K'*’ in liver, kidney and pancreas (Moen et a l ,  1989). Several groups conducting 

experiments in lung preservation have concluded that an extracellular type o f  

solution, with low and high Na"̂ , is preferable to the intracellular type (high 

and low Na'*’) for lung preservation (Fujimura et a l,  1987; Maccherini et a i,  1991; 

Yamazaki et a l ,  1990). The same conclusion was reached by Jamieson and 

colleagues (1988) for livers. A clinical trial in liver preservation also found no 

difference between solutions differing only in concentrations o f  these ions 

(Kurzawinski et a l ,  1994). The reasons proposed for a high level o f  is that the 

cell will be bathed in a high K'*' extracellular milieu and K'*’ w ill be less likely to 

diffuse out. Similarly, the low concentration o f Na'*’ is theoretically beneficial to 

prevent the Na'"'-pump dependent cell swelling under hypothermic conditions 

(Aminalai et a l ,  1992). Pilot studies in our laboratory (unpublished results) using 

solutions with the same amounts o f  Na'*' and did not produce satisfactory
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preservation, and were discarded. Previous experiments using the same model 

showed statistically nonsignificant evidence o f better preservation using a solution 

with intracellular level o f  K"*" (Hidalgo et ah, 1995). W e decided to formulate the CT 

solution with near-intracellular levels o f Na'*’ and K"̂ .

Lactobionate, which has a large relative molecular mass o f 358 daltons, was included 

as an impermeant anion to prevent cell swelling. A  histidine based solution proved 

beneficial for liver preservation in recent experimental studies (Busza et ah, 1992;vo.^ 

Gulik et a l, 1994) and it was therefor decided to add it to the CT solution to enhance 

its buffering capacity and to prevent pH decline during hypothermic storage. Na'*' 

and phosphates were added to balance ionic concentration to optimum levels and 

to adjust the pH to 7.23 at room temperature. Reduced glutathione was included due 

to its reducing capacity, to prevent post-ischaemic oxidative stress (Collins et a l ,  

1992; Jaeschke , 1993). This component is considered essential for the 

undoubted effectiveness o f the UW solution and has been claimed to protect the 

energy generating capabilities o f cells (Jamieson et a l ,  1988; Southard et a l,  1990). 

Dextran 40 was included in the CT solution as a colloid to prevent excessive passage 

o f fluid from the vascular space into the interstitial space. The addition o f a colloid 

in preservation solutions was found to be an essential component for preservation 

solutions in renal storage by preventing hypothermically induced cell swelling 

(Wahlberg et a l ,  1989), but it appears not to be essential in liver preservation 

(Jamieson 1988; Howden e/a /., 1990).

Finally, phallacidin, an specific actin filament stabilising peptide (Dancker et a l ,  

1990) was added to the CT solution. It has proved useful in reducing permeability 

across endothelial monolayers in vitro (Phillips et a l ,  1989) and also attenuates the 

loss o f cell-to-cell contact in monolayers exposed to anoxia/reoxygenation (Asako et 

a l,  1992). Accordingly we intended to explore the capacity o f  phallacidin to stabilise 

actin filaments and hence to maintain EC Junction integrity, improve preservation o f  

EC shape and cell to cell attachment during the hypothermic hypoxic storage period.

The concentrations chosen for all the components o f the CT solution were calculated 

from the information provided in the selected publications presenting successful 

results using the different compounds.
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Cell culture and storage conditions

All EC were stored under hypoxic and hypothermic conditions. Hypothermic storage 

and subsequent re-warming o f  confluent monolayers were performed as described in 

chapter 2.

M orphological studies

The storage periods chosen for this study were increased to 16 and 24 h, aiming to 

test the new solution at the limits o f survival in this model as predicted from results 

in previous chapters. The shorter storage period (16 h) was chosen as the shortest 

measured preservation time at which graft failure is universal in a model o f  

experimental in vivo liver transplantation (Holloway et a l ,  1990), and 24 h because 

graft recovery was adequate after 24 h o f  storage in our model o f in vivo  lung 

transplant (Hidalgo et a l ,  1995, and chapter 3). Some groups were subsequently 

subjected to 24 h o f  re-warming by carefully replacing the preservation solution used 

during the cold storage period with warm CM and relocating the cultures in the 

incubator under standard growing conditions (95% air plus 5% CO2  at 37°C).

M orphometrical studies

After hypothermic storage or storage plus re-warming, non-viable cells were stained 

with eosin Y (0.1% in PBS). Each individual experiment consisted o f  20 to 24 

monolayers for each storage or storage plus re-warming periods and solution, with 

cells obtained from at least 10 different umbilical cords. Ten random fields per 

monolayer were analysed.

Membrane leakage analysis

^^Cr leakage analysis was performed to determine membrane integrity as a sensitive 

indicator o f  sublytic EC injury (Chopra et a l ,  1987). Due to the natural leakage o f  

^^Cr from healthy labelled EC (Chopra et a l ,  1987), storage periods should not 

exceed limits that would diminish the reliability o f  the method. Hence, in these 

experiments, cold-hypoxic storage periods were still limited to 3 and 16 h, as in 

experiments presented in chapters 4 and 5. The 24 h o f re-warming studied in the 

morphological studies would allow natural leakage from EC to mask increased 

leakage due to membrane damage, thus these experiments were not performed. For 

each experimental condition, 16 samples from 8 different umbilical cords were 

studied.
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Statistical analysis

For morphometric studies a three way analysis o f variance was performed to 

compare the three factors: solution, storage period and re-warming. Each o f  these 

factors was considered individually and in combination with the other factors. The 

pooled estimate o f standard deviation from the analysis o f  variance table was used to 

compare pairs o f  individual means.

For ^^Cr leakage studies an analysis of variance was performed to compare the 

factors: cord, solution and storage time. Cord was considered to be a random factor 

while solution and storage time were considered to be fixed factors. The effect o f  

storage time was assessed relative to the variation between cords, while the effect o f  

solution and the interaction between solution and storage time was assessed relative 

to the variation within cords.

For both tests, results were considered significant when the p  value was less that 

0.05, and highly significant when thep  value was less that 0.005.

7.3.3. Experimental protocol

The experimental protocol consisted o f four main groups:

Group 7.1 : Controls: EC kept in the incubator with fresh CM under

standard growing conditions

Group 7.2: Cold hypoxic storage o f EC in UWmod solution:

7.2.1. EC stored for 16 h

7.2.2. EC stored for 16 h followed by 24 h o f re-warming

7.2.3. EC stored for 24 h

7.2.4. EC stored for 24 h followed by 24 h o f re-warming

Group 7.3: Cold hypoxic storage o f EC in CT solution:

7.3.1. EC stored for 16 h

7.3.2. EC stored for 16 h followed by 24 h o f re-warming

7.3.3. EC stored for 24 h

7.3.4. EC stored for 24 h followed by 24 h o f re-warming

Group 7.4: Cold hypoxic storage of EC in sucrose solution:

7.4.1. EC stored for 16 h
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7.4.2. EC stored for 16 h followed by 24 h o f re-warming

7.4.3. EC stored for 24 h

7.4.4. EC stored for 24 h followed by 24 h o f re-warming

Group 7.5: (for ^̂ Cr studies only)

7.5.1. Cold hypoxic storage o f EC in UWmod solution

7.5.1.1. EC stored for 3 h

7.5.1.2. EC stored for 16 h

7.5.2. Cold hypoxic storage o f EC in CT solution

7.5.2.1. EC stored for 3 h

7.5.2.2. EC stored for 16 h

7.5.3. Cold hypoxic storage o f  EC in sucrose solution

7.5.3.1. EC stored for 3 h 

1 .5 3 2 .  EC stored for 16 h

7.4. R esu lts

7.4.1. M orphological analysis

Controls showed uniform monolayers o f EC without interruptions. The surface was 

100% covered, and the viability was 95%. The presence o f 5% dead cells in healthy 

monolayers is due to the normal constant replacement o f  EC in continuous 

monolayers (Plate 7.1).

Under experimental conditions, EC were considerably affected by cold hypoxic 

storage although the total number o f cells in each group did not change significantly 

throughout the experiment. Following hypoxic storage, EC had a clear tendency to 

adopt a spherical shape that resulted in loss o f cell-to-cell contact and creation o f  

intercellular gaps resulting in interruption o f monolayer continuity (Plate 7 .i) . 

Detachment and monolayer discontinuities were observed with all treatments for 

both storage periods before and after re-warming (Plates 7.3 & 7.4). Cell detachment 

from the underlying substrate and creation o f membrane blebs were found in both 

live and dead cells, as assessed by eosin Y  exclusion (Plates l.S  & 7.^). Only cells 

with altered morphology presented blebs.
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Plate 7.1. Control: continuous m onolayer o f hum an um bilical vein EC. Surface  
covered is 100% . V iability is 95% , dead cells are dark. T he 5% o f dead cells are  
due to the norm al constant replacem ent o f EC in healthy m onolayers (M ag. 
x85).

Plate 7.2. EC subjected to 16 h o f cold hypoxic storage in CT solution . Cell 
rounding results in creation o f gaps in the m onolayer (arrow s, m ag. x85).
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P late 7.3. EC subjected to 16 h o f cold hypoxic storage in ITWrnod solution . Cell 
rounding is m arked (arrow s, mag. x85).
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P late 7.4. EC subjected to 16 h o f cold hypoxic storage in U W m od solution  plus 
24 h o f re-w arm ing. Cell detachm ent and gaps on the m onolayer are m arked  
(arrow s, m ag. x85).
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P late 7,5, EC subjected to 24 h o f cold hypoxic storage in CT solution  plus 24 h 
o f re-w arm ing. Cell detachm ent destroys the continuity  o f the m onolayer (m ag. 
x85).

o
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Plate 7,6, EC subjected to 24 h o f cold hypoxic storage in sucrose solution plus 
24 h o f re-w arm ing. Cell detachm ent is high, detached cells are found floating  
in the m edium . Blebs can be seen in som e cells (arrow s, mag, x85).
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7.4.2. EC viability

EC viability in experimental groups is presented in Fig. 7.1. Taking together the 

results regarding EC viability for both storage periods with and without re-warming, 

EC stored in the sucrose solution revealed a statistically significantly lower viability 

than cells stored in CT (p<0.01) or in UWmod (p<0.01) solutions, while CT solution 

resulted in significantly better (p=0.04) EC viability than UWmod.

There was a significant loss of viability after hypothermic and hypoxic storage with 

and without re-warming, regardless o f the storage solution used. In the groups not 

subjected to re-warming, no statistically significant differences in viability o f  EC 

stored 16 h vs. 24 h were found for any o f  the preservation solutions used. As an 

individual factor, re-warming resulted in a highly significant decrease (/?<0.001) in 

EC viability for all solutions and in both storage times. In the groups subjected to 24 

h o f re-warming the preservation time resulted in a significant decrease (^<0.01) in 

EC viability for cells stored 24 h when compared with cells stored 16 h in UWmod 

solution, while it had no effect on viability o f  EC stored in CT or sucrose solutions.

7.4.3. M onolayer continuity

The percentage o f surface covered by EC after the cold hypoxic storage period with 

or without re-warming is illustrated in Fig. 7.2. The preservation solution used had a 

marked effect on the percentage o f  monolayer preserved under all conditions studied. 

In every experimental situation, monolayers stored in CT solution had a significantly 

higher percentage o f  surface covered by EC than those stored in UWmod solution 

(^<0.001), which in turn were significantly higher than those o f monolayers stored in 

the sucrose solution (/?<0.001).

As in the viability studies, the effect o f the storage time on monolayer continuity was 

dependent on whether the monolayer was subjected to re-warming or not. Without 

re-warming, no statistically significant differences between the two storage periods 

studied were found. However, after re-warming, EC stored 24 h presented 

significantly lower (p<0.01) percentage o f  surface covered by cells compared to cells 

stored for 16 h in UWmod solution only.
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7.4.4. M embrane integrity

Results are shown in Fig. 7.3. Statistically significant effects o f storage time 

(p=0.002) and solution (p<0.001) and a highly significant interaction between 

solution and storage time (p<0.001) were found. Sucrose solution gave the highest 

^^Cr leakage index, which was significantly higher than UWmod (p=0.04). CT 

solution gave a significantly lower leakage readings than either o f the other two 

solutions (p<0.001).

On average, ^^Cr leakage was significantly greater after 16 h than after 3 h o f  

hypothermic and hypoxic storage (p<0.002). However, for sucrose and CT solutions 

there were no statistically significant differences between 3 h and 16 h o f storage, 

while there was a highly significant (p<0.001) difference for UWmod with much 

higher leakage after 16 h.
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Fig. 7.1. Percentage o f viable cells, assessed by eosin Y staining, after 
hypothermic and hypoxic storage of continuous monolayers for 16 and 24 h 
with and without a post-storage re-warming period in 3 different preservation  
solutions. Re-warming 0 means these cells were not subjected to re-warming, 
and re-warming 24 means these cells were subjected to 24 h of re-warming. 
Icons represent means. No error bars are shown when the parameters were so 
small that they were included within the icon. Error bars represent standard 
errors.
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Fig. 7.2. Percentage o f surface covered by cells, assessed by morphom etric 
measurements, after hypothermic and hypoxic storage o f continuous 
monolayers for 16 and 24 h with and without a post-storage re-warm ing period 
in 3 different preservation solutions. Re-warm ing 0 means these cells were not 
subjected to re-warming, and re-warming 24 means these cells were subjected  
to 24 h o f re-warming. Icons represent means. Error bars represent standard 
errors.
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Fig. 7.3. Percentage of ^^Cr leaked during hypothermic and hypoxic storage of 
EC monolayers stored for 3 and 16 h in 3 different preservation solutions. Icons 
represent means. Error bars represent standard errors.
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7.5. Discussion

Many preservation solutions have been used in clinical and experimental lung 

transplantation with different degrees o f success (Novick et a l ,  1992; Kirk et a l,  

1993). In clinical practice, the University o f  Wisconsin solution has a good record, 

and is currently the benchmark against which new ideas are tested (Collins et al., 

1992).

Several authors have suggested the necessity to design specific preservation solutions 

for the different solid organs susceptible o f being transplanted (Belzer and Southard, 

1988; Collins et a l ,  1992). The different metabolic requirements o f  each type o f  

organ, and specific cellular responses to ischaemia/reperfusion injury provide the 

logic for these arguments. Aware o f the importance o f non-parenchymal cell damage 

in organ preservation (Caldwell-Kenkel et a l,  1989) CT solution was designed 

aiming to achieve adequate preservation o f pulmonary endothelial cells (EC).

To test preservation solutions, organ storage conditions encountered by stored organs 

during clinical transplantation were reproduced in vitro, with the aim o f  elucidating 

the effects o f  organ storage solutions on EC monolayers. The new solution was 

tested against a modification o f the University o f Wisconsin solution (UWmod), 

considered to be the most effective preservation solution in many clinical and 

experimental studies (Fremes et a l ,  1991; Kurzawinski et a l ,  1994; Toledo-Pereyra 

et a l ,  1994) and an experimental parenchymal-oriented preservation solution 

(sucrose solution).

In the initial formulation o f the CT solution there were two elements that were 

excluded from the final composition after initial pilot experiments. The first was 

forskolin. Forskolin is an activator o f adenylate cyclase that has been shown to 

induce a concentration-dependent increase o f intracellular cAMP and decrease o f  

endothelial permeability (Langeler et al., 1991). Experimental studies where 

pulmonary tissue was subjected to ischaemia and reperfusion damage showed that 

forskolin was able to reduce microvascular permeability independently o f  any 

hemodynamic effects or loss o f  surface capillary area (Seibert et al., 1992). 

Unfortunately, forskolin does not dissolve in water, and the vehicle (EDTA) may 

have played a role in the toxicity observed on pilot studies. The amount o f solvent 

needed to vehicle the desired amount o f the drug resulted in toxic effects on EC 

cultures, and after few non-successful trials the compound was withdrawifrom the 

solution.

150



Chapter 7 In vitro preservation solution

The second element was chondroitin sulphate. This mucopolysaccharide has an 

approximate molecular weight o f 50,000 and is ubiquitous in animal tissue (Lee et 
al., 1991). It has been suggested that chondroitin sulphate can act as an antioxidant 

(preserving EC membranes), maintain the level o f reduced sulphydryl group 

(important at the active site o f Na^-K^-activated ATPase), and act as a non

permeating agent (decreasing osmotic stress on cells; Bourne and Nelson, 1990; Lee 

et a l ,  1991). For all these reasons it is considered an essential element in corneal 

preservation, and is a component o f  some o f the most successful solutions for human 

corneal preservation (Bourne and Nelson, 1990; Kaufman et a l ,  1991; Lee et a l ,  
1991; Lindstrom et a l ,  1992). Chondroitin sulphate proved to be a successful 

element in the initial trials o f the solution in vitro When the solution was first tested 

in vivo, the results were extremely disappointing, to the point that it was difficult to 

flush the totaWy o f the lung After serial elimination o f the different components o f  

the solution, it was determined that the chondroitin sulphate was responsible for the 

unsatisfactory behaviour o f the flush solution The answer was found after light 

microscopy examination o f the interaction between chondroitin sulphate and rat 

blood (plates 7.7, 7.^ & 7.*̂ ), where rouleaux formation (proportional to the 

chondroitin sulphate concentration in the solution) was found. As an ubiquitous 

compound, chondroitin sulphate is part o f the thrombogenic basal membrane that 

triggers coagulation processes in vivo. It was therefore discarded from the CT 

solution final composition.

m.' :

Plate 7.7. Light microscopy micrograph of a 2:1 mix o f  rat blood and saline

(mag. x25).
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Plate 7.8. L ight m icroscopy m icrograph o f a 2:1 m ix o f rat blood and CT  

solution  contain ing 2.5%  of chondroitin  sulphate. Blood cells agglom erate in 

clusters (m ag. x25).
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Plate 7.9. Light microscopy micrograph of a 2:1 mix of rat blood and CT 

solution containing 0.25% of chondroitin sulphate. It is possible to appreciate, 
using a 10 times smaller concentration of chondroitin sulphate that erythrocytes 
adopt a rouleaux disposition. Without chondroitin sulphate, the mix of CT 

solution and rat blood presented the same aspect than Plate 7.7 (mag. x25).
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The sucrose solution was designed as a kidney preservation fluid following reports 

of satisfactory results with phosphate-buffered solution (Lam et al., 1989), 

containing sucrose (MW 342) as impermeant. It has some agents in common with 

the CT solution although in different concentrations. N-acetylcysteine, a glutathione 

precursor and free radical scavenger, was included to ameliorate reperfusion injury 

after ischaemia (Menasche e /a /., 1991; Fukuzawa g/ a/., 1995). Sucrose

solutions contain chlorpromazine, following reports o f increased survival o f organs 

after pre-treatment o f  kidneys (McAnulty et a l ,  1989) and livers (Sundberg et a l ,  

1989), and the enhanced effectiveness o f preservation solutions with the inclusion o f  

low concentrations o f chlorpromazine to a sodium lactobionate sucrose solution 

(Tokunaga^/a/., 1991).

CT solution was designed to protect EC under hypothermia and hypoxia, and proved 

to be very successful in this model, resulting in significantly better viability and 

monolayer continuity than UWmod solution in several experimental conditions (see 

results section). Sucrose solution was originally designed to protect renal 

parenchymal cells, and resulted in poor preservation o f  EC in this model.

A universal feature found in this study, in accordance with experimental results 

presented in previous chapters, was the morphological alteration o f EC towards 

rounding and their subsequent detachment from the underlying substratum. This was 

observed with all preservation solutions after all storage periods, with and without 

re-warming. Previous studies on whole human veins showed similar alterations and 

detachment o f EC from basal membranes o f vessel walls when subjected to 

hypothermic-hypoxic storage (Hidalgo et a i ,  1994 and chapter 6). It was also not 

surprising to find that re-warming and re-oxygenation after a period o f hypothermia 

and hypoxia resulted in further detrimental effects on cell viability and monolayer 

integrity. This effect was stronger after longer periods o f storage, and was more 

obvious in cells stored in UWmod solution. Biochemical studies have shown that 

significant damage to stored organs takes place at revascularization, probably due to 

the creation o f  harmful oxygen-derived free radicals (Menasche et al., 1991). 

Similarly, in vivo morphological studies o f  stored tissue failed to find marked tissue 

alterations before revascularization (Thurman et a l ,  1988; Hidalgo et al., 1995). On 

the other hand, changes suffered by most tissues upon revascularization are dramatic, 

and proportional to the duration o f the ischaemic and hypothermic insult (Rao and 

Andrisevic, 1998; Kawahara et al., 1993; Hidalgo e ta l ,  1995; and chapters 4 and 5). 

EC are present in all organs and tissues but the differential responses to decreased 

oxygen tensions o f EC from different vascular beds (Farber et al., 1987), and the
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specific metabolic requirements o f parenchymal cells from different organs make the 

possibility o f a universal preservation solution unlikely.

The above cited references suggest that little damage occurs in stored tissue prior to 

revascularization, and indeed some authors have proposed that tissue damage occurs 

only after the revascularization process (Hanvas et a i ,  1992). By contrast, the 

present study shows clear loss o f viability and monolayer continuity o f  cultured 

monolayers o f EC following cold hypoxic storage alone. Previous studies o f  

hypothermic storage o f whole vessels revealed similar behaviour o f  human 

endothelial monolayers in an ex vivo situation (Hidalgo et a l ,  1995 and chapter 6). 

These discrepancies could be explained by the difficulty in detecting morphological 

alterations o f  individual EC using standard techniques o f light and transmission 

electron microscopy at the end o f the hypothermic storage period o f solid organs. 

However, in vivo studies have documented perivascular oedema at the end o f  the 

storage period in solid organs hypothermically stored (Hall et a l ,  1992; Hidalgo et 

a l ,  1995). The results presented here lead us to hypothesise that gaps in the 

monolayer are created during the hypothermic storage period and are present at 

revascularization. Monolayer discontinuities already present are probably enlarged 

by the simultaneous re-warming, re-oxygenation and re-flow injury associated with 

restoration o f blood supply in vivo. Small changes in monolayer continuity during 

hypothermic storage may have profound consequences upon revascularization, such 

as:

1. interstitial and parenchymal oedema due to loss o f monolayer continuity; and

2. pro-thrombotic processes, due to exposure o f  elements o f the basal membrane to 

platelets and other blood elements.

By preventing these morphological changes during storage, it may be possible to 

limit reperfusion damage considerably.

We did not observe any recovery o f cell shape and/or monolayer continuity when the 

cells were re-warmed for 24 h after hypoxic and hypothermic insult. In contrast, a 

study on human liver biopsies otherwise reported that morphological alterations on 

EC are partially reversible after revascularization (Carles et a l ,  1994). However, the 

mean cold ischaemic time in that experiment was 12.5 h, considerably shorter than 

the periods studied here. Thinking along the same lines, Cucina and co-workers 

(1995) found that changes in the morphology and cytoskeletal organisation o f EC 

caused by shear stress were reversible after a resting period. We suggest that
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detached or partially-detached viable cells that stay in the vicinity o f the subtending 

basal layer may potentially be able to regain attachment within hours or days after 

transplantation. Results presented in chapter 3 and in Hidalgo et a i  (1995) show that 

areas suffering severe parenchymal oedema can eventually recover and present a 

nearly normal histological appearance over a period o f several days. Other studies on 

liver preservation found considerable cellular damage on otherwise successfully 

preserved tissue (Thurman et a l ,  1988). These observations support the hypothesis 

that viable individual EC (unable to control vascular permeability for hours or days 

on initial reperfusion), are nevertheless able to regain physiological shape and 

monolayer disposition sometime after revascularization.

The creation o f surface blebs in cells subjected to ischaemia and reperfusion has 

been described before in EC and hepatocytes (Lemasters et a l ,  1983; Momii et a i ,  

1990; Okouchi et a l ,  1994, and chapters 5 and 6). In the present experiment, w e 

found blebs both on live and dead cells, mainly in severely damaged monolayers. All 

cells that presented blebs had a rounded morphology and were either detached or 

only partially attached to the underlying substratum. In accordance with Carles and 

co-workers (1994) we also observed that EC loss o f  shape did not necessarily 

involve cell death. The temporal order in which damage was inflicted on EC by 

hypoxia and hypothermia in vitro as observed in the present experiment was;

1. loss o f normal cellular shape with a tendency to adopt a spherical morphology;

2. total or partial cell detachment from the underlying substrate;

3. creation o f  surface blebs, and finally;

4. cell death.

The observed partial or total cell detachment before cell death is in agreement with 

the work o f Holloway and co-workers (1990), who found no attached non-viable 

endothelial cells in a cold preserved rat liver study.

7.6. C onclusions

1. Cold hypoxic storage o f cultured EC monolayers results in considerable 

morphological alteration o f cell shape leading to loss o f  monolayer continuity 

and cell detachment.

2. Rewarming associated with free access to oxygen supply o f  EC monolayers after 

a period o f hypothermic and hypoxic storage results in further damage.
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3. The new CT solution resulted in satisfactory preservation o f  EC in this model 

when compared with UWmod solution.

4. In future, the design o f preservation solutions could accommodate the general 

needs o f vascular EC plus specific organ requirements to achieve reliable long

term organ preservation.

This chapter tested the ability o f selected preservation solutions to preserve EC 

viability and monolayer integrity under cold-hypoxic storage conditions. The 

following chapter attempts to measure the effects on monolayer permeability o f  

hypoxic storage with UWmod and CT solutions in vitro.
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Chapter  8

L im it a t io n  o f  c o l d  p r e s e r v a t io n - in d u c e d  
PERMEABILITY RISE OF CULTURED ENDOTHELIAL CELLS: 

EFFECT OF C A M P

The experiments presented in this chapter are the bases of a 

manuscript submitted for publication

8.1. Introduction

As discussed in previous chapters, a crucial problem in hypothermically stored solid 

organs is the oedema that develops during the storage period and especially at early 

stages o f revascularization, when blood supply is restored (Pickford et a ipy990 . Hall 

et a l ,  1992). The degree o f oedema and haemorrhage can be considered as the factor 

determining the chances o f  that organ recovering morphological and functional 

normality. Many factors in vivo are involved in the regulation o f vascular 

permeability. One o f them is the endothelium, especially the microvascular 

endothelium, that functions as a permeability barrier between blood and interstitial 

space (Malik ,1992).

The possibility(b measure and influence pharmacologically monolayer permeability 

were the aims o f  this chapter. For that purpose, human EC were cultured on semi- 

permeable membranes in chambers specifically designed for permeability studies, 

and subjected to 6 h o f  hypothermic storage.

The preservation fluids used in this experiment were: i) normal saline; ii) modified 

University o f  Wisconsin solution (UWmod); and iii) cytoskelêton (CT). The 

compounds with potential permeability-limitation properties tested were:

• two cAMP activators: (a) forskolin, a direct activator o f  adenyl cyclase,

(b) isoproterenol, a P-adrenergic agonist

• two local anaesthetics: (a) lidocaine,

(b) ropivacaine.



After hypothermic storage, selected groups were stimulated with thrombin, an agent 

known to increase EC permeability (DeMichele et a l,  1992; Malik et a l,  1992; 

Minnear et al., 1993). Spectrophotometric measurement o f Evan's blue conjugated
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Minnear et a]., 1993). Spectrophotometric measurement o f Evan's blue conjugated 

albumin leakage was used to assess alterations in monolayer permeability. The 

results are discussed in relation to the biochemical and ultrastructural factors which 

regulate EC shape and cell-to-cell contact.

8.2. Aims of this chapter

1. To study the effects on EC permeability o f hypothermic storage with solid organ 

preservation solutions in vitro.

2. To test compounds with potential anti-permeability properties on confluent 

monolayers o f  human EC in this model.

3. To observe the effect of these drugs limiting cold-induced permeability 

alterations in relation to the preservation solution used with and without 

thrombin stimulation.

8.3. Materials and Methods

8.3.1. M aterials

The materials used in the set o f experiments presented in this chapter have been 

described in chapter 2 (section 2.3.2.1). The human EC used in these experiments 

were harvested from saphenous veins. The preservations solutions used were:

1. 0.9 % NaCl solution (normal saline),

2. UWmod: the lactobionate/raffinose clinical organ preservation solution 

(described in chapter 2),

3. Cytosolution (CT), the newly developed experimental solution (chapter 2).

The compositions o f  these solutions are presented in Tables 2.1 and 2.2.

8.3.2. M ethods

Cell isolation and culture

Residual segments o f human great saphenous vein were donated by patients 

undergoing cardiac by-pass surgery under informed consent and local ethical 

practices o f the Karolinska Hospital, Sweden. The veins were rinsed with 5-10 ml o f
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warm phosphate buffered saline (PBS) and processed as described in chapter 2. 

Confluent cultures were passaged using tiypsin/EDTA and sub cultured. All cells used 

in these experiments were obtained from the same donor and used between the 6th 

and 9th passages.

Seeding in permeability chambers

A  system of two chambers separated by a semi-permeable membrane was used in 

these experiments. Fig. 8.1 shows and schematic representation o f  the chambers 

used. EC were seeded onto the upper chamber as described in (chapter 2), at a 

density o f  30,000 cells per cm^ (filter surface was 0.33 cm^). The polycarbonate 

filters were previously coated with 10 pl/cm^ o f human fibronectin. Four h after 

seeding, the medium in the filter chambers was replaced to remove non-attached 

cells, and on subsequent alternate days the medium was replaced. Experiments were 

carried out 5 or 6 days after seeding to allow EC tight junctions to form and mature 

(Langeler and van Hinsbergh, 1991).

Albumin conjugated Evan's blue solution

A  BSA solution conjugated Evan's blue was prepared as described in chapter 2. This 

solution was located in the upper chamber after the storage period to measure 

monolayer permeability.

Permeability measurements

All wells were subjected to 15 min o f incubation with serum-free MEM at 37° C. 

Both sides o f the filter were then rinsed with warm PBS and 200pl o f  the chosen 

preservation solution were pipetted into the upper chamber with or without drugs, as 

described in the experimental protocol (see below). A  total o f  600pl o f  the same 

preservation solution were placed in the lower chamber. The culture plates were then 

stored for 6 h at 4°C to mimic hypothermic organ storage. After that, solutions were 

carefully removed and the Evan's blue-protein conjugate solution (200pl) was placed 

in the upper chamber. PBS (600pl) re-placed the preservation solution in the lower 

chamber. The wells were placed in the incubator (37°C) and samples o f lOOpl each 

were taken after 30, 45, 60 and 90 min from the lower chamber. These samples were 

pipetted into a 96 well plate for spectrophotometric reading. The two volumes used 

(200pl in the upper chamber and 600pl in the lower chamber) provided the 

monolayer with a small positive hydrostatic pressure.
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Evan'S blue 
conjugated BSA 

leakage 
direction

upper chamber

- EC monolayer

- lower chamber

Fig. 8.1. Schem atic representation of a permeability chamber. Evan's blue 
conjugated BSA was located in the upper chamber. PBS for perm eability  
measurements was collected at various time intervals from the lower chamber.

Start 
experiment

PBS rinse 
solution added

Solution removed 
Evan's blue 
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Storage 
6h at 4°C
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30, 45, 60 and 
90 min at 37°C

Fig. 8.2. Schem atic representation of the tim e course o f the experiments.
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Imnnmoflnorescent staining

Saphenous vein EC from the same human donor were cultured on Permanox slides. 

Five days post-seeding they were subjected to the same conditions as the 

experimental cultures. After fixation in 4% formaldehyde in PBS and 3 separate 

rinses, the primary antibody (CD31 or phallacidin) was added. After adequate 

incubation periods and secondary antibody addition, as described in chapter 2, cells 

were rinsed, mounted in 25% glycerine and examined in an epifluorescence 

microscope.

Analysis o f results

With each sample collected the total volume o f PBS in the lower chamber decreased 

by lOOpl. This may have affected the hydrostatic pressure between the two chambers 

and the relation between solute and solvent. However, in all cases the same protocols 

were used in all experiments, and thus any variation in hydrostatic pressure with time 

was constant between all groups compared.

Within every experiment an analysis o f variance for each time point was performed 

separately. To compare treatments, the null hypothesis that all the group means were 

the same was tested. Shapiro and Francia's W  test o f normality and Bartlett's test o f  

equality o f variances was performed. Then contrasts to compare particular 

combinations o f group means for the different treatments using the pooled estimate 

o f  the standard deviation from the analysis o f variance were performed. Then we 

applied the Bonferroni's correction for multiple comparisons. Only p  values less than 

0.05 after the Bonferroni's correction were considered to be significant.

The possibility o f combining the results from the different experiments was also 

investigated. The interaction between different groups was nearly significant at 30 

min, but the differences were significantly more variable between the experiments 

for samples collected at 60 and 90 min, with results too scattered to allow reasonable 

statistical comparison. This could be appreciated looking at the standard deviation 

presented in the results table for each experiment, where the standard deviations 

increased in samples collected after 60 and 90 min compared to samples collected 

after 30 and 45 min.
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8.3.3. Experimental protocol

In control experiments, cell monolayers at the same passage number were 

maintained at 37°C and tested without cooling.

The time course o f  the experimental protocol is summarised in Fig. 8.2. All 

experiments consisted o f an incubation period o f  15 min, a hypothermic storage 

period o f 6 h and a permeability assessment period, in which samples were collected 

after 30, 45, 60 and 90 min.

This study consisted on three experiments:

Experiment 1 tested the differences in permeability after 6 h o f hypothermic storage 

using 3 different preservation solutions, with and without the adenyl cyclase 

activator forskolin (I pM) after thrombin (5u/ml) stimulation o f the EC monolayers 

(Table 8.1).

Permeability

Experim ent 1 Storage period assessment period

Group 1 Subgroup l.a. saline 5% BSA

Subgroup l.b. saline 5% BSA+T

Subgroup I.e. saline+F+IB 5% BSA+T+F+IB

Group 2 Subgroup 2.a. UWmod 5% BSA

Subgroup 2.b. UWmod 5% BSA+T

Subgroup 2.C. UWmod+F+BB 5% BSA+T+F+IB

Group 3 Subgroup 3 .a. CT 5% BSA

Subgroup 3.b. CT 5% BSA+T

Subgroup 3.C. CT+F+IB 5% BSA+T+F+IB

Table 8.1. Experimental groups for Experim ent 1. (Abbreviations: F= 
forskolin; UW mod= modified University o f W isconsin solution; CT=  
cytosolution; 5% BSA= 5% Evan’s blue conjugated BSA; T= thrombin; IB= 
IBM X).

Experiment 2 tested the differences in permeability (same experimental conditions) 

o f UWmod solution using 3 different concentrations o f isoproterenol (5, 10 and 20 

pM) after thrombin stimulation (Table 8.2).
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Perm eability

Experiment 2 Storage period assessment period

Group 1 Subgroup l.a. UWmod 

Subgroup l.b. UWmod

5% BSA  

5% BSA+T

Group 2 Subgroup 2.a. UWmod+l(5pM)+lB 

Subgroup 2.b. UWmod+l(10|iM)+lB 

Subgroup 2.C. UWmod+l(20fiM)+lB

5% BSA+T+I(5pM)+lB 

5% BSA+T+l(10pM)+lB 

5% BSA+T+l(20pM)+lB

Table 8.2. Experimental groups for Experiment 2. (Abbreviations: UW mod=  
modified University of Wisconsin solution; 5% BSA= 5% Evan's blue conjugated  
BSA; T= thrombin; 1= Isoproterenol; IB= IBMX).

In experiment 1 (subgroups l.c, 2.c and 3.c) and in experiment 2 (subgroups 2.a, 2.b 

and 2.c), where cAMP inducer drugs (forskolin in experiment 1 and isoproterenol in 

experiment 2) were tested, 0.1 mM o f the phophodiesterase inhibitor EBMX was 

added to those groups to avoid a rapid degradation o f cAMP. IBMX was present in 

the MEM for the 15 min incubation time, in the preservation solution for the 6 h o f  

hypothermic storage and in the BSA-Evan's blue conjugated solution during the 90 

min o f permeability assessment.

Experiment 3 tested the differences in permeability (same experimental conditions) 

using UWmod with two local anaesthetics, lidocaine (ImM) and ropivacaine (ImM), 

with and without thrombin stimulation (Table 8.3).

Permeability

Experiment 3 Storage period assessment period

Group 1 Subgroup l.a. UWmod 5% BSA

Subgroup l.b. UWmod 5% BSA+T

Group 2 Subgroup 2 .a. UWmod+L 5% BSA+L

Subgroup 2.C. UWmod+L 5% BSA+T+L

Group 3 Subgroup 3 .a. UWmod+R 5% BSA+R

Subgroup 3.C. UWmod+R 5% BSA+T+R

Table 8.3. Experimental groups for Experiment 3. (Abbreviations: UW mod=  
modified University of W isconsin solution; L= lidocaine; R= ropivacaine; 5% 
BSA= 5% Evan's blue conjugated BSA; T= thrombin).
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8.4. Results

8.4.1. Control experiments

As in the experimental groups, control cell cultures were incubated 15 min in 

minimal essential medium (MEM) before the solution containing 5% BSA  

conjugated-Evan's blue was placed in the upper chamber for dye leakage readings. 

The presence o f  a continuous monolayer o f EC vs. empty filters resulted in 

significantly (^<0.001) less leakage o f BSA in all groups with and without thrombin 

stimulation. In controls, addition o f thrombin to the protein solution significantly 

increased leakage (/?<0.01, Table 8.4).

30 min 45 min 60 min 90 min n

empty filters

+5% BSA

mean 0.0960 0.1477 0.1767 0.1983 3

SD 0.0151 0.0046 0.0098 0.0337

EC+5% BSA

mean 0.0040 0.0161 0.0313 0.0460 9

SD 0.0060 0.0104 0.0232 0.0146

EC+5% BSA+T

mean 0.0307 0.0473 0.0859 0.1039 11

SD 0.0145 0.0151 0.0206 0.0299

Table 8.4. Controls; mean and standard deviation (SD) of empty filters and non 
hypothermically stored EC, with and without thrombin (T) stimulation. Values 
are for leakage of BSA-conjugated Evan's blue dye into the lower chambers 
over time, as optical densities readings at 610 nm in the ELISA plate reader.

8.4.2. Experim ent 1

Results are summarised in Table 8.5. EC stored for 6 h at 4° C resulted in increased 

permeability when compared with controls stored at 37°C in samples collected after 

60 and 90 min (p<0.01). Addition o f thrombin to the protein solution resulted in a 

significant (p<0.01) increase in protein leakage for all the solutions tested and in all 

times o f  sample collection. This increase was successfully prevented in all groups by 

the addition o f the adenyl cyclase activator forskolin, reaching significance for all 

collection times (p<0.01). When comparing each solution individually, only the CT
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solution resulted in significantly less leakage than saline in samples collected at 45 

and 60 min (/?<0.01). In general, differences between the groups were most marked 

after 30 min incubation, while by 90 min dye leakage in the different groups reached 

broadly similar levels. The protein leakage o f all three solutions analysed together 

after 6 h o f hypothermic storage and without thrombin stimulation was significantly 

inferior(p<0.01) than the protein leakage observed in controls plus thrombin, except 

for samples collected after 90 min.

storage 5%-BSA 30 min 45 min 60 min 90 min n

saline 0.0067 0.0233 0.0640 0.0943 6

saline T 0.0204 0.0366 0.0744 0.1244 12

saline+F+IB T+F+IB 0.0112 0.0294 0.0601 0.1072 12

UWmod 0.0060 0.0267 0.0598 0.1073 6

UWmod T 0.0262 0.0331 0.0634 0.I2I9 12

UWmod+F+IB T+F+IB 0.0178 0.0298 0.0621 0.1085 12

CT 0.0067 0.0137 0.0467 0.0938 6

CT T 0.0213 0.0307 0.0676 0.1247 12

CT+F+IB T+F+IB 0.0136 0.0151 0.0491 0.1031 12

Pooled SD 0.0083 0.0076 0.0099 0.0193

Table 8.5: Results from Experiment 1. First column shows the storage solution 
used for 6 h of hypothermia. Second column shows the elements added to 5% 
Evan's blue conjugated BSA during the permeability assessment period. Values 
represent leakage of BSA-conjugated Evan's blue dye into the lower chambers 
over time, as optical densities readings at 610 nm in the ELISA plate reader. 
(Pooled SD= pooled standard deviation from the analysis o f variance).

8.4.3. Experiment 2

Results are summarised in Table 8.6. This experiment aimed to compare the ability 

o f  different doses o f the p-adrenergic agonist isoproterenol to limit protein leakage 

when added to UWmod during hypothermic storage. Despite a thrombin-induced 

increase in permeability present throughout the experiment, it failed to reach 

significance, probably due to the small sample size. Cell monolayers stored with 

5pM  o f  isoproterenol leaked significantly less protein at all times when compared 

with thrombin stimulated EC (p<0.01). A higher dose o f lOpM only gave 

significantly less leakage in samples collected after 30, 45 and 90 min (p<0.05). The
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5pM dose o f isoproterenol resulted in significantly less leakage than the 20pM  dose

in samples collected after 45 min (^<0.05).

storage 5%-BSA 30 min 45 min 60 min 90 min n

UWmod 0.0247 0.0363 0.0843 0.1467 3

UWmod T 0.0392 0.0523 0.0871 0.1877 9

U Wm 0  d+I (5 ju.M)+IB T+I(5pM)+IB 0.0198 0.0407 0.0730 0.1526 12

UWmod+I(10p.M)+IB T+I(10pM)+IB 0.0208 0.0456 0.0761 0.1512 12

UWmod+I(20pM)+IB T+I(20pM)+IB 0.0246 0.0498 0.0814 0.1624 11

Pooled SD 0.0120 0.0101 0.0106 0.0270

Table 8.6. Results from Experiment 2. First column shows the storage solution  
used for 6 h of hypothermia. Second column shows the elements added to 5% 
Evan's blue conjugated BSA during permeability assessment period. Values 
represent leakage o f BSA-conjugated Evan's blue dye into the lower chambers 
over time, as optical densities readings at 610 nm in the ELISA plate reader. 
(Pooled SD= pooled standard deviation from the analysis o f variance).

8.4.4. Experiment 3

Results are summarised in Table 8.7. Very few significant differences were found in 

this experiment. The ability o f thrombin to increase BSA leakage throughout the 

monolayer seemed to be less marked. In samples collected after 30 min, groups 

stored with lidocaine (with and without thrombin stimulation) exhibited significantly 

less protein leakage than EC stored with UWmod and then thrombin stimulated 

(p<G.G5). As in the first experiment, we found fewer significant differences in 

samples collected after 60 and 90 min; only the UWmod solution with lidocaine or 

ropivacaine showed significantly less leakage than the subgroup lb stored with 

UWmod plus thrombin stimulation (p<0.05).
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storage 5%-BSA 30 min 45 min 60 min 90 min n

UWmod 0.0344 0.0232 0.0530 0.1192 9

UWmod T 0.0312 0.0348 0.0649 0.1356 21

UWmod+L L 0.0152 0.0262 0.0487 0.1206 12

UWmod+L T+L 0.0211 0.0340 0.0727 0.1364 20

UWmod+R R 0.0293 0.0243 0.0510 0.1000 3

UWmod+R T+R 0.0255 0.0397 0.0874 0.1264 12

Pooled SD 0.0041 0.0147 0.021 0.0260

Table 8.7. Results from Experiment 3. First column shows the storage solution 
used for 6 h o f hypothermia. Second column shows the elements added to 5% 
Evan's blue conjugated BSA during the permeability assessment period. Values 
represent leakage of BSA-conjugated Evan's blue dye into the lower chambers 
over time, as optical densities readings at 610 nm in the ELISA plate reader. 
(Pooled SD= pooled standard deviation from the analysis o f variance).

8.4.5. Immunofluorescence studies

Light microscopy analysis o f  immunologically stained cultures o f  EC was performed 

using two primary antibodies. CD31 was used to highlight EC membrane 

boundaries, and ot -actin filaments were staining with phallacidin.

Controls showed confluent monolayers o f regularly shaped EC (Plate 8.1), when 

stained with CD31 antibody. When stained with phallacidin, actin filaments in their 

characteristic peripheral disposition were observed (Plate 8.2).

CD31 staining: hypothermic storage disrupted EC morphology and cell-to-cell 

connections. Micrographs o f  monolayers stained with CD31 showed cell rounding 

and cell separation, with creation o f  numerous gaps in the monolayer (Plate 8.3 ). 

Addition o f  forskolin resulted in partial reversion o f  those changes. Intercellular 

connections were more defined and gaps in the monolayers were limited. '

Phallacidin staining: actin filaments suffered a re-organisation and adopted a less 

peripheral disposition when monolayers where stored at 4°C for 6 h. Clusters o f  

filaments tended to be located around the nucleus, leading to spherically-shaped EC 

(Plate 8.4). Again, addition o f forskolin resulted in partial reversion o f  those changes 

(Plate SS).

168



Chapter 8 Permeability and cAMP

Plate 8.1. Control: micrograph of CD31 stained monolayer of human EC. 
Confluent monolayers present cells in close contact with each other and well 
defined cell boundaries ( mag. xl05).
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Plate 8.2. Control: micrograph of phallacidin stained monolayer of human EC. 
Actin filaments of EC in confluent monolayer present the characteristic 
peripheral disposition of regularly shaped cells (mag. xl05).
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Plate 8.3. CD31 stained monolayer of EC after 6 h of hypothermic storage in 
UWmod solution. Cell retraction causes gaps in the monolayer and loss of cell 
boundaries (mag. xl05).
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Plate 8.4. Phallacidin stained monolayers o f  EC subjected to 6 h of hypotherm ic  
storage in CT solution plus throm bin stimulation. Cell rounding leads to loss of  
m onolayer continuity. Re-organisation o f actin microfilaments leads to shape  
alterations that diminishes cell-to-cell contact (mag. x85).
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Plate 8.5. Phallacidin stained monolayers o f  EC subjected to 6 h of hypotherm ic  
storage in CT solution treated with forskolin. Cell rounding and actin f ilam ent  
re-organisation is apparently limited by the action o f forskolin (mag. x85).
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8.5. Discussion

Regulation o f vascular permeability is a complex process, hi vivo, the endothelial 

monolayer regulates macromolecule transport and selective permeability o f the 

vascular wall (Hoek et a l ,  1992). Although the endothelium is not the only structure 

involved in restricting permeability, it definitely plays an important role in that 

regulation under physiological conditions, and endothelial injury and dysfunction 

allows oedema and damage to the underlying tissues to develop (Kuhne et a l ,  1993).

A variety o f stimuli can result in formation o f gaps in the normally continuous EC 

monolayer. Inflammatory agents like histamine or thrombin, oxidative stress 

processes, and hypothermic conditions, have all been shown to create gaps in 

endothelial monolayer under experimental conditions (LoGerfo et a l, 1981; Carson 

et a]., 1992; Patterson et a l ,  1992; Hidalgo et a l,  1993). The formation o f these 

gaps results from disruption o f cell to cell junctions, alteration o f cytoskeletal 

elements and loss o f  EC shape, all of which under physiological conditions 

contribute significantly to the maintenance o f the barrier function o f EC (Phillips et 

al., 1989). These alterations are not always irreversible and the monolayer can lose 

control o f permeability without major loss o f individual cellular integrity (Hall et a l,  

1992).

In transplantation, several concurrent factors can influence the formation o f  

intercellular gaps. First, hypoxia results in depletion o f  energy and measured ATP 

contents o f  cells (Arnould et a l,  1992). In turn, lack o f  ATP leads to elevation o f  

intracellular Ca% which disrupts cytoskeletal structures and endothelial cell shape. 

The role o f cytoskeletal structures, in particular actin filaments, in maintaining 

endothelium integrity and cell-cell and cell-matrix connections has been stressed by 

several authors (Larsen et a l ,  1988; Goldman et a l,  1990; Watanabe et a l,  1991; 

Piper et a l,  1992). Second, during hypothermie storage the low temperatures (0-4° 

C) severely disrupt EC morphology and monolayer continuity, and this is bound to 

have an effect on the permeability o f that monolayer (Solberg e/ a l,  1987; Hidalgo 

et a l ,  1993). Finally, experiments studying the role o f  oxygen derived free radicals 

in hypoxia and the protective effects o f free radical scavengers support the belief that 

serious damage is inflicted to EC by free radicals (Block et a l ,  1989; Pickford et a l ,  

1990; Shatos et a l ,  1991). Using an isolated perfused lung model, Adkins and co

workers (1992) concluded that ischaemia-reperfusion injury causes an increase in 

vascular permeability and oedema. In transplantation, all these factors, and probably 

many others combine to produce lesions.
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This in vitro model proved useful for comparing effects of permeability modulating 

drugs on endothelial permeability. However, the absence o f multiple serum and 

blood factors suggest that care should be taken in extrapolating results to any in vivo 

situation. On the other hand, the ability to examine single factors under defined 

conditions make this model very appropriate for fundamental studies.

Under thrombin stimulation, EC cytoskeletal alteration takes place as a reversible 

phenomenon, without necessarily involving endothelial injury or cytolysis (Malik et 

a l,  1992). Thrombin could increase vascular permeability by different mechanisms: 

i) by activation o f an intracellular signal mechanism via receptor, or via cleavage o f  

a cell surface protein; ii) by proteolytic digestion o f  junction proteins; or iii) by 

cleavage o f sub-endothelial matrix proteins that support EC shape (DeMichele et a l,  

1992). In accordance, other authors have proposed that activation o f  a cAMP- 

dependent protein kinase could mediate thrombin-induced increase in monolayer 

permeability through cytoskeletal alterations, or by direct phosphorylation o f a 

membrane-binding protein for thrombin (Casnocha et a l, 1989). The fact that 

thrombin increased leakage o f protein in EC monolayers in the present experiments, 

in controls as well as after 6 h o f hypothermic storage, suggests that the mechanisms 

o f EC thrombin stimulation were not damaged by cold storage.

Several studies have shown that agents that stimulate cAMP formation limit 

increases in permeability o f EC monolayers (Canocha et a l,  1989; Yamada et a l ,  

1990; Taylor, 1991; Adkins et a l,  1992; Minnear et a l, 1993). cAMP is an 

ubiquitous messenger involved in many cellular processes, including cell 

morphology, cell growth, and release o f  vasoactive substances in response to 

different stimuli (Manolopoulos and Lelkes, 1993). The cAMP content o f  cells is 

regulated by the action o f  two enzymes: (i) adenylate cyclase, which catalyses the 

production o f  cAMP; and (ii) phosphodiesterase, which quickly degrades cAMP 

(Manolopoulos and Lelkes, 1993). In the present experiment to avoid rapid 

degradation o f cAMP which would have masked the rise in concentration produced 

by forskolin or isoproterenol, we used the phophodiesterase inhibitor IB MX. 

Lampugnani and colleagues (1990) found that cAMP stimulating agents enhanced 

cell adhesion, and impaired EC migration after chemotactic stimuli; the number o f  

attached cells was not reduced, suggesting that the effect of cAMP modulates the 

process o f cytoskeletal assembly more than the receptor-mediated process o f  cell- 

substrata recognition.
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The ability o f the adenyl'^Sfyclase activator forskolin to raise cAMP seems to be 

common to most EC types. Manolopoulos and Lelkes (1993) found that the rise in 

cAMP after physical stimulus was not present in human umbilical vein EC, despite 

being present in other EC phenotypes like bovine aorta, pig pulmonary artery and 

human microvascular EC. However, forskolin was able to increase cAMP levels in 

all EC tested, although the sensitivity o f response to the drug varied from one EC 

type to other. Our experiments found that forskolin limited protein leakage after 6 h 

o f  hypothermic storage using preservation solutions in cells stimulated with 

thrombin. The effect was universal for the different solutions tested and reached 

statistical significance.

Previous experiments have shown that isoproterenol attenuates increases in EC 

monolayer permeability due to thrombin stimulation, as well as decreasing baseline 

permeability of these cell monolayers. Minnear and co-workers (1993) hypothesised 

that isoproterenol antagonises the activation o f phosphorylase C by thrombin via 

stimulation o f the p2-adrenergic receptor. In this chapter results, a significant 

decrease o f protein leakage through adult human EC monolayers was found using 

5pM o f isoproterenol after hypothermic storage and thrombin stimulation. As in the 

experiment with forskolin, hypothermia did not impair the action o f the compound, 

or the ability o f EC to respond to it. The experiment testing the dose response to 

isoproterenol in this model indicated that 5pM kept the protein leakage to the lowest 

level and higher doses o f  10 and 20pM were not so effective. Taking the 3 doses 

together, they allowed a significantly lower leakage than monolayers subjected to 

thrombin stimulation with no isoproterenol at all added. The inmunofluorescence 

results illustrate visually the process. Morphological disruption seems to correlate 

well with recorded permeability alterations.

The limitation o f induced rise in permeability demonstrated by isoproterenol and 

forskolin in this experiment was most probably due to the ability o f  these agents to 

increase intracellular cAMP. Adkins and colleagues (1992) hypothesised that the 

increased cAMP level was able to prevent the changes in vascular permeability 

induced by ischaemia-reperfusion by either relaxation o f EC, or by inhibition o f the 

ability o f neutrophils to damage the endothelial cell barrier. In our model the total 

absence o f neutrophils did not impair the ability o f forskolin and isoproterenol to 

limit the increase in permeability. Although in vivo neutrophils may play a role in 

increasing permeability, our experiments suggest that there must be a neutrophil- 

independent mechanism by which elevation o f cAMP is able to limit induced
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increases in monolayer permeability. That mechanism is most probably due to 

effects on the EC cytoskeleton (Yamada ei a l,  1989).

The local anaesthetic agents lidocaine and ropivacaine were included in this study to 

test their potential effects in altering vascular permeability. Recent studies indicate 

that such drugs could have a role as inflammation modulators, and inhibitors o f EC 

proliferation in vitro (Martinsson et a l,  1993). Although w e did not find any 

significant decrease in protein leakage through EC monolayer using these 

compounds, the absence o f  many factors normally present in the in vivo cell 

environment (i.e. serum) could explain these differences. In their experiment, 

Martisson and co-workers found local anaesthetics to be more active when a higher 

concentration (40%) o f human serum was present in the culture medium.

As assessed in these experiments, all three preservation fluids tested allowed similar 

levels o f protein leakage to develop. The effects o f  thrombin stimulation and the 

responses to the different drug treatments were also similar. This was surprising, 

given that there is clear evidence that variations in the formulation o f  preservation 

solutions determines the survival o f  organs in clinical and in experimental 

transplantation storage (Belzer et a l ,  1992; Abebe et a l,  1993; Toledo-Pereyra et 

a l,  1994). These discrepancies between results using whole organs and our results 

using EC cultures could be partially explained by the necessary simplicity o f this in 

vitro model. In transplantation, along with the thrombin, many inflammatory and 

non-inflammatory factors are re-introduced at the blood/endothelium interface with 

restoration o f the blood supply. Those factors can in turn interact between both 

themselves and with the EC, and thus determine the efficiency o f the preservation 

solution. Furthermore, the analysis time used in this experiment was very short, a 

maximum o f 90 min. Reorganisation o f cytoskeleton, morphological alterations and 

loss o f intercellular junctions seem to be early changes in EC damage (Watanabe et 

a l,  1991). Those changes could be common to physiologically functional cells and 

to seriously impaired cells. Despite the presence o f oedema, organs are able to 

recover if  the damage is not very severe (Pickford et a/.,oil 990; Hall et a l ,  1992; 

Hidalgo et a l,  1995). The ability o f the endothelial permeability barrier to recover 

could be the deciding factor in terms o f  effective preservation. In other words, the 

speed at which EC are able to recover shape and function, and re-form EC junctions 

could well determine the long term viability o f  an organ in which the 

microcirculation had become temporarily "leaky" when compared with an 

irreversible damaged organ.
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8.6. Conclusions

1. Hypothermic storage in solid organ preservation solutions followed by thrombin 

stimulation o f continuous monolayers o f endothelial cells resulted in significant 

increases in protein leakage through the monolayer.

2. Agents that increase cAMP levels showed significant effects limiting thrombin- 

induced rises in EC protein leakage after hypothermic storage in solid organ 

preservation solutions.

3. The actions o f forskolin and isoproterenol did not appear to be impaired by the 

hypothermic storage temperatures to which the cultures were subjected.

4. This chapter experiments suggest a role for cAMP regulation o f  EC permeability 

barrier function that could be used to improve preservation o f  EC o f solid organs 

undergoing transplantation.

After the present in vitro study o f cold-hypoxic storage o f EC with the new CT 

solution, the following step was to test its ability to protect the endothelium in whole 

organs. The last set o f  experiments o f this thesis was directed to stabilise a 

connection between endothelial disruption and organ damage in transplantation in
vivo.
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P r o t e c t i o n  o f  p u lm o n a r y  e n d o t h e l i u m  in  vivo: 
RELATION OF MONOLAYER AND TISSUE PRESERVATION.

The experiments presented in this chapter had been in part published in 

the International Journal of Experimental Pathology, 1995;76: 339-352, 

and in part in the Journal of Thoracic & Cardiovascular Surger>% 1996; in press.

9.1. Introduction

In chapter 3, the rise in vascular permeability was identified as one o f the damaging 

processes leading to poor function and histological alterations o f lung tissue after a 

period o f hypothermic storage followed by transplantation in vivo. Chapters 4 and 5 

were dedicated to study EC morphological changes during cold-hypoxic storage in 

vitro. In chapter 6, these changes were again investigated in EC attached to basal 

membrane in whole veins ex vivo. Chapter 7 tested a. specially designed EC 

protective solution in vitro, subjecting EC to storage and revascularization. In the 

present chapter, the information from the in vivo transplantation model was 

combined with the SEM study o f arterial endothelium, to study the proposed new  

preservation solution (CT), and to compare it with UWmod during a more 

comprehensive study o f short and long term revascularization.

As previously discussed, among the different cell types susceptible to ischaemia and 

reperfusion damage, endothelial cells (EC) are considered prime targets. Increases in 

vascular permeability found after transplantation (Pickford et al.,çd990', Hall et a l ,  

1992; Mils et a l,  1992; and chapter 3), hypothermia-related alterations o f cultured 

and ex-vivo EC (Solberg et a l,  1992; Hidalgo et a l ,  1993; and chapters 4 &5), and 

evidence o f  damage to endothelium due to physical and chemical insults (McKeown 

et a l,  1988; Marzi et a l,  1989; Unruh, 1993) all support the hypothesis that EC are 

seriously impaired in stored and transplanted organs, particularly lung (Naka et a l ,  

1991).

Several studies have found that EC are less resistant to storage than parenchymal 

cells in organs undergoing transplantation (McKeown et a l,  1988; Caldwell-Kenkel 

et a l, 1989). Despite the growing evidence o f EC involvement in alteration o f



Chapter 9 EC continuity and permeability

vascular permeability (Malik et al., 1989) and suggestions that the oedema resulting 

from ischaemia and reperfusion injury is due to endothelial cell injury (Grosso et a l, 

1989), no direct correlation between vascular endothelial discontinuity and 

parenchymal oedema has yet been proven in lungs undergoing transplantation. 

Although there are some claims that there is no causal relationship between 

structural changes in cytoskeletal elements and alteration o f endothelial permeability 

(Malik et a l,  1989), there is a general consensus that integrity o f  the endothelial 

monolayer is an essential requirement for regulation o f vascular permeability 

(Lampurgani et al., 1991; Rogers et a l,  1992) and increases in permeability are 

associated with disruption o f  EC cytoskeletal elements (Shasby et a l ,  1982; Shepard 

et a l ,  1987; Hinshaw et a l,  1989; Goldman et a l,  1991; Sims et a l ,  1992). 

Maintenance o f control o f vascular permeability may require a physiologically 

competent EC, and almost certainly requires a morphologically intact cell layer.

The objective o f the present study was to correlate histological oedema with 

ultrastructural endothelial monolayer alterations in pulmonary tissue stored under 

hypothermic and ischaemic conditions before and after revascularization. For that 

purpose an in vivo model o f  rat single lung transplantation was used. Lungs were 

histologically analysed immediately after the preservation period or after three 

different revascularization periods, to observe acute and chronic alterations in the 

tissue as well as the progression o f damage in relation to the periods o f  

revascularization. Vascular permeability and inflammatory changes were our main 

focus o f  attention. In selected lungs, scanning electron microscopy (SEM) 

micrographs o f random sections o f  secondary pulmonary arteries were taken 

immediately after 48 or 72 h o f  hypothermic storage, and after storage plus 

reperfusion for up to 4 weeks. Two different preservation solutions were used. 

Morphological features reported were studied at three levels; monolayer continuity, 

EC shape and cytoplasmic membrane integrity.

9.2. Aims of this chapter

The aims o f  the set o f set experiments presented in this chapter are:

1. To test the new EC-oriented preservation solution (CT) in the in vivo  model o f  

lung transplantation, in relation to the UWmod solution, already used in this 

model.
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2. To observe acute and chronic alterations in pulmonary tissue as well as the 

progression of damage in relation to the periods o f revascularization.

3. To record morphological alterations on vascular endothelium o f pulmonary 

arteries subjected to hypothermic preservation with and without reperfusion in

vivo.

4. To show morphological correlation o f loss o f monolayer continuity and rise in 

vascular permeability as measured by histological oedema and/or haemorrhage.

9.3. Materials and Methods

9.3.1. Materials

The materials used in the set o f set experiments presented in this chapter have been 

described in chapter 2.

The preservation solutions used were UWmod and the new experimental solution 

CT. The composition o f  these solutions has been commented in detail in chapter 7, 

and are shown in chapter 2 (Table 2.1 & 2.2).

9.3.2. Methods

Transplant procedure

All animals used in this experiment received humane care in compliance with the 

Home Office regulations. Animals (Scientific Procedures) Act, 1986. The 

transplantation procedure is described in detail in chapter 2. Briefly, left lung lobes 

were harvested from fully anaesthetised healthy donors, flushed with the chosen 

preservation solution, and stored in that solution in a container surrounded by ice. 

The storage period chosen were 48 and 72 h, to test the new solution in a highly 

damaging situation. Previous studies with this model have shown good tissue 

recovery after 24 h o f hypothermic storage (chapter 3). On the other hand, 48 h 

resulted in significant pulmonary damage whilst still permitting survival o f the 

animal (Hidalgo et a l ,  1995). Lungs were kept inflated while stored at 4°C. Using 

microsurgical instruments and techniques, stored lungs were orthotopically 

transplanted into imbred recipients after removal o f the native left lung. The 

recipient right lung was left in place, allowing survival o f the animal even without 

functional recovery o f the transplanted lung.
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Sample han>estiiig and processing

After the desired period o f revascularization post-transplantation, animals were 

sacrificed with an overdose o f enflurane in an anaesthetic chamber. Transplanted 

lungs were harvested via a midline sternal thoracotomy as described in chapter 2, 

and fixed with 3% glutaraldehyde in O.IM phosphate (2 h at room temperature) 

instilled via the airway. All lungs were processed for light microscopy and stained 

with haematoxylin and eosin.

Three animals in each sub-group were randomly selected for scanning electron 

microscopic (SEM) studies. In those lungs, 2 mm^ blocks o f  full thickness blood 

vessel wall were cut out from the second intrapulmonary ramification o f the main 

left bronchial artery using microsurgical instruments and an operating microscope at 

high (x l6 ) magnification. Samples were processed for SEM as described in chapter

2 .

Analysis o f  results

All samples were analysed blindly by the same observer, and subsequently 

corroborated by a second observer, also blindly.

Histological studies 

Features studied were;

general preservation o f  the alveolar structure, 

oedema (perivascular and intra-alveolar), 

haemorrhage, 

inflammation,

congestion (vascular and septal),

state o f  the pleura (sub-pleural haemorrhage, inflammatory cell infiltration and 

pleural thickness), and 

• fibrosis (fibrotic structures were considered destructive when involving more 

than 4 alveoli).

All specimens were rated on a scale from 0 to 5:

for normal histology,

when the alterations were minimal,

mild alterations,

when changes were moderate.
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4; when pulmonary tissue structure was still recognisable but severely damaged, 

and

5: when the tissue was very severely damaged and had no defined pulmonary 

structure.

Bronchial epithelial changes were also observed and graded. The changes were 

graded as:

absent feature; 

mild; 

moderate; 

severe.

Intermediate grades were given an additional half score. When no score is presented, 

this means 80% o f the bronchial epithelium in all samples in that group were 

denuded.

Scanning electron microscopv studies fSEM)

Six different random fields on the luminal endothelial surface were photographed 

(final magnification x l600) in each specimen. A further three high magnification 

micrographs (final magnification xSOGG) were taken from the same areas. As 

described for the histological studies, all micrographs were analysed blindly by the 

same observer, and subsequently corroborated by a second observer, also blindly •

For electron microscopic studies the features studied were:

• Monolayer continuity,

• EC morphology,

• Membrane surface alterations.

Normal endothelial surface was scored as having 1GG% intact endothelium. In the 

experimental groups, samples were rated as follows:

G: for 9G% or more o f well preserved endothelium in all specimens,

1: when gaps or partially-detached cells were found in 5G% or more o f the 

micrographs analysed for each specimen,

2: when cell detachment involving 5G% or more o f the endothelium was seen, and
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3: when more than 80% o f the surface was denuded o f EC in one or more 

micrograph for each specimen.

Statistical analysis

Histological studies

A Mann-Whitney U-test was performed to compare statistically the amount o f  

alveolar oedema recorded with each solution for every storage and revascularization 

period separately. Then, Kendall's rank correlation coefficient test was performed to 

relate the histologically graded lung tissue appearance with the revascularization 

periods within each storage time and for each solution independently. For both tests, 

results were considered statistically significant when the p  value was less that 0.05.

Scanning electron microscopv studies (SEM)

Due to the small number o f  specimens in each individual group, it was not possible 

to perform a non-parametric statistical analysis to compare results obtained with the 

two preservation solutions tested for each storage and revascularization period 

separately. Instead, a Kendall's rank correlation coefficient test was performed to 

relate the percentage o f preserved endothelium with the revascularization periods 

within each storage time and for each solution independently. Results were 

considered statistically significant when the p  value was less that 0.05.

9.3.3. Experim ental protocol

A  total o f  seven specimens for each solution and storage period (48 or 72 h) were 

fixed after the storage period without revascularization. The rest o f the stored lungs 

were transplanted into recipients, which were sacrificed after 5 min, 24 h or 4 weeks.

Experimental groups were as follows;

Group 9.1 ; controls: 9.1.1 : non-stored, non-transplanted controls

9.1.2: non-stored, transplanted controls 

Group 9.2; stored but non transplanted lungs:

9.2.1. lungs stored 48 h in UWmod

9.2.2. lungs stored 48 h in CT

9.2.3. lungs stored 72 h in UWmod

9.2.4. lungs stored 72 h in CT 

Group 9.3; stored lungs revascularized for 5 min:
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9.3.1. lungs stored 48 h in UWmod

9.3.2. lungs stored 48 h in CT

9.3.3. lungs stored 72 h in UWmod

9.3.4. lungs stored 72 h in CT 

Group 9.4; stored lungs revascularized for 24 h:

9.4.1. lungs stored 48 h in UWmod

9.4.2. lungs stored 48 h in CT

9.4.3. lungs stored 72 h in UWmod

9.4.4. lungs stored 72 h in CT 

Group 9.5; stored lungs revascularized for 4 weeks:

9.5.1. lungs stored 48 h in UWmod

9.5.2. lungs stored 48 h in CT

9.5.3. lungs stored 72 h in UWmod

9.5.4. lungs stored 72 h in CT

All sub-groups consisted o f seven specimens for the histological studies and o f 3 for 

the SEM studies.

9.4. Results

9.4.1. Histological studies

Controls

Normal pulmonary tissue, with clear alveolar spaces and thin walls, was found in 

transplanted and non-transplanted controls (Plate 9.1).

Experimental groups

Non-transplanted lungs hypothermically stored fo r  48 or 72 h 

Lungs stored in both solutions showed similar histological features. The alveolar 

structure o f lung tissue was well preserved with thin walls. No alveolar oedema, 

parenchymal haemorrhage or abnormal pleural pathology were found after 48 or 72 

h o f  hypothermic storage. Mild septal congestion and moderate to severe 

perivascular oedema were observed in some specimens stored for 48 h and in all 

specimens after 72 h o f storage with both preservation solutions (Plate 9.2).

Lungs stored for 48 or 72 h and subjected to 5  min o f revascularization 

Alveolar structure was in general well preserved. Perivascular oedema was rated as 

moderate after 48 h o f hypothermic storage and severe after 72 h for both solutions. 

Alveolar oedema was present in most specimens stored in UWmod, and in half o f
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those stored in CT (Plate 9.3). Vascular and septal congestion were present in all 

specimens. No alveolar haemorrhage was found but moderate sub-pleural 

haemorrhage was present in several specimens after 72 h o f hypothermic storage in 

both solutions.

Lwigs storedfor 48 h and subjected to 24h o f  revascularization 

Only four out o f  seven specimens stored in UWmod solution exhibited well 

preserved pulmonary structure, the rest being moderately or poorly preserved. All 

specimens stored in CT presented poorly preserved lung structure. Perivascular and 

intra-alveolar oedema were present in all specimens, being moderate in most o f  the 

UWmod stored lungs and severe in most CT stored lungs (Plate 9.4). Vascular and 

septal congestion were widespread in all specimens, and all lungs had some degree 

o f  alveolar haemorrhage. In all specimens, infiltrates o f polymorphonuclear cells 

were found in damaged areas as well as focal sub-pleural haemorrhage.

Lungs s toredfor 72 h and subjected to 24h o f  revascularization 

All specimens in this group appeared poorly preserved, although outlines o f  alveolar 

spaces could be identified in infarcted tissue. Oedema and haemorrhage were 

widespread, as was the presence o f acute inflammatory cells (Plate 9.5). Storage in 

either solution resulted in morphologically compromised lungs.

Lungs storedfor 48 h and subjected to 4 M>eeks o f  revascularization 

Five out o f  seven lungs stored in UWmod exhibited well preserved pulmonary 

structure, while only one o f the specimens stored in CT solution showed identifiable 

alveoli. Successfully preserved lungs in either solution presented relatively normal 

histological appearance, despite the presence o f a thickened pleura, and small 

fibrotic scars in the parenchyma. Poorly preserved specimens showed extended 

fibrosis with diffuse chronic inflammation. Haemosiderin-laden macrophages were 

found in scarred areas as well as in histologically normal parenchyma (Plate 9.6).
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Plate 9.1. Control; normal rat pulm onary tissue (mag. x30).
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Plate 9.2. Perivascular oedem a around an arteriole in lung tissue stored for 72 h 
in CT solution not subjected to revascularization (m ag. 35).
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Plate 9.3. Vascular congestion and mild alveolar oedem a found in lung tissue  
after 72 h o f hypothermic storage in U W m od solution and 5 min o f  
revascularization (mag. x35).

Plate 9.4. Extensive alveolar oedem a in lung tissue after 48 h o f hypotherm ic  
storage in CT solution and 24 h o f  revascularization (mag. x35). Air spaces are 
filled with fluid.
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Plate 9.5. Severely congested lung after 48 h o f hypotherm ic storage in CT  
solution and 24h o f revascularization. Alveolar walls are engorged with blood  
and alveolar oedem a and haem orrhage are w idespread (mag. x 35).
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Plate 9.6. Fibrotic changes 4 weeks after the transplant procedure. This lung  
was subjected to 72 h o f hypotherm ic storage in U W m od solution. 
H aem osiderin-laden m acrophages are found in fibrotic areas (arrows, mag. x 
40).
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Lungs stored for 72 h and subjected to 4 weeks o f  revascularization 

All specimens had some degree o f fibrosis. Two specimens stored in UWmod 

solution presented 50% or more o f well preserved pulmonary parenchyma that 

nevertheless had multiple fibrotic connections around blood vessels, and thickened 

pleura (Plate 9.7). None o f the lungs stored for 72 h in CT solution demonstrated 

even partially normal parenchymal structure. Areas o f infarcted lung parenchyma 

surrounded by a rim o f acute inflammatory cells and developing fibrosis were the 

most common features in these lungs (Plate 9.8).

Bronchial epithelial changes

Bronchial alterations consisted o f loss o f  cilia, blebbing o f the apical cytoplasm, 

increased eosinophilia o f the cells, rounding up o f cell shape and detachment o f  

blebs and individual cells (Plate 9.9). These changes were seen in all samples from 

both storage times and after 0 and 5 o f min reperfusion. The changes ranged from 

mild to severe. In samples stored for 48 h, bronchial changes had been totally 

reversed after 24 h o f reperfusion with only mild changes present in one specimen 

(Plate 9.10). Bronchial changes could not be assessed in any 72 h stored specimen 

after 24 h o f reperfusion as there was denudation o f over 80 % of the bronchial 

epithelium. All these cases presented severe alveolar haemorrhage and features o f  

infarction were found in severely damaged specimens.

Statistical analysis

Comparing each storage and revascularization period separately, there were no 

statistically significant differences in the degree o f alveolar oedema in lungs stored 

for 48 or 72 h in UWmod vs. CT solutions. Fig. 9.1 represents schematically the 

graded histological appearance o f pulmonary tissue after hypothermic storage for 

both preservation solutions tested at the different revascularization periods studied. 

Applying Kendall's rank correlation test, there was a highly significant relationship 

between the revascularization period and the severity o f histological lesions 

regardless o f the solution used, for both storage periods. The least significant 

correlation found (p=0.005) corresponded to lungs stored in UWmod solution for 48 

h. Lungs stored in UWmod for 72 h and in CT for 48 h and 72 h had highly 

significant correlation (p<0.001). These results indicate that the histological 

preservation o f lung tissue as graded here significantly deteriorated with the duration 
of revascularization. Fig 9.2 represents alveolar oedema assessed by histology.
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Plate 9.7. Ventilating area o f a lung stored for 48 h in CT solution and  
revascularized for 4 weeks. Fibrotic structures can be seen (arrow, mag. x35).

Plate 9.8. Infarcted lung after unsuccessful 72 h storage in CT solution and 4 
weeks o f  revascularization. Active inflam m ation outlines the edges of the  
necrotic tissue (mag. x35).
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Plate 9.9. Bronchial epithelial surface blebbing after 48h of cold-hypoxic 
storage in UWmod solution without revascularization (arrows, mag x40).

Plate 9.10. Totally restored bronchial epithelium after 24 h of revascularization 
following 48 h of storage in UWmod solution. Normal cuboid shaped cells with 
basal nuclei and cilia on the luminal surface (arrow) can be seen (mag. x40).
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Bronchial epithelial changes , were statistically analysed There was a statistically 

significant negative correlation o f the bronchial epithelial changes with the different 

revascularisation periods (^<0.01).
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Fig. 9.1. Schematic representation of histological preservation of lung tissue 
stored in UWmod solution (top graph) or CT solution (lower graph) for 48 h 
(empty circles) or 72 h (full circles) subjected to different periods of 
revascularization (0 min, 5 min, 24 h or 4 weeks). Histological appearance o f  
the tissue was rated from 0 to 5: 0 normal histology; 1 minimal alterations; 2 
mild; 3 moderate; 4 pulmonary tissue still recognisable but severely damaged; 
and 5 very severely damaged tissue without recognisable pulmonary structure. 
The grade 0 is not represented in the figure due to absence of elements in that 
group.
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Fig. 9.2. Schematic representation of alveolar oedema assessed by histology 
after cold-hypoxic storage and revascularization. Empty circles represent lungs 
stored for 48 h, full circles represent lungs stored 72 h. Oedema was graded as: 
absent, mild, moderate or severe.
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9.4.2. SEM studies

Controls

Controls: Uniform endothelial monolayers with regular cobblestone appearance 

were seen in all micrographs. The endothelial surface was totally covered by 

geometrically-regular, fusiform cells in close contact with each other (Plate 9.11). At 

higher magnification (xSOOO) a small number o f microvilli were identified on 

cellular surfaces (Plate 9.12). Transplanted controls presented a slightly increased 

number o f membrane surface microvilli on EC. The minimum necessary period o f  

warm ischaemia (15 min approximately) suffered by the lungs in the transplant 

operation, whilst arterial, venous and bronchial anastomoses were performed, might 

be the reason for this small difference.

Experimental groups

Lungs stored fo r  48 or 72 h without revascidarization

As a whole, EC monolayers in this experimental group appeared continuous and had 

unaltered cellular connections. Nevertheless, some specimens stored for 72 h 

presented small gaps in cell boundaries visible at high magnification (Plate 9.13), as 

well as increased numbers o f microvilli and cell-to-cell processes when compared 

with controls.

Lungs storedfor 48 or 72 h and subjected to 5 min o f  revascularization  

Most vessels appeared damaged to some extent. Patches o f well preserved 

endothelium coexisted with whole segments o f arterial wall where erythrocytes, 

platelets, fibrin and other blood components obscured the luminal surface. Numerous 

blood clots were found. EC had a more flattened morphology than controls. The 

number o f  partially detached EC was high, with only one or both cellular poles 

retaining the last point o f  cell contact with the vessel wall. A frequent finding in 

these specimens was that neighbouring cells behaved in a compensatory way; when 

one EC shrank, the adjacent cell would spread itself to maintain complete coverage 

o f the wall surface (Plate 9.14). After 72 h o f hypothermic storage and 5 min o f  

reperfusion numerous small gaps were found in the monolayer (Plate 9.15), and 

denuded areas showed exposed matrix and collagen fibres. EC blebs, apparently 

originating from surface microvilli were a common feature (Plate 9.16).

Lungs storedfor 48 or 72 h and subjected to 24 h o f  revascularization

Some specimens showed well preserved endothelium with almost complete coverage

o f their surface by EC, although a high number o f red and white blood cells, blood
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clots and cell debris were present. Occasionally, an individual cell or a small group 

o f cells were found partially detached, leaving a uniform basement membrane 

exposed. In less well preserved specimens, cell shape varied from polygonal to 

stellate, resulting in loss o f continuity o f  the monolayer (Plate 9.17). Badly preserved 

specimens, presented an irregular surface in which loose cells, blood clots, detached 

blebs and cell debris obscured the endothelial surface.

Lungs storedfor 48 or 72 h and subjected to 4 weeks o f  revascidarization 

Well preserved arteries presented a surface completely covered with EC (Plate 9.18). 

Microvilli and membrane folds were augmented in relation to controls, suggesting 

high membrane activity (Plate 9.19). A  few specimens presented irregular cellular 

surfaces and occasional gaps in the monolayer, with easily detachable cells . Badly 

preserved arteries presented a surface o f disorganised collagen fibres mixed with 

nests o f  cells and fibrotic structures (Plate 9.20).

Statistical analysis

With Kendall's rank correlation test, a statistically significant difference between the 

different revascularization periods were found for the CT solution at both 48 h 

ip=0.022) and 72 h (^=0.006) indicating that, for that solution, the percentage o f  

preserved endothelium significantly decreased with longer revascularization periods. 

No statistically significant differences were found for the UWmod solution.
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Plate 9.11. Control: scanning electron micrograph of normal rat pulm onary
arterial endothelium (mag. x 1,600).

197



Chapter 9 EC continuity and permeability

Plate 9.12. Control: scanning electron micrograph of normal rat pulm onary
arterial eiulotlielium. A small num ber of surface microvilli can be seen (mag.
x8,000).
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Plate 9.13. Scanning electron micrograph of rat pulm onary arterial 
en dot helium subjected to 48 h of hypothermic storage in CT solution. Some  
gaps in the monolayer can be seen at cell boundaries (arrow, mag. x8,000).
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Plate 9.14. Scanning electron micrograph of rat pulmonary arterial 
endothelium  subjected to 48 h of hypothermic storage in UW m od solution. One  
shrunk cell (arrow) is semi-detached but keeps its two poles in contact with the 
vessel wall. The adjacent cell however is stretched (mag. x8,000).
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Plate 9.15. Scanning electron micrograph of rat pulmonary arterial 
endothelium  subjected to 72 h of hypothermic storage in U W m od solution  
followed by 5 min of revascularization. Small gaps are present in the monolayer  
in (arrows, mag. x 1,600).
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# # 3

Plate 9.16. Scanning electron micrograph of rat pulm onary arterial 
eiKlotlielinm subjected to hypothermic 48 h o f storage in CT solution followed  
by 5 mill of revascularization. An increased num ber of microvilli, some of  
which are becoming blebs can be seen on cellular surfaces (arrow, mag. x8,000).
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Plate 9.17, Scanning election  micrograph of rat piihiionary arterial 
endothelium  subjected to 48 h of hypothermic storage in CT solution followed  
by 24 h o f revascularization. Stellate shaped EC results in num erous gaps in the 
m onolayer leading to loss of continuity (mag. x l ,600) .
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Plate 9.18. Scanning electron micrograph of well preserved rat pulmonary  
arterial endothelium 4 weeks after transplantation. Lungs were stored in 
UW m od for 48 h. Nearly normal looking endothelium  can be seen (mag.  
x l,600) .
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Plate 9.19. Scanning electron micrograph o f  well preserved rat pulmonary  
arterial endothelium 4 weeks after transplantation. Lungs were stored in 
UW m od for 48 h. Nearly normal looking endothelial surfaces can be seen, but 
the num ber of cell surface microvilli and cell-to-cell processes are increased  
com pared to controls (mag. x8,000).
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Plate 9.20. Scanning e lection  micrograph of badly preserved rat pulm onary  
arterial endotlielinm subjected to 72 h o f hypothermic storage in CT solution  
followed by 4 weeks of revascularization. The endothelial covering is absent, 
leaving exposed collagen fibres and fibrotic processes (mag. x 1,600).
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9.5. Discussion

Hypothermia seems to be particularly harmful to EC, especially when combined 

with hypoxia and reoxygenation injury. Low temperatures are widely used in organ 

preservation due to their ability to slow cellular metabolism and energy consumption 

o f  cells, However, several in vitro studies with cultured EC have confirmed loss o f  

normal cell architecture and the creation o f intercellular gaps after hypothermic 

exposure (Solberg et al., 1987; von Oppell et a l,  1992; Hidalgo et a i ,  1993 and 

previous chapters) and it is probably a very important factor altering EC 

morphology.

The composition o f the new solution has been discussed in chapter 7. In vitro  studies 

showed that this formula (CT) was effective at protecting cultured human EC during 

shorter periods o f hypothermic storage (Hidalgo et a l ,  1994; and chapter 7). 

However, the present experiment failed to show a significant protective effect. The 

differences in experimental design (different species, pulmonary versus umbilical 

EC, in vitro versus in vivo) could account for this. Another possibility is the fact that 

some o f those compounds may have been less active after 48 or 72 h at 4° C. This 

may be the reason that the addition o f  phallacidin did not protect EC shape in the 

present experiments, despite the fact that the actin cytoskeleton plays an important 

structural role in maintaining cell-to-cell attachment (Goldman et a l ,  1990).

In this experiment, perivascular oedema preceded alveolar oedema, followed by 

frank haemorrhage in severely damaged lungs. The oedema was probably 

paracellular. The markedly reduced ATP levels and the lack o f energy available to 

cells after 48 or 72 h o f hypothermic storage make any active transcellular fluid 

transport process improbable. Previous morphological studies on cultured EC have 

found that cell rounding and intercellular gaps are created in continuous monolayers 

o f  EC subjected to hypoxia and hypothermia (Solberg et a l ,  1984). It has been 

shown that hypothermia disrupts EC cytoskeleton and alters EC junctions and shape 

(Solberg et a l ,  1987; Hidalgo et a l ,  1993; and chapter 4). Ischaemia/reperfusion 

injury results in rounding and detachment o f  EC (Caldwell-Kenkel et a l ,  1989; von 

Oppel et a l ,  1990) and it has been found that agents able to increase monolayer 

permeability are capable o f altering EC shape and form intercellular gaps (Malik and 

Fenton, 1992).

After the relatively long storage periods used in this experiment, the morphological 

appearance o f lung tissue immediately after the storage period seem to have little
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predictive value regarding tissue survival. However, the presence o f perivascular 

oedema before the re-establishment o f the blood supply to the organ suggests that the 

dramatic alterations in vascular permeability found soon after the revascularization 

period were already preconditioned by morphological changes present at the end o f  

hypothermic storage period. The most likely source o f perivascular fluid found 

immediately after the hypothermic storage is the preservation solution itself, as was 

pointed out by Hall and colleagues (1992). In this chapter experiments lungs were 

maintained inflated during the storage period. The hydrostatic pressure provided by 

the preservation solution after 48 or 72 h o f  storage should be very small or non

existent, since the pulmonary artery and vein were not clamped and the preservation 

solution inside the lung was in direct contact with the preservation solution 

surrounding the organ. In the absence o f hydrostatic pressure, the changes in 

vascular endothelial continuity must have been remarkable to allow the formation o f  

perivascular oedema. When the lung was transplanted into a healthy recipient and 

normobaric pulmonary circulation restored, moderate to severe pulmonary oedema 

was found in all specimens in this experiment. In shorter hypothermic storage 

periods, including clinical transplants, the amount o f  perivascular oedema present in 

biopsies pre-transplantation could be used as predictive factor o f alveolar oedema. 

The presence o f mild or even minimum perivascular oedema after the storage period 

reflects considerable alterations in vascular permeability that would result in severe 

alveolar oedema upon revascularization o f the organ.

The increase in alveolar oedema found 24 h after transplantation does not correspond 

with the observations o f Hall and colleagues (1992) who found a decrease in oedema 

during the first 4 h o f  reperfusion using a similar in vivo model. The short storage 

periods used in their experiment could account for this discrepancy in results. In this 

chapter set o f experiments, the damage inflicted during long hypothermic and 

ischaemic storage periods increased progressively with the length o f  the 

revascularization period (highly significant for both solutions and for both storage 

periods studied).

Despite this tendency to present less well preserved tissue after longer 

revascularization periods, haemosiderin-laden macrophages were found in otherwise 

normal areas o f some lungs four weeks after transplantation. This finding suggests 

histological recovery o f  pulmonary tissue in areas where some degree o f  

haemorrhage had occurred; severe alterations in vascular permeability could be due 

to changes o f  shape and loss o f continuity o f  the endothelial monolayer, rather than 

to cell death and detachment. In agreement with that hypothesis is the fact that
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metabolic and morphological alterations in EC morphology without cell death have 

been described before (Cullen et al., 1991; Carles et a l ,  1994).

A connection between vascular endothelial damage during preservation and 

parenchymal oedema in transplanted lungs has long been suspected. Under 

physiological conditions the endothelial monolayer plays a crucial role in vascular 

permeability regulation. Passage o f fluids and macromolecules to the parenchymal 

space, as well as inflammatory cell migration and other functions involving transfer 

o f  cellular elements from the vascular to the alveolar space are directly or indirectly 

regulated by that single layer o f EC (van Hinsberg, 1992).

In explaining the pathophysiological changes observed during transplantation, 

several authors have concluded that the vulnerability o f endothelium to ischaemia 

and reperfusion is the critical factor limiting return o f normal function after storage 

o f solid organs (McKeown et a l,  1988; Marzi et a l,  1989; Momii and Koga, 1990; 

Fratté et a l ,  1991; Rauen et a l,  1993). Following ischaemia and reperfusion, stored 

lungs lose control o f  vascular permeability, and oedema develops (Hall et a l ,  1992; 

Mills et a l ,  1992, Hidalgo et a l ,  1995). In vitro studies have also shown that 

hypoxia and reoxygenation increases the permeability o f cultured EC monolayers 

(Inauen et a l ,  1990). However, to our knowledge, direct morphological evidence 

linking endothelial monolayer damage and alveolar oedema in transplanted lungs is 

very scarce. The present results show a clear correlation between the degree o f  

alteration in monolayer continuity and EC shape and attachment with the amount o f  

parenchymal oedema found in lungs undergoing transplantation.

The permeability rise seen in transplantation is very probably caused by EC 

cytoskeletal alterations leading to EC rounding (Shasby et a l,  1982; Hinshaw et a l,

1989). Other authors consider cell shrinkage and cell retraction the cause leading to 

vascular fluid leakage via paracellular pathways (Shepard et a l ,  1987; Inauen et a l,

1990). In the present study, clear morphological alterations o f EC changing from 

their characteristic fusiform shape to spherical or stellate were found. As 

consequence, endothelial monolayers had EC that did not maintain the necessary 

continuity to regulate trans-vessel fluid permeability.

Several mechanisms o f damage to the endothelium possibly interact under the 

conditions studied here. First, severe hypothermia for a prolonged period o f  time has 

proved to be very harmful to endothelial cell morphology, and viability in vitro 

(Solberg et a l ,  1987; Hidalgo et a l ,  1993). Falling levels o f cellular ATP have been
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blamed for the cytoskeletal disassembly that takes place during hypothermic storage 

o f  EC (Hinshaw et a l ,  1988). Secondly, hypoxia alone has been shown to be highly 

damaging to pulmonary EC by a combination o f stimulation o f  membrane lipid 

pedoxidation and degradation o f membrane phospholipids (Block et a l ,  1989). 

Ischaemia associated with hypothermia is a lethal combination for EC. Experiments 

with cultured human EC in our laboratory showed marked morphological alterations 

o f  monolayers subjected to cold-hypoxic storage (Hidalgo et a l ,  1994). Thirdly, 

revascularization involves the sudden restoration o f highly oxygenated blood at high 

pressure, with an inevitable rise in the temperature o f the organ. SEM studies do not 

allow measurement o f the strength o f EC attachment to the basal matrix and/or to 

each other via intercellular connections. The retraction experienced by EC, together 

with the change o f shape towards rounding seen in the present study and in other 

ultra-structural studies o f endothelium, allow the recording o f gap formation in the 

monolayer, but the possibility o f  normal-shaped but weakly anchored EC cannot be 

ruled out. Consequently, small morphological changes in cells prior to 

revascularization could be compatible with wider denudation after pulmonary 

circulation is restored. Finally, additional damage is likely to be caused by oxygen 

derived free radicals, able to increase permeability o f EC monolayers in vitro after 

ischaemia and reperfusion damage probably by cell retraction (Inauen et a l ,  1990).

An increased number o f membrane prolongations and cell-to-cell processes were 

seen immediately after hypothermic storage without revascularization. This was 

almost certainly not due to an increase in cell membrane activity, because that 

process requires energy, not readily available to EC after 48 or 72 h o f  hypothermic 

and ischaemic storage. On the contrary, under those conditions, most enzyme 

activity and cellular metabolism would be depressed to very low levels. The lack o f  

energy resources would then result in EC losing their ability to regulate cellular 

volume. Small losses o f cellular fluid added to cytoskeletal reorganisation, could 

lead to slight cellular shrinkage/retraction, the first sign o f  which might be the 

creation o f  membrane folds and wrinkles that gave the appearance o f  increased 

membrane activity. Regarding intercellular processes, cell retraction and shrinkage 

could expose intercellular processes which in normal relaxed and complete 

monolayers would be obscured due to EC borders overlapping. The possibility o f  

cell retraction after hypoxic insult was also contemplated by Inauen and co-workers 

(1990).

In accordance with Solberg et a l,  (1987), this chapter experiments shown (as did 

chapter 6) that one or both cellular poles o f EC were nearly always the last point o f
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contact between the cell and the vessel wall. When endothelial continuity was lost 

only sparsely, basal matrix could be seen through small intercellular gaps. When 

medium or large groups o f cells detached from the wall, the underlying matrix was 

swept away almost immediately. In widely-denuded areas, the absence o f  basal 

matrix was nearly complete and only fibres and bundles o f collagen could be 

identified as components o f the vessel wall. In normal endothelium the basal 

membrane is secreted mainly by endothelial cells and provides a strong support for 

the monolayer (Savion ei a l, 1982). That matrix seems to be extremely fragile as 

soon as the EC cover disappears. The ability o f the blood vessel to control 

permeability once the EC cover is damaged is extremely limited, and that is the 

situation seen in the present experimental transplants soon after blood supply 

restoration.

Intact endothelium prevents thrombus formation producing anticoagulant proteins, 

anti-aggregation factors and tissue type plasminogen activator (van Hinsbergh, 

1992), but when injured, it promotes platelet aggregation and blood coagulation 

(Zilla et a l ,  1993). Gertler and co-workers (1991) suggested that activation o f  EC- 

based coagulation pathways by hypoxia may be responsible for the microvascular 

thrombosis seen after ischaemia, even in the presence o f heparin. Direct injury to the 

endothelium, and exposure o f  basal membrane through cell death or loss o f  EC 

shape, would both lead to immediate and severe coagulation pathway activation 

(Ogawa et a l ,  1990; Gertler et a l ,  1991; Zilla et a l ,  1993). Sub-lethal injury can 

promote pro-coagulant responses, which is both multifactorial and multiphasic 

(Gertler and Abbott, 1992). In agreement with these findings, severely damaged 

specimens in the present experiment revealed blood vessels obliterated with 

coagulated blood. The pro-coagulation tendency seen in the present experiment 

could be due to alterations in anticoagulant properties o f EC during storage and 

revascularization, but they could also be explained by the exposure to blood 

elements o f  the highly thrombogenic basal membrane due to loss o f continuity o f  the 

EC monolayer.

Early physiological studies considered the endothelium a passive wall o f  identical 

cells, but evidence o f  EC heterogeneity is now widespread. Clear phenotypic 

differences have been found between EC from different organs and tissues (Speiser 

et a l ,  1987; Manolopoulos and Lelkes, 1993), between large vessels and 

microvessels (Kumar et al., 1987; Shreeniwas et a l,  1991) and between arterial and 

vein EC (Siflinger-Birnboim et a l,  1988). However, heterogeneity in behaviour o f  

EC from the same vascular bed was recorded in this experiments. Especially in the
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early stages o f revascularization, some EC expanded their surface area to cover the 

basal membrane space exposed by the retraction o f  adjacent EC. The aim o f this 

behaviour seemed to be to avoid exposure o f the highly thrombogenic basal 

membrane to blood elements. Ward and Donnelly (1993), also found heterogeneic 

responses o f EC from the same bed subjected to hypoxia; some EC expanded, while 

others remained apparently healthy, despite the fact that the glycocalyx o f all cells 

was damaged by the hypoxic insult.

Two hypothetical explanations can be argued. First, heterogeneic behaviour could 

correspond to different sub-populations o f EC. Vidal-Vanaclocha and colleagues 

(1993) found two sub-populations o f EC in liver sinusoids with a different 

cytoplasmic porosity index and wheat germ agglutinin-binding efficiency that led to 

different cell sedimentation behaviour. Athnassakis-Vassiliadis and co-workers

(1993) also identified different sub-populations o f placental cells using cytokeratin 

and vimentin as EC markers in murine placenta, and immunostaining techniques 

allowed Cai and colleagues (1993) to differentiate sub-populations o f  EC in human 

umbilical veins. EC with specific biochemical capacities could have different 

metabolic resources at the initiation o f  the hypothermic and ischaemic injury 

allowing them to react in different ways to the same stimulus. The second hypothesis 

involves the ability o f  EC to react differently to specific insults depending on the 

stage o f  the cell cycle o f  each particular cell. For instance, it is known that the stage 

in the cell cycle affects the sensitivity o f Chinese hamster lung cells to stresses such 

as freezing (Frim et a l,  1976).

Inflammatory processes appeared to be less dramatic than permeability changes in 

this experiment. The presence o f adherent neutrophils in damaged lung tissue may 

not be essential for the development o f oedema. Hall and colleagues (1992) found 

that initial marked oedema cleared despite an increase in the number o f  adherent 

neutrophils. Similar findings were published by Deeb and colleagues (1990) who 

observed in an experiment using an isolated rat lung model that reperfusion injury 

after lung ischaemia was not enhanced by neutrophils. Likewise, the presence o f  

inflammatory cells did not seem to play a determinant role in the production o f  

tissue oedema in the conditions of this chapter experiments. Nevertheless, the 

presence o f adherent neutrophils might contribute to oedema formation after 

ischaemia and reperfusion injury in lung preservation by producing oxygen derived 

free radicals, leading to increases in permeability (Klausner et a l ,  1989).
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EC blebbing is a well known phenomenon in damaged EC (Marzi et a l ,  1989; Fratté 

et al., 1991; Pickford et a/.,bl990). In the present experiments, numerous blebs on 

EC membranes were photographed. They appeared to have originated from 

membrane surface microvilli and intercellular processes. If blebs result from 

microfilament disorganisation (Fratté et al., 1991) under conditions o f  ischaemia and 

reperfusion, microvilli and cell prolongations could become weak points where any 

excess o f  volume in the cytoplasm could develop into blebs. These blebs could 

detach and indeed were seen as free bodies in severely damaged specimens, in 

accordance with Lemasters and co-workers (1983) who collected detached blebs by 

filtration o f effluent perfusate o f  isolated rat liver during hypoxia and reoxygenation 

processes. Blebbing seems to be a previous step to cell death and could be a defence 

mechanism in volume compromised cells, due to the hypothermic inactivation o f the 

Na"""-K''' membrane pump. Blebbing o f parenchymal cells due to ischaemic- 

hypothermic damage has been described in hepatocytes o f  livers undergoing 

transplantation.

A very interesting histological finding in the present experiment was the alteration o f  

bronchial epithelial cells as a consequence o f  cold-hypoxic storage. Epithelial cells 

were observed rounded and detached, with ciliary alterations and blebbing. These 

bronchial epithelial changes may be a result o f hypoxia and hypothermia during 

storage. Following reperfusion however, the changes regressed in lungs stored for 48 

h, suggesting that these alterations were reversible. In lungs stored for 72 h however, 

denudation o f  the epithelium was seen associated with marked parenchymal 

haemorrhage and in some cases, with infarction.

Two o f these changes (rounding and blebbing) were common to EC and bronchial 

epithelial cells in the present study. The tendency towards adopting a spherical 

morphology presented by these two types o f  cells leads us to speculate about the 

existence o f a common mechanism towards cell rounding and loss o f physiological 

cell shape under hypoxia and hypothermic conditions that could be more or less 

universal, dependant more upon the space available to round up than in the shape 

adopted by the different cells. Lumenal cells (vascular EC and bronchial epithelial 

cells in this study) have literally the space to adopt the spherical shape, while most 

other parenchymal cells are in three-dimensional close contact with each other that 

renders shape changes difficult. The other common feature observed was blebbing. 

As commented above, this feature is also present in other parenchymal cells 

subjected to ischaemic-hypothermic damage.
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Unlike damage to the endothelium which increased with the revascularization 

period, bronchial alterations had a significant negative correlation with the increased 

periods o f revascularization. Altered bronchial epithelial cells were seen in non- 

rev as cu laris ed and 5 min revascularized lungs, suggesting that these alterations are 

predominantly a results of hypothermia and/or ischaemia. Similar alterations in 

bronchial epithelial cells have been described before although in very different 

conditions. In two previous study intratracheal detergent solution administration in 

rabbits caused swelling o f the epithelial cell cytoplasm with bleb formation; rupture 

o f the blebs and apical zones o f cells rendered them cuboidal (Eskenasy, 1980). 

Similarly bleb formation in bronchial ciliated cells o f adult mice was seen following  

exposure to high concentrations o f  oxygen (Ohara et a l ,  1979). Other ultrastructural 

studies have identified epithelial bleb formation. Human respiratory epithelium when 

treated with human neutrophil elastase and proteinase enzymes produced by 

Pseudomonas areuginosa in vitro (Amitani et a l ,  1991) suffered detachment o f  

epithelial cells and cytoplasmic blebbing as well as mitochondrial damage. A  clinical 

study o f  asthma patients reported apical bleb formation and ciliary destruction as a 

manifestation o f  cell injury (Konradova et a l ,  1985).

The bronchial epithelial cells changes observed in this study seem to be non-specific, 

damage related alterations, but have not to our knowledge been described before in 

relation to ischaemic and hypothermic storage, and deserve further study. The nearly 

complete recovery seen after 24 h o f  revascularization suggests that these alterations 

are reversible, when the organ has been stored for up to 48 h. In this model all lungs 

stored for 72 h presented denuded bronchial lumen. The tolerance threshold o f 

bronchial epithelial cell to hypothermic preservation prior to lung transplantation 

therefore appears to be between 48 and 72 h in this model.

9.6. Conclusions

1 After a period o f cold-hypoxic storage followed by transplantation, lung tissue 

presented loss o f control o f  vascular permeability resulting in alveolar and 

perivascular oedema accompanied by haemorrhage in severely damaged lungs.

2 In endothelial surfaces o f lung arteries, morphological alteration and cytoplasmic 

blebbing o f  endothelial cells and bronchial epithelial cells are also probably 

caused by cold-hypoxic storage.
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3 The efficiency o f preservation solutions may rely on adequate and quick 

recovery o f the vascular EC after extended storage.

4 Better preservation o f the endothelial cell monolayer could lead to greatly 

improved pulmonary tissue outcome and satisfactory organ viability after longer 

storage periods o f  lungs used for transplantation.
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C h a p t e r  10 

G e n e r a l  d is c u s s io n

10.1. Hypothesis and Aims

10.1.1. Hypothesis

The general hypothesis stated at the end o f chapter 1 o f this study consisted o f  two

statements that will be discussed separately:

(a) the endothelial cell layer is a sensitive site of damage during cold hypoxic 

preservation of lungs, and de-stabilisation of the endothelial monolayer 

leads to loss of control of permeability between pulmonary capillaries and 

alveolar air spaces resulting in oedema and vascular damage.

The initial statement o f the general hypothesis (a), was proven correct:

• The high sensitivity o f the endothelial monolayer was tested in the in vitro 

model, where remarkable EC damage was found after storage under hypothermic 

conditions (chapter 4), and after cold-hypoxic storage (chapter 5). Cold hypoxic 

storage o f  whole vessels without revascularization equally resulted in EC shape 

alterations and monolayer discontinuities (chapter 6).

• The amount o f oedema (perivascular and alveolar) found in cold-hypoxic stored 

lungs in an in vivo model o f rat lung transplantation was compatible with severe 

alterations o f vascular permeability involving disruption o f  the endothelial 

monolayer (chapters 3 and 9).

• Re-oxygenation o f EC cultures in vitro after a period o f cold-hypoxic storage 

resulted in further reduction in EC viability and damage to monolayer continuity 

(chapter 7).

• In chapter 9, a direct correlation between the loss o f continuity in the endothelial 

monolayer and perivascular and alveolar oedema in pulmonary tissue was made.
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Histopathological alterations were proportional to the amount o f  endothelial 

damage.

The second statement o f the general hypothesis was:

(b) therapies aimed at maintaining the continuity of the EC monolayer will 

limit oedema formation and improve functional and morphological 

recovery of lungs after transplantation.

This second statement (b) was only partially proven:

• A newly designed EC-directed solution resulted in significantly better EC 

preservation in vitro (chapter 7), when compared with University o f Wisconsin 

solution, but failed to demonstrate statistically significant improvements when 

used in the in vivo model (chapter 9).

• However, solutions that adequately protected monolayer continuity (as assessed 

by SEM), were also successful in limiting the amount o f  alveolar and 

perivascular oedema, indirectly proving that better protection o f the endothelial 

monolayer results in better whole lung preservation (chapter 9).

• Agents able to modulate cAMP levels were able to limit monolayer permeability 

in vitro (chapter 8). Although those agents were not tested in vivo, the limitation 

of permeability demonstrated should result in oedema limitation in whole organs 

after lung transplantation.

10.1.2. Aims

The general aims stated at the end o f the Introduction o f this thesis (chapter 1 ) were

largely met:

1. To identify the most frequent and more important morpho-physiological 

alterations in lung tissue after a period o f hypothermic storage and 

subsequent reperfusion in lung transplantation, concentrating on the 

importance of the EC monolayer in pulmonary capillaries.
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Morpho-physiological alterations were identified in chapter 3 and re-encountered in 

chapter 9. Those changes probably had a common cause in the loss o f vascular 

permeability control due to endothelial damage seen in chapters 4, 5, 6, 1 and 8.

2. To develop an in vitro model of endothelial cell biology which would allow  

parallel investigations in in vivo model and cells in culture.

The model for in vitj'o investigation o f transplant-related EC damage was first 

defined in chapter 4 and subsequently improved in chapters 5 and 7. Results using 

this model were consistent and correlated well with results obtained using the ex vivo  

(whole vein) and in vivo (lung transplant) models.

3. To com bine the information from these approaches to improve lung  

preservation under hypothermic and hypoxic conditions.

Combining the results obtained from the in vitro model o f cold-hypoxic storage o f  

human EC and those obtained with the in vivo model o f lung transplantation, w e 

designed a new experimental preservation solution aimed at protecting EC under 

organ storage conditions (chapter 7). Individual pharmacological agents able to 

control the increased permeability induced by hypothermic storage o f  EC 

monolayers were identified in vitro (chapter 8). Those two approaches (EC-directed 

preservation solution and EC-modulating drugs) could be used in association to limit 

storage-induced damage to stored lungs.

10.2. Correlation of results obtained with different experimental 
models: in vivo, ex vivo and in vitro.

The three different models used in this study were designed to reproduce the 

conditions suffered by lungs undergoing transplantation, from different perspectives 

depending on the possibilities o f each model. The inbred single lobe lung 

transplantation model allows small animal reproduction o f  whole lung 

transplantation in vivo without the associated rejection processes encountered in the 

clinical procedure. Its disadvantage is that it is not as complex as the clinical 

situation that it is attempting to mimic. It allows a wide range o f tests and statistical 

analysis o f  results in terms o f viability and physiological dysfunction but it is 

impossible to pinpoint the metabolical pathways, cellular behaviour, damaging 

mechanisms and molecular biology processes that lie behind the clinical problem. 

Therefore, it was desirable to use simpler models in which a single structure such as
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an isolated blood vessel or single cell cultures o f EC in a separate environment 

where conditions could be made uniform and allow examination o f individual 

parameters which might influence the end result.

However, results o f experiments using isolated cells and structures are themselves 

difficult to extrapolate to the clinical situation because they are in a way a more 

"artificial" reproduction o f the clinical problem under study. I tried to partially 

overcome this disadvantage by using human veins and human EC (umbilical and 

saphenous vein) in my ex vivo and in vitro experiments. Comparison o f results 

obtained using these models with the same structures and cells in an in vivo clinical 

situation need to be undertaken with care, but at least the results were obtained from 

human vessels and cells, thus circumventing the species differences that are 

unavoidable in the lung transplant in vivo model.

10.2.1. In vivo and ex vivo models

In vivo experiments were initially used to identify the main problems suffered by 

pulmonary tissue following cold-hypoxic storage and transplantation. Histological 

studies were the main methods o f  assessment used in this model, supported by x-ray 

analysis, angiograms, transmission electron microscopy and macroscopic inspection 

o f  pulmonary tissue and survival o f  the grafted lungs. The correlation between in 

vivo and ex vivo experiments, where segments o f vein were hypothermically stored, 

was very strong since EC o f rat pulmonary arteries observed by SEM after lung 

storage and transplantation behaved in the same way that EC o f  human umbilical 

veins after hypothermic storage. It seems reasonable therefore to expect similar 

behaviour o f human pulmonary arteries o f lungs undergoing clinical transplantation. 

Results presented in chapter 9 showed a direct correlation between damage to the 

endothelial monolayer and amount o f  parenchymal oedema and haemorrhage. EC 

shape alterations and surface irregularities correlated well with results obtained in the 

ex vivo study o f humans veins. After revascularization, restoration o f blood flow led 

to increased damage. Despite activation o f coagulation processes upon 

revascularization, which then resulted in partial masking o f  the EC monolayer, the 

observable damage was nevertheless clear exhibiting more monolayer lesions, 

leading to more parenchymal flooding.

The superiority o f the UW solution over other solutions in experimental lung 

transplantation is well documented (Belzer et al., 1992; Collins et al., 1992). 

However, in this study, results obtained using these two models showed lack o f
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statistically significant differences between preservation solutions with high or low  

levels o f  sodium and potassium. In our ex vivo experiments, the lack o f difference 

could be explained by the fact that the veins were not revascularized. Experiments 

using the in vivo model tested the two versions o f  the UWmod solution and equally 

found no statistically significant differences, in agreement with many other in vivo 

experimental and clinical studies that report either no or only small differences using 

intra- versus extra-cellular composition solutions (Moen et al., 1989; Kurzawinski et 

a l ,  1994).

10.2.2. Ex vivo and in vitro models

Morphological investigations o f vascular endothelium using SEM micrographs was 

the method o f analysis in the ex vivo studies, while morphometric analysis 

complemented by membrane integrity measurements (LDH and ^^Cr leakage) and 

permeability assays were used in the in vitro models.

Both experimental models were performed using human tissues (umbilical and 

saphenous veins) and cells. In vitro cultured EC subjected to cold-hypoxic storage 

exhibited similar progressive damage to that observed in ex vivo stored veins, 

although some differences, especially in the timing o f the damage and cell 

detachment, were observed. The basic tendency to adopt spherical morphology was 

common to both models, as well as the fact that cell-to-cell connections were lost 

before cell detachment took place. However, while EC grown on untreated glass 

coverslips detached in a non-specific way, and detachment was seen mainly in 

already spherical EC, detachment o f cells from the basal membrane in whole vessels 

followed a slightly different order. In whole veins, EC seemed to initially detach at 

the central part o f the cells, leaving one or both poles as the last point o f  contact with 

the underlying substratum.

Creation o f  gaps and discontinuities in monolayers as consequences o f cell shape 

change and detachment were seen in both models. In the permeability studies, those 

gaps were morphologically observed by immunological staining o f C D 31 and actin 

filaments, and indirectly measured by determination o f albumin permeability 

through the monolayer.

Blebbing was a common feature o f cultured and ex v/vo-stored EC after cold- 

hypoxic storage. In in vitro cultured cells, blebs could be identified as membrane 

extensions, and were recorded in both alive and dead cells, as assessed by eosin Y
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exclusion. Observations at higher magnification by electron microscopy allowed us 

to identify blebs as microvillar enlargements with a tendency to detach from the cell 

surface after a certain size was reached. Curiously, blebs were only observed in cells 

with intact cytoplasmic membranes in this model.

In the in vitro model, statistically significant differences between preservation 

solutions were found. This could be explained by the high number o f experimental 

groups and the higher number o f repetitions in each experimental subgroup that the 

model allowed, permitting more extensive and complex statistical tests. It could also 

be due to the fact that in in vitro experiments the effects o f the preservation solutions 

were tested exclusively on EC preservation, whereas in the ex vivo model, other 

tissue structures were involved.

10.2.3. In vitro and in vivo models

Results obtained using the in vitro model o f human EC cultures are difficult to 

compare with in vivo lung transplants results. However, as was commented in the 

discussion o f the relevant chapters, in vitro alterations may help us to explain some 

o f  the main pathophysiological changes found in lungs after transplantation. The loss 

o f  monolayer permeability seen after organ storage and revascularization was 

reflected in numerous gaps and discontinuities found in monolayers o f cultured EC 

after hypothermic storage. These experiments suggested that oedema could be 

caused by EC shape alterations followed by cell detachment, if  the observed 

monolayer alterations in vitro (resulting in a monolayer apparently unable to regulate 

vascular permeability) were to hold true in vivo.

The lack o f statistically significant differences between preservation solutions 

previously documented in the in vivo model were not found in vitro, where clear and 

numerous statistically significant differences between experimental groups using 

different preservation solutions were found. Again, the high number o f  experimental 

groups and repetitions, and the fact that substantially different preservation solutions 

were tested in the in vitro model, as opposed to variations o f the same solution 

evaluated in the in vivo model, could account for these discrepancies.

There are many types o f cell in a whole lung, and all o f them are probably affected 

to some degree by the cold-hypoxic storage periods and subsequent 

revascularization. By studying in an isolated situation only the EC population, we 

could draw some interesting conclusions about their behaviour under transplantation
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conditions and the effect o f the damaging process acting on them, hi vitro results 

using exclusively EC showed significantly better results when cells were stored in 

the new CT solution, than when stored in UW solution, hi vivo experiments on the 

other hand, showed that the UW solution was better at preserving whole lungs. Other 

authors storing pig pulmonary arterial EC in vitro concluded that Euro-Collins 

solution was better than UW (Hall et al., 1994). Because permeability control is very 

probably severely impaired in transplantation, it made sense, when designing this 

study, to look closely at these EC monolayers in vitro, and to relate the findings to 

the more complex pathophysiological events seen in the in vivo model. However, 

these findings need to be re-interpreted in the context o f  a whole organ. As the final 

aim is the survival o f the recipient, the optimal preservation o f a single type o f  cells 

(even as crucial as EC) has to be balanced against other factors that will combine to 

determine the success or failure o f the grafted lung.

10.3. Results in perspective with related published work

In the discussion section o f each chapter, specific sets o f results have been 

commented on and compared with related published work. In this general discussion, 

only a global view o f the results in relation to those o f other investigators is 

presented.

10.3.1. Experimental model

Lung transplants in rats allow relatively large numbers o f procedures to be carried 

out, reaching in a few weeks the number o f specimens required for sensible 

statistical comparisons. On the down side, the microsurgery techniques necessary to 

perform the transplants successfully require considerably skill and training, and the 

extrapolation o f results to the clinical situation has to be done carefully. However, 

histological and ultrastructural studies o f  rodent lungs provide a good research tool 

to investigate histopathological alterations which might occur in pulmonary tissue in 

human transplantation.

As commented on in the relevant chapters, histopathological alterations found in this 

model following transplantation are in accordance with results obtained with larger 

animal transplant models and clinical lung transplantation (Belzer and Southard, 

1988; Doring et al., 1991; Novick et at., 1992). Results regarding the efficacy o f  

different preservation solutions are also comparable to clinical transplantation:

2 2 2



Chapter 10 Discussion

solutions that give good experimental results in general also provide good clinical 

preservation (Belzer and Southard, 1988; Novick et a i ,  1992).

Studies using ex v/vo-perfused lung models provide an isolated environment to study 

such physiological variables as compliance, ventilation, pulmonary pressure, and 

differences in oxygen tension (Shiraishi et a i ,  1994). These models are lacking the 

whole body influence o f  blood flow and oxygen consumption as their main 

disadvantage. The limited amount o f following time post-transplantation is another 

difficulty, since long-term studies on the experimental transplant can only be 

achieved using in vivo models that allow recovery o f the recipient animal.

Although some researchers use experimental models o f double lung, or heart-lung 

transplantation (Bando et a i ,  1989), most investigators focus on single lung 

transplantation to eliminate the confounding variable o f  heart preservation (Novick 

et a i ,  1992) and to simplify the technique. The number o f  hours o f hypothermic 

storage used in each o f the reported studies varies enormously. Allowing for the 

variability in animal size, storage times within the range o f 12 to 30 h are considered 

standard in lung preservation literature (Novick et a i ,  1992). Storage times studied 

here were at the upper end o f  that range and were considerably longer in some 

chapters, due to our interest in progression of damage to pulmonary tissue, and our 

aim to extend the successful preservation time.

Despite the fact that all lungs were kept inflated during the hypothermic-ischaemic 

period, no attempt to study the effects o f alveolar oxygen during storage were made 

in this study. Suggestions that high oxygen content in the alveoli during the 

ischaemic period would result in improved preservation have been published (Kon et 

a i ,  1991; Date et a i ,  1993). They probably constitute a way to improve lung 

preservation, and could be used in future in combination with a sensible and 

effective EC and parenchymal cell preservation solution.

10.3.2. Preservation solutions

O f all the preservation solutions tested in this study, the UWmod solution is the most 

effective, in agreement with other clinical and in vivo experimental transplantation 

experiments (Kalayoglu et a i ,  1989; Southard, 1989; Semik et a i ,  1990). The lack 

o f  statistically significant differences between the levels o f  Na"*" and ions in 

otherwise identical preservation solutions is also in accordance with other clinical
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and experimental results in lungs and other organs (Moen el a l,  1989; Collins et a i ,  

1992; Kurzawinski 1994).

Killinger and co-workers (1992) tested several organ preservation solutions in an in 

vitro model o f  cultured EC, reaching the conclusion that UW solution was the least 

toxic to EC under those conditions, in agreement with in vitro results presented in 

this thesis, where UWmod was compared with HCA. Similar results were also 

observed by Eberl and colleagues (1993). The initial hypothesis, when planning 

these experiments, was that the most effective preservation solutions in vivo, would 

owe their efficacy to good preservation o f  the EC monolayer. Therefore, it was not a 

surprise to find that UWmod was effective in protecting EC in vitro. However, even 

with the UW solution, severe damage to vascular endothelium occurs in the presence 

of reasonably well preserved parenchymal cells (McKeown et a i ,  1988), and 

oedema during storage is not prevented by UW  solution (Naka et a i ,  1991). The best 

preservation solution seems to be the one that is least toxic, or affords better 

protection to the vascular endothelium, but that still leaves EC as the most sensitive 

cell type in solid organ preservation (McKeown et a i ,  1988). The success o f flush 

out solutions used at the end o f the storage period, such as the Carolina rinse solution 

have been related to their ability to prevent reperfusion-induced killing o f  EC 

(Bachmann et a i ,  1992). Several experiments have been conducted to identify the 

component or components o f the UW solution responsible for enhanced organ 

protection (Wahlberg et a i ,  1989; Southard et a i ,  1990). Although these 

experiments suggested that several o f the components were redundant, it was 

concluded that the combination o f agents probably affords greater protection than the 

sum o f individual factors (Southard et a i ,  1990).

The new CT preservation solution showed interesting results. The solution worked 

best in the in vitro model, providing the EC monolayers with significantly (p>0.05) 

better viability and monolayer continuity than the UWmod. As discussed in chapter 

7, the composition o f  the CT solution was specifically intended to protect EC during 

the cold-ischaemic storage period, and the results in that model were satisfactory. 

However, it was not possible to reproduce such promising results in the in vivo 

model, where the new solution did not result in any significant improvement over the 

UWmod solution. There are two possible explanations for this behaviour. Firstly, the 

extrapolation was made from human EC to rat pulmonary tissue. The CT solution 

was developed using the in vitro model o f  umbilical vein EC, where its efficacy was 

first tested. It was the best solution in both models where human EC were used 

(permeability studies in human umbilical EC and saphenous veins EC). Secondly,
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the solution could have been less effective in vivo, because EC were not then the 

only cell type present and the EC were interacting with a different extracellular 

matrix. In the literature, low-potassium-dextran based preservation solutions 

(substantially different from the UW solution) have been reported to g iv e  excellent 

results in recent years (Maccherini et a i ,  1991; Sundaresan et a l ,  1993). Dextran 40 

was one o f  the components o f the experimental CT solution as a powerful oncotic 

element.

The most important agents in a preservation solution are probably those that suppress 

hypothermia-induced cell swelling (Southard et a i ,  1990), and that applies to both 

EC and parenchymal cells. To develop better quality, long-term preservation 

solutions, it will be necessary to achieve effective endothelial and parenchymal 

preservation through a combination o f hypothermia-induced suppression o f  

metabolism, cell membrane protection, maintenance o f endothelial continuity and 

neutralisation o f  additional damaging factors such as free radicals. It w ill probably 

be necessary to add several drugs and metabolites to a well designed preservation 

solution to achieve all that. Finally, while there are many requirements common to 

all organs, optimal preservation will probably require organ-specific preservation 

solutions (Collins and Wicomb, 1992).

10.3.3. EC role in preservation

The fact that EC are seriously damaged during organ preservation is shared by many 

authors (McKeown et al., 1988; Killinger et a l ,  1992; Hall et al., 1994). The relative 

importance o f  EC viability versus monolayer continuity was a key issue in this 

thesis, and both parameters were measured in most studies. Hall and co-workers

(1994), found that better preservation o f  cell morphology was not accompanied by 

better cell survival. In addition, studies on F-actin perturbation in EC monolayers 

found that rounding o f cells, followed by realignment, maintains endothelial cell 

integrity while still allowing shape changes to occur (Wong , 1988). Prevention 

o f  actin depolymerization that occurs under hypothermic conditions is then a priority 

to avoid the damaging effects o f a discontinuous endothelial monolayer when blood 

flow is restored to the stored organ. Combining my results with other published 

experiments, I hypothesise that hypothermia is mainly responsible for the increase in 

monolayer permeability through the creation o f intercellular gaps caused by EC 

cytoskeleton disassembly (Hinshaw et a i ,  1988; Hall et al., 1994), and hypoxia is 

mainly responsible for the injury to EC plasma membranes, by stimulation o f  

membrane lipid peroxidation and possible activation o f membrane phospholipases
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(Block et al., 1989). For whole organ preservation, the maintenance o f a continuous 

monolayer able to regulate vascular permeability is as important, at least in the short 

term after revascularization when blood flow is restored, as preservation o f viable 

individual EC.

Hence, in reviewing our current knowledge o f preservation, vascular endothelial cell 

damage can be identified in four areas: i) damage due to low temperatures; ii) 

damage caused by lack o f oxygen; iii) damage caused by the preservation solutions; 

and iv) damage caused by the restoration o f blood flow.

Hypothermic damage (i) to EC was observed and recorded in all in vitro and ex 

vivo experiments presented here, and is widely recorded in the literature (Solberg et 

a l, 1987; Carles et a l,  1994; Hidalgo e ta l ,  1995). Cold shock injury was defined as 

the damage to cell structure and function arising from a sudden reduction in 

temperature. The differences between cell types are quantitative rather than 

qualitative, and although the cytoplasmic membrane appears to be especially 

sensitive, it affects most cellular components (Watson and Morris, 1987). More 

dramatic cooling, like the -196°C used for cryopreservation, results in total 

destruction o f  endothelium o f valve grafts (Lupinetti et a l ,  1993).

Cold storage results in beneficial metabolic and catabolic inhibition, but can not 

prevent ATP depletion (Stringham ei a l ,  1992). This phenomenon was also 

observed after chemical metabolic inhibition, where concomitantly with ATP 

depletion, a rise in cytosolic Câ '*' levels was observed (Piper et a l ,  1992). 

Intracellular Câ '*' overload results in reorganisation o f  EC cytoskeleton, causing EC 

to retract from each other (Rotrosen and Gallin, 1986; Piper et a l ,  1992). An 

immediate consequence o f these cytoskeletal alterations is a rise in vascular 

permeability (Rotrosen and Gallin, 1986; Watts and Woodcock, 1992). In chapter 9, 

immunofluorescent staining o f actin filaments allowed us to photograph cytoskeletal 

changes' in EC subjected to cold storage and/or thrombin stimulation that led to 

permeability increases through the monolayer. Light microscopic and electron 

microscopic studies presented in other chapters recorded cellular shape alterations 

consistent with the creation o f paracellular spaces. Marked re-organisation o f  

cytoskeletal morphology and permanent or temporary disruption o f  cell-to-cell 

contact was found in cultured monolayers subjected to a variety o f  stimuli including 

histamine, inflammation, several pharmacological compounds, and hydrogen 

peroxide (Hoek, 1992).
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Hypoxic damage (ii) to EC has been studied using a variety o f  w  vitro  models. 

Vascular EC can grow and be maintained at low oxygen concentrations, but they 

exhibit a range o f altered properties (Shreeniwas et al., 1991). Low concentrations o f  

oxygen led to pro-coagulant changes and increases of permeability in cultured 

bovine EC (Ogawa et al., 1990). The pro-coagulant shift o f EC subjected to hypoxia 

seems to take place without loss o f cell viability (Gertler et al., 1991). Hypoxic 

storage is responsible for these changes, although they may become apparent only 

after revascularization. A  reduction in PGI2  production observed after ischaemia and 

reoxygenation was held responsible for the platelet aggregation seen by Hempel and 

co-workers (1990). In the relevant chapters in the present thesis, it was pointed out 

that increased thrombotic activity observed in vessels o f preserved organs could be 

explained by the exposure o f thrombotic basal membrane structures, while hypoxic 

prothrombotic alterations could concomitantly take place on cellular surfaces. 

Prothrombotic activity could lead to formation o f thrombi in the microcirculation 

with potential capillary blockage and perfusion pressure increase. Those increases in 

hydrostatic pressure could exacerbate rises in endothelial permeability (Taylor,

1991) caused by hypothermic and ischaemic cytoskeleton-induced changes. If 

intercellular and cell-to-basal matrix connections o f EC are already compromised, 

increased hydrostatic pressure could enlarge intercellular gaps, exposing basal 

membrane elements to blood components and further promoting coagulation 

processes.

In vivo  experiments at high altitude which caused hypoxia but were not associated 

with hypothermia (Stel^r et al., 1988), also increased vascular permeability, 

pulmonary oedema and protein leakage, with no alterations in pulmonary pressure or 

flow. Thus, permeability rises could be related to hypoxia, probably potentiated 

when associated with hypothermia, and exacerbated by pro-coagulant alterations o f  

the vascular endothelium leading to microthrombi-induced rises in hydrostatic 

pressure. Finally, depletion o f  ATP and increases o f cytosolic Câ '*' have also been 

reported in in vitro cultures o f  human EC subjected to hypoxia (Arnould et a l ,

1992).

Preservation solutions (iii) are designed to protect organs under hypothermic 

conditions as previously discussed. Pilot studies showed a high toxicity o f  

preservation solutions on cultured EC when the standard culture medium was 

replaced by the preservation fluid at normothermia. After only 3 h, EC viability was 

less than 90% and cell detachment was nearly total (commented in chapters 4 and 5). 

Some o f the EC toxicity o f a well balanced preservation solution could be partially
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explained by the total absence o f serum, known to induce apoptosis o f cultured EC, 

although this process probably needs several hours to be triggered. Certain serum 

elements such as albumin, have shown specific limitation o f endothelial permeability 

to macromolecules in a concentration dependent manner (Lum et al., 1991).

Reperfusion after ischaemic storage (iv) results in further complications. 

Substantial organ damage may be due to the rewarming period suffered by organs 

stored at 4°C, and suddenly subjected to blood flow restoration at 37°C (Clavien et 

al., 1992). Some alterations, such as hypercoagulability o f stored endothelium, could 

only became apparent after revascularization (Hamvas et a i ,  1992; Hall et al., 

1994). As presented in chapter 5, EC stored in vitro showed alterations with and 

without re-oxygenation, but in vivo experiments (chapter 9) showed a clear increase 

of tissue and endothelial damage following revascularization.

Among the adverse effects o f re-oxygenation o f stored cells or tissues is the potential 

for free radical production (Bando et a i ,  1989; Arnould et al., 1992). When an organ 

is transplanted into a recipient, free radicals can originate from activated neutrophils 

that exacerbate ischaemia-reperfusion injury to EC (Inauen et al., 1990; Hamvas et 

a i ,  1992). Free radicals can also be produced in EC following ischaemia and 

reperfusion, from purine catabolism, accumulation o f hypoxanthine and enzyme 

conversion from xanthine dehydrogenase to xanthine oxidase (able to generate 

superoxide anions by transferring electrons to oxygen upon reperfusion, Clavien et 

a i ,  1992). In vitro, cells subjected to oxidant injury showed loss o f area o f  

attachment to the surface and re-arrangement o f cytoskeletal elements (Hinshaw et 

a i,  1986). Further circumstantial evidence o f free radical involvement in 

endothelium damage after hypoxia and reoxygenation, has been provided by the 

observed limitation in increased permeability when free radical antagonists have 

been deployed (Inauen et a i ,  1990).

10.3.4. Preservation drugs

A well designed preservation solution may be able to enlarge the safe preservation 

period o f an organ undergoing transplantation. However, preservation might be 

improved by the addition to the solution o f selected pharmacological compounds. In 

the present study 4 such drugs were used including glutathione, phalloidin, forskolin 

and isoproterenol.
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Reduced glutathione is present in UW solution, and was identified as one o f its 

essential compounds (Belzer and Southard, 1988). It has been shown to prevent post- 

ischaemic stress (Collins et al., 1992; Jaeschke, 1993). Glutathione was included in 

the composition o f the experimental solution (CT). Phallacidin was also added to the 

CT solution, after claims that this compound was able to stabilise the actin 

cytoskeleton (Dancker and Hess, 1990), reduce endothelial permeability after 

anoxia/reoxygenation (Asako et al., 1992, ), and attenuate postischaemic infiltration 

and increased microvascular permeability (Korthuis et al., 1991). Unfortunately 

from the present set o f experiments it is not possible to elucidate until which point 

these two compounds afforded their observed protective effect on EC.

The situation is different in the case o f  forskolin and isoproterenol, which were 

specifically tested in the endothelial permeability model (chapter 8). Agents able to 

stimulate the production o f cAMP have been shown to limit increases in monolayer 

permeability (Yamada et al., 1990; Taylor et al., 1991; Adkins et al., 1992). In 

accordance, it was found that forskolin (an adenyl cyclase activator) limited protein 

leakage in human EC stimulated with thrombin after 6 h o f  hypothermic storage 

using preservation solutions. Isoproterenol, a P2 -adrenergic agonist (o f the adenylate 

cyclase receptor), has also been reported to attenuate increases in EC monolayer 

permeability (Seibert et al., 1992; Minnear et al., 1993). Experiments presented in 

chapter 8 found this compound to be active and beneficial.

10.4. Problems and shortcomings of this study

h i vitro experiments mimicking ischaemia and reperfusion using cultures o f  vascular 

EC were performed using human EC (umbilical and saphenous), while the model o f  

lung transplantation was performed in rats. Comparison o f results obtained from 

these models can therefore be criticised. It is always necessary to allow a certain 

degree o f  extrapolation to compare results obtained from in vitro and in vivo 

experiments, and in the case o f  this study as a whole the comparison is made 

between in vitro cultured human EC and in vivo animal experiments. However, when 

developing the in vitro model o f hypothermic-hypoxic cell storage, human EC were 

chosen on the grounds that, as individual experiments were to be designed to study 

the behaviour o f  EC subjected to ischaemia-reperfusion, it was more valuable to 

obtain data from human EC than from animal EC. To partially overcome these 

comparative disadvantages, SEM analysis o f vascular endothelium was performed in 

human veins and in rat pulmonary arteries. The morphological alterations found

229



Chapter 10 Discussion

were similar, and thus it is reasonable to regard the comparison (with caution) 

between the in vitro and in vivo models feasible.

It was possible to isolate the effects o f hypothermic storage from the combined 

effects o f hypoxia plus hypothermia in the in vitro model o f  EC storage, but it was 

not possible to test the isolated effects o f  hypoxia in that model using preservation 

solutions. To isolate the effects of hypoxia from hypothermia on cultured EC stored 

using solid organ preservation solutions it was necessary to store the cultures with 

preservation solutions under hypoxic conditions at 37°C. Unfortunately, the 

tolerance o f the cultures to preservation solutions at normothermia was extremely 

low, with most cells detached and very low viability levels after only 3 h. Therefore, 

that line o f  investigation was not pursued further.

SEM micrographs gave good images o f cell shape alterations and cell detachment. 

However, it was not possible to test the strength o f intercellular and cell-to-basal 

membrane junctions, to predict the effect o f  the blood flow restoration on monolayer 

continuity.

Despite good results preventing increases in monolayer permeability demonstrated 

by forskolin and isoproterenol in the in vitro  model o f  saphenous vein EC, these 

compounds were not included in the experimental preservation solution (chapter 9). 

The line o f action selected was to maintain the composition o f the CT solution 

consistent with the one used for the in vitro  testing, avoiding the incorporation o f  

new variables with the addition o f new components to the solution. The more 

favourable results obtained with the CT solution in the in vitro model could be 

explained by the fact that EC were the only type o f  cells present in the in vitro 

experiments, and/or in the difference o f  species used in both models.

10.5. Future experiments

Pulmonary tissue preservation for transplantation is a complex issue that will benefit 

from co-ordinated studies looking into the problem from different angles and using 

different methodology. 1 used EC cultures and in vivo animal transplants, but 

parenchymal cell cultures, lung perfusion models and physiological studies on 

transplanted lungs in vivo would all be excellent ways to study the process. The 

experiments proposed are mainly limited to the methods used in this theses.

230



Chapter 10 Discussion

Cellular experiments:

In vitj'o experiments could be directed in two different ways: a) to limit some 

damaging processes potentially triggered by the preservation period such as 

apoptosis; and b) to enhance the cell natural defence mechanisms such as induction 

o f  shock proteins.

a) Apoptosis is a self-destructive cellular mechanism triggered by a wide range o f  

stimuli. The different stages at which EC were found in the SEM studies, with cells 

in almost every stage o f destruction (from nearly normal to dead with blebbing and 

shrunken to swollen) could be compatible with an apoptotic process. The storage 

period with serum deprivation, lack o f  oxygen and low temperatures could trigger 

the self-destructive mechanism. The re-warming and re-oxygenation that follows re

vascularization could lead to the consummation o f cellular destruction. The lack o f  

monolayer continuity at the end o f the storage period explains the increased vascular 

permeability, and the subsequent death o f  a variable number o f EC may explain the 

lack o f  recovery o f  the endothelial cover. Parenchymal cells could follow  a similar 

path. If apoptois indeed plays a role in organ preservation damage, to find ways o f  

blocking the process in vitro would involve action at three levels: i) to inhibit the 

activation/action o f the proteins involved in cell death; ii) to inhibit the synthesis o f  

these proteins; iii) to inhibit the cellular acknowledgement o f the trigger that initiates 

the apoptosis process. Development o f  specific drugs or elements with these specific 

tasks should be then tested in vitro with EC (and parenchymal cells) subjected to 

cold-hypoxic storage.

b) Shock proteins are regular cell proteins that are up-regulated when cells are 

subjected to some stressful situations. The better known proteins are the heat shock 

proteins. Amongst them is haem oxygenase (HO). One o f its isoforms is HO-1, an 

inducible form o f the enzyme that constitutes a protective cellular response against 

oxidative stress (Motterlini et a l ,  1995). Up-regulation o f the cell natural protective 

mechanisms could be an effective way o f improving the quality o f organ 

preservation. Mild forms o f stress such as heat, hypoxia or infection could trigger 

natural responses that may help the cell to overcome subsequent injury. To test this 

hypothesis should be easy in vitro  by measuring levels o f HO-1 (or some o f its 

metabolites including bilirubin and biliverdin) and then correlating these data with 

morphological and membrane integrity assays after a period o f cold-hypoxic storage.
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Limg experiments:

A fascinating possibility for improving pulmonary tissue preservation is the concept 

o f pre-conditioning.

Donor pre-conditioning would aim to prepare the organ for the cold-hypoxic period 

by subjecting it to a mild form o f damage. The initial insult would trigger the 

cell/organ natural defence mechanisms. The conditions o f this initial "stress" would 

be favourable for endogenous protection systems (shock proteins) to act on full 

power and to overcome the mild damage inflicted. If the timing is correct, the 

harvesting o f  the organ could be performed when that organ is on its peak o f stress 

response. This could be achieved by measuring the levels o f selected stress-related 

proteins. The slow metabolism caused by the hypothermic period prevents 

degradation o f these cellular proteins along with the rest o f  cellular systems and 

when the organ is revascularized after the transplantation procedure, the cellular 

injury response mechanism may already be in full action. Pre-conditioning animals 

could be done with heat-shock (with amphetamines) or mild septic shock (endotoxin 

injections). Previous experiments have shown that heat and endotoxin are able toc^ise 

levels o f heme oxygenase (Motterlini et a i ,  1995). The time frame o f these 

experiments would have to be carefully worked out.

10.6. Conclusions 

In vitro studies:

• After a period o f hypothermic and hypoxic storage, human vascular EC appeared 

morphologically deformed and poorly attached in vitro. Morphological alteration 

of cell shape led to loss o f monolayer continuity.

• Re-warming associated with free access to oxygen supply o f EC monolayers 

after a period o f hypothermic and hypoxic storage resulted in further damage.

• Agents that increase cAMP levels showed significant effects limiting thrombin- 

induced rises in EC protein leakage after hypothermic storage in solid organ 

preservation solutions.
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Ex vivo  studies:

• Cold ischaemic storage seriously disrupted morphology o f EC attached to their 

physiological underlying substrata. EC shape alterations and detachment caused 

loss o f monolayer continuity, exposing thrombogenic components o f  the vessel 

wall.

In vivo  studies:

• After a period o f cold-hypoxic storage followed by transplantation, lung tissue 

presented loss o f  control o f  vascular permeability resulting in parenchymal 

oedema and haemorrhage.

• Endothelial surfaces o f lung arteries presented morphological alteration o f  EC 

and denudation proportional to organ histological damage observed in the whole 

organ.

In general:

• Damage to vascular endothelium could be a major element in cold injury to 

stored lungs leading to fluid leaking into the interstitial space (oedema 

formation) through gaps in the endothelial monolayer created during 

hypothermic storage.

• The difference between effective and ineffective preservation solutions could rest 

on their ability to preserve EC junctions and monolayer integrity, as much as 

parenchymal cell viability.

• The present experiments suggest a role for cAMP regulation o f  EC permeability 

barrier function that could be used to improve preservation o f the EC monolayer 

on solid organs undergoing transplantation.

• Better preservation o f the EC monolayer could lead to greatly improved 

pulmonary tissue outcome and satisfactory organ viability after longer storage 

periods o f lungs used for transplantation.

233



R e f e r e n c e s

Abebe W, Cavallari N, Agrawal DK, Rowley J, Thorpe PE, Hunter W, Edwards JD. 

Functional and morphological assessment o f rat aorta stored in University o f  

Wisconsin and Eurocollins solutions. Transplantation 1993; 56: 808-816.

Adkins WK, Barnard JW, May S, Seibert AF, Haynes J, Taylor AE. Compounds that 

increase cAMP prevent ischaemia-reperfusion pulmonary capillary injury. J A p p l  

Physiol 1992; 72: 492-497.

Aminalai A, Kehrer G, Gro(3mann F, Richter J, Bretschneider H. J. Morphological 

investigation o f  the porcine liver directly following preservation with Euro-Collins, 

University of Winsconsin and Bretschneider's HTK solution. Langenbecks Arch Chir 

1992; 377:81-88.

Amitani R, Wilson R, Rutman A, Read R, Ward C, Burnett D, Stockley RA, Cole 

P J. Effects o f human neutrophil elastase and pseudomonas aeruginosa proteinases on 

human respiratory epithelium. A m JR esp  Cell M ol B iol 1991; 4: 26-32.

Arai M, Mochida S, Ohno A, Kurokawa K, Fujiwara K. Coagulability in the 

sinusoids o f orthotopically transplanted livers in rats. Transplant Proa 1994; 26: 

913-915.

Arnould T, Michiels C, Alexandre I, Remade J. Effect o f  hypoxia upon intracellular 

calcium concentration o f  human endothelial cells. J  Ce// Physiol 1992; 152: 215- 

221 .

Asako H, W olf RE, Granger DN, Korthuis RJ. Phalloidin prevents leucocyte 

emigration induced by proinflammatory stimuli in rat mesentery. Am J  Physiol 1992; 

263: H1637-H1642.

Athanassakis-Vassiliadis I, Papamatheakis J, Vassiliadis S. Specific CSF-1 binding 

on murine placental throphoblasts and macrophages serves as alink to placental 

gvovAh. J  Receptor Res 1993; 13: 739-751.



Belzer FO & Southard JH. Principles o f solid organ preservation by cold storage. 

Transplantation 1988; 45; 673-676.



References

Bachmann S, Caldwell-Kenkel JC, Oleksy I, Steffen R, Thurman RG, Lemasters JJ. 

Warm Carolina rinse solution prevents graft failure from storage injury after 

orthotopic rat liver transplantation with arterialization. Transplant h it 1992; 5: 108- 

114.

Badger IL, Michell ID, Buist LJ, Sherlock D, Buckels JA, McMaster P. Human 

hepatic preservation using Marshall's solution and University o f Wisconsin solution 

in a controlled, prospective trial. Transplant Proc  1990; 22: 2183-2184.

Baker HJ, Lindsey JR and Weisbroth SH (ed). The laboratory rat, volume I and II. 

Academic Press, Harcourt Brace Jovanovich (publ). New York, 1980.

Bando K, Tago M, Teraoka H, Seno S, Senoo Y, Teramoto S. Extended 

cardiopulmonary preservation for heart-lung transplantation: a comparative study o f  

superoxide dismutase. J  Heart Transpl 1989; 8: 59-66.

Bannenberg G. Mechanisms o f bronchioactive effects induced by oxidants and thiol- 

containing agents. Institute o f Environmental Medicine, Division o f Toxicology, 

Stockholm, Sweden, 1994.

Belzer FO, D'Alessandro AM, Hoffmann RM, Knechtle SJ, Reed A, Pirsch JD, 

Kalayoglu M, Sollinger HW. The use o f  UW solution in clinical transplantation. Ann 

Surg 1992; 215: 579-585.

Berry GJ and Billingham ME. The pathology o f combined heart-lung and lung 

transplantation. Thoracic transplantation. SJ Shumway, and NE Shumway (ed). 

Blackwell Science, New York, 1996.

Block ER, Patel JIM, Edwards D. Mechanism o f hypoxic injury to pulmonary artery 

endothelial cell plasma membranes. Am J  Physiol 1989; 257: C223-C231.

Bourne WM, Nelson LR. Chondroitin sulphate increases the tolerance o f  human 

corneal endothelium to glycerol. Cryoletters 1990; 11: 433-436.

Burdick JF, Diethelm A, Thompson JS, Van Buren CT, Williams GM. Organ 

sharing: present realities and future possibilities. Transplantation 1991; 51: 287-292.

235



References

Busza AL, Fuller BJ, Lockett CJ, Proctor E. Maintenance o f liver adenine 

nucleotides during cold ischemia. Transplantation 1992; 54: 562-565.

Busza AL, Fuller BJ, Proctor E. Evaluation o f cold reperfusion as an indicator o f  

viability in stored organs: a ^̂ P NMR study in rat liver. Cryobiology 1994; 31: 26- 

30.

Cabrer C, Manyalich M, Valero R, Garcia-Fages LC. Timing used in the different 

phases o f the organ-procurement process. Transplant Proc  1992; 24: 22-23.

Cai W-Q, Bodin P, Loesch A, Sexton A, Burnstock G. Endothelium o f human 

umbilical blood vessels: ultrastructural immunolocalization o f neuropeptides. J  Vase 

Res 1993; 30: 348-355.

Caldwell-Kenkel JC, Currin RT, Tanaka Y, Thurman RG, Lemasters JJ. Reperfusion 

injury to endothelial cells following cold ischemic storage o f  rat livers. Hepatology 

1989; 10: 292-299.

Caldwell-Kenkel JC, Thurman RG, Lemasters JJ. Selective loss o f nonparenchymal 

cell viability after cold ischaemic storage o f rat livers. Transplantation 1988; 45: 

834-837.

Caine RY, White DJ, Thiru S, Evans DB, McMaster P, Dunn DC, Craddock GN, 

Pentlow BD, Rolles K. Cyclosporin A in patients receiving renal allografts from 

cadaver donors. Lancet 1978; 2: 1323-1327.

Carles J, Fawaz R, Hamoudi NE, Neaud V, Balabaud C, Bioulac-Sage P.

Preservation o f human liver grafts in UW solution. Ultrastructural evidence for 

endothelial and Kupffer cell activation during cold ischaemia and after ischaemia- 

reperfusion. Liver 1994; 14: 50-56.

Carson MR, Shasby SS, Lind SE, Shasby DM. Histamine, actin-gelsolin binding, 

and polyphosphoinositides in human umbilical vein endothelial cells. Am J  Physiol 

1992; 263: L664-L669.

Casnocha SA, Eskin SG, Hall ER, Mclntire LV. Permeability o f human endothelial 

monolayers: effect o f  vasoactive agonists and cAMP. J  A ppl Physiol 1989; 67: 1997- 

2005.

236



References

Chan BBK, Kron IL, Flanagan TL, Kern JA, Hobson CE, Tribble CG. Impairment 

o f  vascular endothelial function by high-potassium storage solutions. Ann Thorac 

Surg 1993; 55: 940-945.

Chopra J, Joist JH, Webster RO. Loss o f Chromium, lactate dehydrogenase and 

^Indium as indicators o f endothelial cell injury. Lab Investigation 1987; 57: 578- 

584.

Clavien PA, Harvey RC, S trash erg SM. Preservation and reperfusion injuries in liver 

allografts. Transplantation 1992; 53: 957-978.

Collins GM, Wicomb WN. New organ preservation solutions. Kidney Internat 1992; 

42: S197-S202.

Collins GM. Organ transplantation. Chatterjee SN (ed). John Wright (publ), PSG  

Inc, Massachusetts, USA, 1982.

Constantinides P, Robinson M. Ultrastructural injury o f arterial endothelium. Effects 

o f  pH, osmolarity, anoxia and temperature. Arch Path  1969; 88: 99-112.

Cooper JD. Current status o f lung transplantation. Transplant Proc 1991; 23: 2107- 

2114.

Cucina A, Sterpetti AV, Pupelis G, Fragale A, Lepidi S, Cavallaro A, Guistiniani Q, 

D'Angelo LS. Shear stress induces changes in the morphology and cytoskeleton 

organisation o f  arterial endothelial cells. Eur J  Vase Endovasc Surg 1995; 9: 86-92.

Cullen S, Haworth SG, Warren JD. Donor organ preservation fluids differ their 

effect on endothelial cell function. J  Heart Lung Transplant 1991; 10: 999-1003.

Dancker P, Hess L. Phalloidin reduces the release o f  inorganic phosphate during 

actin ^oXymexizdAxon. Biochim et Biophys Acta  1990; 1035: 197-200.

Dark JH. History o f heart-lung transplantation. Lung 1990; 168: 1165-1168.

Dark JH. Lung transplantation. Transplant Proc  1994; 26: 1708-1709.

237



References

Dark JH. Transplantation update. The Prac/itioner 1992; 236; 275-277.

Date H, Matsumura A, Manchester JK, Cooper JM, Lowry OH, Cooper JD. Changes 

in alveolar oxygen and carbon dioxide concentration and oxygen consumption 

during lung preservation. J  Thorac Cardiovac Surg 1993; 105: 492-501.

Deeb GM, Grum CM, Lynch MJ, Guynn TP, Gallaghen KP, Ljungman AG, Bolling 

SF, Morganroth ML. Neutrophils are not necessary for induction o f ischaemia- 

reperfusion lung injury. J  Appl Physiol 1990; 68: 374-381.

DeMichele MAA, Minnear FL. Modulation o f  vascular endothelial permeability by 

thrombin. Semin Thromb Haemost 1992; 18: 287-295.

Despopoulos A and Silbernagl S. Color atlas o f physiology, 4th edition. Thieme 

Medical Publishers, Inc., New York, 1991.

Doring V, Schaper J, Stubbe HM. Postischemic recovery o f  the lung. Biochemical 

and morphological studies o f long term preserved lungs. Transplant Proc 1991; 23: 

2347-2349.

Eberl T, Schmid R, Wodlinger R, Hengster P, Herold M, Weiss H, Oberhuber G, 

Krausler R, Margreite R. Which organ preservation solution best protects vascular 

endothelium?. Transplant Proc  1993; 25: 3019.

Eskenasy A. Bronchiolar pathology: light and electron micro scopical changes o f  

bronchiolar epithelial cells rabbits repeatedly injected intratracheally with a detergent 

^ohiûon. M orphol Embryol 1980; 3: 279-284.

Farber HW, Center DM, Rounds S. Effect o f ambient oxygen on cultured endothelial 

cells from different vascular beds. Am J  Physiol 1987; 253: H 878-H 883.

Fehrenbach H, Hirt SW, Wahlers T, Schnabel PA, Haverich A, Richter J. Euro- 

Collins flush perfusion in human lung preservation- ultrastructural studies o f  the 

preservation quality o f  the contralateral donor lung in clinical single lung 

transplantation. J  Heart Lung Transplant 1994; 13: 1-14.

238



References

Fratté S, Gendrault JL, Steffan AM, Kirn A. Comparative ultrastructural study o f  rat 

livers preserved in Euro-Collins or University o f Wisconsin solution. Hepatology  

1991; 13: 1173-1180.

Fremes SE, Li RK, Weisel RD, Mickle DAG, Tumiati LC. Prolonged hypothermic 

cardiac storage with University o f Wisconsin solution. J  Thorac Cardiovasc Surg  

1991; 102: 666-672.

Frim J, Kruuv J, Frey HE, Raaphorst GP. Survival o f unprotected, mammalian 

plateau-phase cells following freezing in liquid nitrogen. O yobiology  1976; 13: 475- 

483.

Fujimura S, Handa M, Kondo T, Ichinose T, Shiraishi Y, Nakada T. Successful 48- 

hour simple hypothermic preservation o f canine lung transplants. Transplant P roc  

1987; XIX 1334-1336.

Fukuzawa K, Emre S, Senyuz O, Acarli K, Schwartz ME, Miller CM. N- 

acetylcysteine ameliorates reperfusion injury after warm hepatic ischaemia. 

Transplantation 1995; 59: 6-9.

Fuller BJ, Lockett CL, Proctor E, Busza AL. Control o f intracellular pH in 

mammalian liver at hypothermia: evidence for a relationship with energy 

metabolism. Cryobiology 1993; 30: 543-550.

Fuller BJ, Gower JD, Green CJ. Free radical damage and organ preservation; fact or 

fiction?. Cryobiology 1988; 25: 377-393.

Fuller BJ. The effects o f cooling on mammalian cells. In: Clinical Applications o f  

Cryobiology. Fuller BJ & Grout BW (ed). CRC Press, Boca Raton, 1991: 1-21.

Furukawa H, Wu YM, Zhu Y, Suzuki M, Todo S, Starzi TE. Disturbance o f  

microcirculation associated with prolonged preservation o f dog livers under 

University o f  Wisconsin solution. Transpl Proc  1993; 25: 1591-1592.

Gertler JP, Abbott WM. Prothrombotic and fibrinolytic function o f  normal and 

perturbed endothelium. J  Surg Res 1992; 52: 89-95.

239



References

Gertler JP, Weibe DA, Ocasio VH, Abbott WM. Hypoxia induces procoagulant 

activity in cultured human venous endothelium. J  Vase Surg 1991; 13: 428-433.

Goldman G, Welbourn R, Alexander S, Klausner JM, Wiles M, Valeri CR, Shepro 

D, Hechtman HB. Modulation o f  pulmonary permeability in vivo with agents that 

affect the cytoskeleton. Siirgeiy  1991; 109: 533-538.

Goldman G, Welbourn R, Klausner JM, Alexander S, Kobzik L, Valeri CR, Shepro 

D, Hechtman HB. Attenuation o f  acid aspiration edema with phalloidin. Am J  

Physiol 1990; 259: L378-L383.

Gores GJ, Herman B, Lemasters JJ. Plasma membrane bleb formation and rupture: a 

common feature o f hepatocellular mjury. Hepatology 1990; 11: 690-698.

Gotlieb Al. The endothelial cytoskeleton: organization in normal and regenerating 

endothelium. Toxicol Path  1990; 18: 603-617.

Granger DN. Role o f  xanthine oxidase and granulocytes in ischaemia-reperfusion 

injury. Am JPhifsiol 1988; 255: H1269-H1275.

Green CJ, Healing G, Lunec J, Fuller BJ, Simpkin S. Evidence o f  free-radical- 

induced damage in rabbit kidneys after simple hypothermic preservation and 

autotransplantation. Transplantation 1986: 41: 161-165.

Green CJ. Recent Progress in Organ Transplantation. The Medicine Group Ltd., 

Oxford, UK, 1988.

Green CJ. Renal transplantation and ischaemia-reperfusion injury. 

Inmunopharmacology o f  free radical species. Blake D and Winyard PG (ed). 

Academic Press Ltd, London, 1995.

Greene EC. Anatomy o f  the rat. Hafner Publishing Company, New York and 

London, 1963.

Grosso MA, Brown JM, Viders DE, Mulvin DW, Banerjee A, Velasco SE, Repine 

JE, Harken AH. Xanthine Oxidase-derived oxygen radicals induce pulmonary edema 

via direct endothelial cell injury. J  Surg Res 1989; 46; 355-360.

240



Hardy JD, Webb WR, Dalton ML, Walker GR. Lung homotransplantation in man. 

JAMA 1963; 186: 1065-1074.



References

Hall SM, Komai H, Reader J, Haworth SG. Donor lung preservation: effect o f  cold 

preservation fluids on cultured pulmonary endothelial cells. Am J  Physiol 1994; 267: 

L508-L5I7.

Hall SM, Odom N, McGregor CGA, Harworth SG. Transient ultrastructural injury 

and repair o f  pulmonary capillaries in transplanted rat lung: effect o f preservation 

and reperfusion. Am JR espir Cell M ol B iol 1992; 7: 49-57.

Halliwell B. Tell me about free radicals, doctor: a review. J  Royal S ocM ed  1989;

82: 747-752

Hamvas A, Palazzo R, Kaiser L, Cooper J, Shuman T, Velazquez M, Freeman B, 

Schuster DP. Inflammation and oxygen free radical formation during pulmonary 

ischaemia-reperfusion injury. J  Appl Physiol 1992; 72: 621-628.

Harjula ALT, Mattila S, Jarvinen A, Myllarniemi H, Salmenpera M. Endothelial cell 

damage following crystalloid cardioplegic solution infusion. Arch Surg 1984; 119: 

946-949.

Haworth SG. Donor organ preservation. British Transplant Society Meeting 1992; 

October [abstract]; 20-21:13.

Hempel SL, Haycraft DL, Hoak JC, Spector AA. Reduced prostaclyclin formation 

after reoxygenation o f anoxic endothelium. Am J  Physiol 1990; 259: C738-C745.

Hidalgo MA, Ambrose IJ, Goddard GJ, Manek S, Fuller BJ, Green CJ. Cold storage 

protection o f  endothelial cells. JP ath  1994; 172 [abstract]: 143.

Hidalgo MA, Ambrose IJ, Goddard JG, Fuller BJ, Green CJ. Cultured human 

endothelial cells as a model for hypothermic preservation. Cryoletters 1993; 14: 339- 

346.

Hidalgo MA, Ambrose IJ, Goddard JG, Thorniley MS, Green CJ. Hypothermic 

damage to human endothelial cells during cold storage using high and low potassium 

content organ flush solutions. Clinical Science 1993; 85 [abstract]: 10.

241



References

Hidalgo MA, Manek S, Fryer PR, Fuller BJ, Green CJ. Morphological changes in rat 

single lung isografts after long-term survival. Int J  Exp Path 1995; 76; 43-54.

Hidalgo MA, Mann DJ, Fuller BJ, Green CJ. Effects o f depolarising or non

depolarising preservation solutions on human endothelial cells during cold hypoxia. 

Climcal Science, 1995: 90: 135-141.

Hidalgo MA, Mann DJ, Thorniley MS, Fuller BJ, Green CJ. Cytoskeleton oriented 

preservation solution protects endothelial cells monolayer against cold ischaemia. 

Clinical Science 1994; 87 [abstract]: 26.

Hidalgo MA, Sarathchandra P, Fryer PR, Fuller BJ, Green CJ. Effects o f  

hypothermic storage on the vascular endothelium: a scanning electron microscope 

study o f morphological change in human vein. J  Cardiovasc Surg  1995; 36: 525- 

532.

Hidalgo MA, Sarathchandra P, Fryer PR, Fuller BJ, Green CJ Scanning electron 

microscopic changes in morphology o f pulmonary endothelium in rat lung isografts 

following hypothermic ischaemic storage and transplantation. Int J  Exp Path  1995; 

76: 339-352.

Hinshaw DB, Armstrong BC, Burger JM, Beals TF, Hyslop PA. ATP and 

microfilaments in cellular oxidant injury. Am J  Pathol 1988; 132: 479-488.

Hinshaw DB, Burger JM, Armstrong BC, Hyslop PA. Mechanism o f endothelial cell 

shape change in oxidant injury. JSurgic Res 1989; 46: 339-349.

Hinshaw DB, Burger JM, Miller MT, Adams JA, Beals TF, Omann GM. ATP 

depletion induces an increase in the assembly o f a labile pool o f polymerized actin in 

endothelial cells. Am J  Physiol 1993; 264: Cl 171- C l 179.

Hinshaw DB, Sklar LA, Bohl B, Schraufstatter lU, Hyslop PA, Rossi MW, Spragg 

RG, Cochrane CG. Cytoskeletal and morphologic impact o f cellular oxidant injury. 

Am J  Pathol 1986; 123: 454-464.

Hinshaw DB, Burger JM, Armstrong BC, Hyslop PA. Mechanism o f endothelial cell 

shape change in oxidant injury. J  Surg Res 1989; 46: 339-349.

242



References

Hoek JB. Intracellular signal transduction and the control o f endothelial 

permeability. Lab Invest 1992; 67; 1-4.

Holloway CMB, Harvey PRC, Stasberg SM. Viability o f sinusoidal lining cells in 

cold-preserved rat liver allografts. Transplantation 1990; 49: 225-229.

Hooper TL, Jones MT, Thomson DS, Cook L, Owen S, Wilkes S, Woodcock A, 

Webster AH, Hasleton P, McGregor CGA. Hypertonic citrate solution as an 

alternative to modified Euro-Collins' solution for lung preservation. Transplantation 

1991; 51: 1043-1048.

Howden BO, Jablonski P, Thomas AC, Walls K, Biguzas M, Scott DF, Grossman H, 

Marshall VC. Liver preservation with UW solution. Transplantation 1990; 49: 869- 

872.

Inauen W, Payne DK, Kvietys PR, Granger DN. Hypoxia-reoxygenation increases 

the permeability of endothelial cell monolayers: role o f  oxygen radicals. Free R ad  

B iol & M ed  1990; 9: 219-23.

Jaeschke H. The therapeutic potential o f glutathione in hepatic ischemia-reperfusion 

injury. Transplantation 1993; 56: 256-257.

Jamieson NV, Lindell S, Sundberg R, Southard JH, Belzer FO. An analysis o f  the 

components in UW solution using the isolated perfused rabbit liver. Transplantation 

1988; 46: 512-516.

Jamieson NV, Sundberg R, Lindell S, Claesson K, Moen J, Vreugdenhill PK, Wight 

DGD, Southard JH, Belzer FO. Preservation o f  the canine liver for 34-48 hours 

using simple cold storage with UW solution. Transplantation 1988; 46: 517-522.

Jenkinson SG, Levine SM. Lung transplantation. Disease a Month 1994; XL: 1-40.

Kalayoglu M, Stratta RJ, Sollinger HW, Hoffmann RM, D'Alessandro AM, Pirsch 

JD, Belzer FO. Clinical results in liver transplantation using UW solution for 

extended preservation. Transplant Proc 1989; 21: 1342-1343.

Kaufman HE, Beuerman RW, Steinemann TL, Thompson HW, Varnell ED. Optisol 

corneal storage medium. Arch Ophtalmol 1991; 109: 864-868.

243



References

Kawahara K, Itoyanagi N, Takahashi T, Akamine S, Kobayashi M, Tomota M. 

Transplantation o f canine lung allografts preserved in UW solution for 24 hours. 

Transplantation 1993 ; 55: 15-18.

Kawahara K, Ikari H, Hisano H, Takahashi T, Honshou S, Ayabe H, Tomita M  

Twenty four hour canine lung preservation using UW solution. Transplantation 

1991; 51: 584-587.

Keshavjee SH, Yamazaki F, Cardoso PF, McRitchie DI, Patterson GA, Cooper JD.

A method for safe twelve-hour pulmonary preservation. J  Thorac Cardiovasc Surg  

1989; 98: 529-534.

Killinger WA, Dorofi DB, Keagy BA, Johnson G. Endothelial cell preservation 

using organ storage solutions. Transplantation 1992; 53: 979-982.

Kimblad PO, Sjoberg T, Massa G, Solem JO, Steen S. High potassium contents in 

organ preservation solutions cause strong pulmonary vasocontraction. Ann Thorac 

Surg 1991; 52: 523-528.

Kirk AJB, Colquhoun IW, Dark JH. Lung preservation: a review o f current practice 

and future directions. Ann Thorac Surg 1993; 56: 990-1000.

Klausner JM, Paterson IS, Kobzik L, Valeri CR, Shepro D, Hechtman HB. Oxygen 

free radicals mediate ischemia-induced lung injury. Surgery 1989; 105: 192-9.

Kon ND, Hines MH, Harr CD, Miller LR, Taylor CL, Cordell AR, Mills SA. 

Improved lung preservation with cold air storage. Ann Thorac Surg 1991; 51: 557- 

562.

Konno H, Lowe PJ, Hardison WG, Miyai K, Nakamura S, Baba S. Breakdown o f  

hepatic tight junctions during reoxygenation injury. Transplantation 1992; 53: 1211- 

1214.

Konradova V, Copova C, Sukova B, Houstêk J. Ultrastructure o f the bronchial 

epithelium in three children with asthma. Paediat Pidmonol 1985; 1: 182-187.

244



References

Korthuis RJ, Carden DL, Kvietys PR, Shepro D, Fuseler J. Phalloidin attenuates 

postischemic neutrophil infiltration and increases microvascular permeability. JAppJ 

Physiol 1991; 71: 1261-1269.

Kowalczyk AP, McKeown-Longo PJ. Basolateral distribution o f  fibronectin matrix 

assembly sites on vascular endothelial monolayers is regulated by substratum 

ï\hrontoXm. J  Cell Physiol 1992; 152: 126-134.

Kuhne W, Besselmann M, Noll T, Muhs A, Watanabe H, Piper HM. Disintegration 

o f  cytoskeletal structure o f actin filaments in energy-depleted endothelial cells. Am J  

Physiol 1993; 264: H1599-H1608.

Kumar S, West DC, Ager A. Heterogeneity in endothelial cells from large vessels 

and microvessels. Differentiation 1987; 36: 57-70.

Kurzawinski TR, Applebly JA, Hardy SC, Fuller B, Cheetham K, Has well D, 

Davison B, Rolles K. A prospective, randomised clinical trial o f  liver preservation 

using high-sodium versus high-potassium lactobionate/rafflnose solution. Transplant 

Int 1994; 7: S489-S492.

Lam FT, Mavor AID, Potts DJ, Giles GR. Improved 72-hour renal preservation with 

phosphate-buffered sucrose. Transplantation 1989; 47: 767-771.

Lamb D. Organ transplnats and ethics. Routledge (publ), London, 1990.

Lampugnani MG, Giorgi M, Gaboli M, Dejana E, Marchisio PC. Endothelial cell 

motility, integrin receptor clustering and microfilament organization are inhibited by 

agents that increase intracellular cAMP. Lab Invest 1990; 63: 521.

Lampugnani MG, Resnati M, Dejana E, Marchisio PC. The role o f  integrins in the 

maintenance of endothelial monolayer integrity. J  Cell B iol 1991; 112: 479-490.

Langeler EG, van Hinsbergh VWM. Norepinephrine and iloprost improve barrier 

function o f human endothelial cell monolayers: role o f  cAMP. Am J  Physiol 1991; 

260: C1052-C1059.

245



References

Larsen T, Solberg S, Johansen R, Jorgensen L. Effects o f cooling on the intracellular 

concentrations o f N a \ and 

Lab Invest 1988; 48: 565-571.

concentrations o f N a \ and Cl" in cultured human endothelial cells. S can dJ  Clin

Ledingham SJM, Katayama 0 , Lachno DR, Yacoub M. Prolonged cardiac 

preservation. Circulation 1990; 82: IV351-IV358.

Lee HJ, Lin CP, Chen CW. The effects o f epidermal growth factor and chondroitin 

sulfate on the animal corneal endothelial cell culture. Kaohsiung J M e d  Soi 1991; 7: 

614-612.

Lem asters JJ, Stemkowski CJ, Sungchul JI, Thurman RG. Cell surface changes and 

enzyme release during hypoxia and reoxygenation in the isolated, perfused rat liver. 

J  Cell B iol 1983; 97: 778-786.

Lindstrom RL, Kaufman HE, Skelnik DL, Laing RA, Lass JH, Musch DC, 

Trousdale MD, Reinhart, Burris TE, Sugar A, Davis RM, Hirokawa K, Tessie S, 

Gordon JF. Optisol corneal storage medium. Am J  Ophtalmol 1992; 114: 345-356.

Locke TJ, Hooper TL, Flecknell PA, McGregor CGA. Preservation o f the lung: 

comparison o f flush perfusion with cold modified blood and core cooling by 

cdxdiox^xAmomxy hy^zs>s. J  Heart Lung Transplant 1991; 10: 1-8.

LoGerfo FW, Quist WC, Crawshaw HM, Haudenschild C. An improved technique 

for preservation o f endothelial morphology in vein grafts. Surgery 1981; 90: 1015- 

1024.

Loose R, Markant S, Sievers HH, Bernhard A. Fate o f endothelial cells during 

transport, cryopreservation and thawing o f heart valve allografts. Transplant Proc  

1993; 25: 3247-3250.

Lum M, Siflinger-Birnboim A, Blumenstock F, Malik AB. Serum albumin decrease 

transendothelial permeability to macromolecules. 1991; 42: 91-102.

Lupinetti FM, Tsai TT, Kneebone JM, Bove EL. Effect o f cryopreservation on the 

presence o f  endothelial cells on human valve allogratfs../ Thoracic & Cardiovasc 

S u rg \992 \ 106: 912-917.

246



References

Maccherini M, Keshavjee SH, Slutsky SA, Patterson G A, Edelson JD. The effect o f  

low-potassium-dextran versus Euro-Collins solution for preservation o f  isolated type 

II pneumocytes. Transplantation 1991; 52; 621-626.

Maddaus MA. The history o f lung transplantation. Thoracic transplantation. S J 

Shumway and NE Shumway (ed). Blackwell Science, New York, 1996.

Malik AB, Fenton JW. Thrombin-mediated increase in vascular endothelial 

permeability. Sem Thromb & Haemost 1992; 18: 193-199.

Malik AB, Lynch JJ, Cooper JA. Endothelial barrier function. J  Invest Derm atol 

1989; 9 3 :62S-67S.

Malik AB. Pulmonary microembolism and lung vascular injury. Eur Resp J  1990; 3: 

499s-506s.

Manciet LH, Poole DC, McDonagh PF, Coperland JG, Mathieu-Costello O. 

Microvascular compression during myocardial ischaemia: mechanistic basis for no

reflow phenomenon. Am J Physiol 1994; 266: H1541-H1550.

ManolopouWs VG, Lelkes PI. Cyclic strain and forskolin differentially induce cAMP 

production in phenotypically diverse EC. Biochem & Biophy Res Com 1993; 191: 

1379-1385.

Martinsson T, Haegerstrand A, Dalsgaard CJ. Ropivacaine and lidocaine inhibit 

proliferation o f non-transform ed adult human fibroblasts, endothelial cells and 

kerotinocytes. Agents Actions 1993; 40: 78-85.

Marzi 1, Zhong Z, Lemasters JJ, Thurman RG. Evidence that graft survival is not 

related to parenchymal cell viability in rat liver transplantation. Transplantation 

1989; 48: 463-468.

Mazzaferro V, Esquivel CO, Makowka L, Belle S, Kahn D, Koneru B, Scantlebury 

VP, Stieber AC, Todo S, Tzakis AG, Starzl TE. Hepatic artery thrombosis after 

pediatric liver transplantation - a medical or surgical event?. Transplantation 1989;

47: 971-977.

247



References

McAnulty JF, Ploeg RJ, Southard JH, Belzer FO. Successful five-day perfusion 

preservation o f the canine kidney. TranspJautatioji 1989; 47: 37-41.

McGoldrick JP, Scott JP, Smyth R, Higenbottam T, Wallwork J. J Heart 

Transplantation 1990; 9: 693-698.

McKeown CMB, Edwards V, Phillips MJ, Harvey PRC, Petrunka CN, Strasberg 

SM. Sinusoidal lining cell damage: the critical injury in cold preservation o f liver 

allografts in the rat. Transplantation 1988; 46: 178-191.

McMinn RMH (ed). Last's Anatomy, Regional and Applied. Eighth edition Churchill 

Livinstone, Edin burgh, London, Melbourne and New York, 1990.

Menasche P, Pradier F, Peynet J, Grousset C, Mouas C, Bloch G, Piwnica A. 

Limitation o f free radical injury by reduced glutathione: an effective means o f  

improving the recovery o f heart transplants. Transplant Proc  1991; 23: 2440-2442.

Messent M, Griffiths MJD, Evans TW. Pulmonary vascular reactivity and ischemia- 

reperfusion injury in the rat. Clin Sci 1993; 85: 71-75.

Michiels C, Toussaint O, Remade J. Comparative study o f oxygen toxicity in human 

fibroblasts and endothelial cells. 7 C^//Physiol 1990; 144: 295-302.

Mills AN, Hooper TL, Hall SM, McGregor CGA, Haworth SG. Unilateral lung 

transplantation: ultrastructural studies o f  ischaemia-reperfusion injury and repair in 

the canine pulmonary vasculature. J  Heart Lung Transplant 1992; 11: 58-67.

Minnear FL, DeMichele MAA, Leonhardt S, Andersen TT, Teitler M. Isoproterenol 

antagonizes endothelial permeability induced by thrombin and thrombin receptor 

peptide. JA pplP hysio l 1993; 75: 1171-1179.

Moen J, Claesson K, Pienaar H, Lindell S, Ploeg RJ, McAnulty JF, Vreugdenhil P, 

Southard JH. Preservation o f dog liver, kidney, and pancreas using the Belzer-UW  

solution with a high-sodium and low-potassium content. Transplantation 1989; 47: 

940-945.

Momii S, Koga A. Time-related morphological changes in cold-stored rat livers. 

Transplantation 1990; 50: 745-750.

248



References

Mor E, Schwartz ME, Sheiner PA, Menesses P, Hytiroglou P, Emre S, Kishikawa K, 

Chiodini S, Miller CM. Prolonged preservation in University o f Wisconsin solution 

associated with hepatic artery thrombosis after orthotopic liver transplantation. 

Trœisplaniatiofi 1993; 56: 1399-1402.

Morel P, Moss A, Schlumpf R, Nakhleh R, Lloveras JK, Field MJ, Condie R, Matas 

AJ, Sutherland DER. 72-hour Preservation o f the canine pancreas: successful 

replacement o f  Hydroxyethylstarch by Dextran-40 in UW solution. Transplant Proc 

1992; 24: 791-794.

Motterlini R, Foresti R, Vandegriff K, Intaglietta M, Winslow RM. Oxidative-stress 

response in vascular endothelial cells exposed to acellular haemoglobin solutions.

Am J  Physiol 1995; 260: H648-H655.

Mueller AR, Platz MA, Nalesnik MA, Langrehr JM, Neuhaus P, Schraut WH. Small 

bowel preservation causes basement membrane and endothelial cell injury.

Transplant Proc 1994; 26: 1498-1500.

Murray JE. Human organ transplantation: background and consequences. Science 

1992; 256: 1411-1416.

Naka Y, Shirakura R, Matsuda H, Kawaguchi A, Nakata S, Fukushima N, Nakano S, 

Kawashima Y. Canine heart-lung transplantation after twenty-four-hour hypothermic 

preservation with Belzer-UW solution. J  Heart Lung Tranplant 1991; 10: 296-303.

Nishikawa H, Fryer PR, Sarathchandra P, Manek S, Charlett A, Green CJ. 

Ultrastructural changes in rat adipomusculocutaneous flaps during warm ischaemic 

storage and reperfusion. Int J  Exp Path  1993; 74: 45-53.

Nossal GJV. Basic Principles o f Immunology. Thoracic transplantation. SJ 

Shumway, and NE Shumway (ed). Blackwell Science, New York, 1996.

Novick RJ, Menkis AH, McKenzie FN. New trends in lung preservation: a collective 

review. J  H eart Lung Transplant 1992; 11: 377-92.

Obara H, Sekimoto M, Iwai S. Alterations to the bronchial and bronchiolarsurfaces 

o f adult mice after exposure to high concentrations o f  oxygen. Thorax 1979; 43: 

479-485.

249



References

Ogawa S, Shreeniwas R, Brett J, Clauss M, Furie M. Stern DM. The effect o f  

hypoxia on capillary endothelial cell function: modulation o f barrier and coagulant 

function. Br JH aem at 1990; 75: 517-524.

Ogawa S, Shreeniwas R, Butura C, Brett J, Stern DM. Modulation o f  endothelial 

function by hypoxia: perturbation o f barrier and anticoagulant function, and 

induction o f a novel factor X activator. Adv Exp M ed Biol 1990; 281: 303-312. ( i )

Ohno A, Mochida S, Arai M, Hirata K, Fujiwara K. Fat-storing cell abnormalities 

associated with endothelial cell damage after cold ischaemic storage o f  rat liver in 

UW solution. Diges Diseases & Sciences 1994; 39: 861-865.

Oka T, Puskas JD, Mayer E, Cardoso PFG, Shi S, Wisser W, Slutsky AS, Patterson 

GA. Low-potassium UW solution for lung preservation. Transplantation 1991; 52: 

984-988.

Okouchi Y, Sasaki K, Tamaki T. Ultrastructural changes in hepatocytes, sinusoidal 

endothelial cells and macrophages in hypothermic preservation o f the rat liver with 

University o f  Wisconsin solution. Virchows Archiv 1994; 424: 477-484.

Okouchi Y, Tamaki T, Kozaki M. A comparison o f  initial flushing solutions in liver 

preservation. Transplantation 1992; 54: 560-561.

Orak JK, Singh AK, Rajagopalan PR, Singh I. Morphological analysis o f  

mitochondrial integrity in prolonged cold renal ischemia utilizing Euro-Collins 

versus University o f Wisconsin preservation solution in a whole organ model. 

Transplant Proc 1994; 26: 122-125.

Patterson CE, Rhoades RA, Garcia JGN. Evans blue dye as a marker o f  albumin 

clearance in cultured endothelial monolayer and isolated lung. J  A ppl Physiol 1992; 

72: 865-73.

Patterson GA, Cooper JD. Status o f lung transplantation. Surg Clin North America 

1988; 68: 545-558.

Penketh A, Higenbottam T, Hakim M, Wallwork J. Heart and lung transplantation in 

patients with end stage lung disease. Br Medic J  1987; 295: 311-314.

250



References

Phillips PG, Lum H, Malik AB, Tsan MF. Phallacidin prevents thrombin-induced 

increases in endothelial permeability to albumin. Am JPhifsiol 1989; 257: C562- 

C567.

Pickford MA, Gower JD, Doré C, Fryer PR, Green CJ. Lipid peroxidation and 

ultrastructural changes in rat lung isografts after single-passage organ flush and 48- 

hour cold storage with and without one-hour reperfusion in vivo. Transplantation 

1990; 144: 210-218.

Pickford MA, Gower JD, Simpkin S, Sampson M, Green CJ. Function o f single rat 

lung isografts after 48-hour cold storage. Transplantation 1991; 51: 743-749.

Pickford MA, Green CJ, Sarathchandra P, Fryer PR. Ultrastructural changes in rat 

lungs after 48 h cold storage with and without reperfusion. Int J  Exp Path  1990; 71:

513-528. (.!>■)

Pickford MA, Manek S, Price AB, Green CJ. The pathology o f rat lung isografts 

following 48 or 72-hour cold storage and subsequent reperfusion in vivo for up to 1 

month. Int J  Exp Path  1992; 73: 685-697.

Pinsky D, Oz M, Liao H, Morris S, Brett J, Sciacca R, Karakurum M, Van Lookeren 

Campagne M, Platt J, Nowygrod R, Koga S, Stern D. Restoration o f  the cAMP 

second messenger pathway enhances cardiac preservation for transplantation in a 

heterotopic rat model. J  Clin Invest 1993; 92: 2994-3002.

Piper HM, Noll T, Muhs A, Besselmann M, Kuhne W, Watanabe H. Cytosolic Ca^  ̂

overload and macromolecule permeability o f endothelial monolayers. Herz 1992; 17: 

277-283.

Rao KV, Andrisevic JH. Prolonged cold ischemia time exerts an independent 

adverse effect on graft survival in recipients o f cadaver renal transplants. Transplant 

Proc  1988; XX: 942-943.

Rauen U, Hanssen M, Lauchart W, Becker HD, de Groot H. Energy-dependent 

injury to cultured sinusoidal endothelial cells o f the rat liver in UW solution. 

Transplantation 1993; 55: 469-473.

251



References

Rogers KR, Morris CJ, Blake DR. The inflammation and its importance as a 

mediator o f inflammation. Ami Rheu Dis 1992; 51: 565-571.

Ross H, Marshall VC, Escott ML. 72-hr canine kidney preservation without 

continuous perfusion. Transplantalion 1976; 21: 498-501.

Rotrosen D, Gallin JI. Histamine type I receptor occupancy increases endothelial 

cytosolic calcium, reduces F-actin, and promotes albumin diffusion across cultured 

endothelial monolayers. J  Cell Biol 1986; 103: 2379-2387.

Savion N, Vlodavsky I, Greenburg G, Gospodarowicz D. Synthesis and distribution 

of cytoskeletal elements in endothelial cells as a function o f cell growth and 

organization. J C e //f/y y j/o / 1982; 110: 129-141.

Schuppe-Koistinen I, The human endothelial glutathione system: sulphur precursor 

uptake and disposition during oxidative stress. Institute o f Environmental Medicine, 

Division o f  Toxicology, Stockholm, Sweden, 1995.

Seibert AF, Thompson WJ, Taylor A, Wilborn WH, Barnard J, Haynes J. Reversal 

of increased microvascular permeability associated with ischaemia-reperfusion: role 

of cAMP. J  Appl Physiol 1992; 72: 389-395.

Semik M, Moller F, Lange V, Bernhard A, Toomes H. Comparison o f Euro-Collins 

and UW-1 solutions for lung preservation using the parabiotic rat perfusion model. 

Transplant Proc 1990; 22: 2235-2236.

Shasby DM, Shasby SS, Sullivan JM, Peach MJ. Role o f endothelial cell 

cytoskeleton in control o f endothelial permeability. Giro Res 1982; 51: 657-661.

Shatos MA, Doherty JM, Hoak JC. Alteration in human vascular endothelial cell 

function by oxygen free radicals. Arterioscl & Thromb 1991; 11: 594-601.

Shepard JM, Goderie SK, Brzyski N, del Vecchio PJ, Malik AB, Kimelberg HK. 

Effects o f  alterations in endothelial cell volume on transendothelial albumin 

permeability. J  Cell Physiol 1987; 133: 389-394.

252



References

Shimokawa S, Watanabes S, Uehara K, Taira A. A new lung preservation method o f  

topical cooling by ambient cold air: an experimental study. Transplant Proc  1991;

23: 653-654.

Shiraishi T, Igisu H, Shirakusa T. Effects o f  pH and temperature on lung 

preservation: a study with an isolates rat lung reperfusion model. Aim Thorac Snrg 

1994; 57: 639-643.

Shreeniwas R, Ogawa S, Cozzolino F, Torcia G, Braunstein N, Butura C, Brett J, 

Lieberman HB, Furie MB, Joshep-Silverstein J, Stern D. Macrovascular and 

microvascular endothelium during long-term hypoxia: alterations in cell growth, 

monolayer permeability and cell surface coagulant properties. J  Cell Physiol 1991; 

146: 8-17.

Siflinger-Birnboim A, Cooper JA, del Vecchio PJ, Lum H, Malik AB. Selectivity o f  

the endothelial monolayer: effects o f  increased permeability. M icrovasc Res 1988;

36: 216-227.

Sims JR, Karp S, Ingber DE. Altering the cellular mechanical force balance results 

in integrated changes in cell, cytoskeletal and nuclear shape. 7  Ce// Soi 1992; 103: 

1215-1222.

Solberg S, Larsen T, Jorgensen L, Sorlie D. Cold induced endothelial cell 

detachment in human saphenous vein grafts. J  Cardiovasc Surg 1987; 28: 571-575.

Solberg S, Larsen T, Jorgensen L, Sorlie D. Injury to human endothelial cells in 

culture under conditions simulating the use o f vein grafts for vascular surgery. Eur 

Surg Res 1984; 16: 256-264.

Solberg S, Larsen T, Smabrekke A, Brox JH, Bertheussen K, Sorlie D, 0sterud B, 

Jorgensen L. A new protective solution for hypothermic storage o f  free vein grafts in 

cardiovascular surgery. Scand J  Clin Lab Invest 1992; 52: 73-82.

Southard JH, Van Gulik TM, Ametani MS, Vreugdenhil PK, Lindell SL, Pienaar 

BL, Belzer FO. Important components o f the UW solution. Transplantation 1990;

49: 251-257.

253



References

Southard JH. Advances in organ preservation. Transplant Proc 1989; 21: 1195-1196.

Speiser W, Anders E, Preissner KT, Wagner 0 , Müller-Berghaus G. Differences in 

coagulant and fibrinolytic activities o f cultured human endothelial cells derived from 

omental tissue microvessels and umbilical veins. B lood  1987; 69: 964-967.

Stelzner TJ, O'Brien RF, Sato K, Weil JV. Hypoxia-induced increases in pulmonary 

transvascular protein escape in rats. J  Clin Invest 1988; 82: 1840-1847.

Stringham JC, Southard JH, Hegge J, Triemstra L, Fields BL, Belzer FO.

Limitations o f  heart preservation by cold storage. Transplantation 1992; 53: 287- 

294.

Sundaresan S, Lima O, Date H, Matsumura A, Tsuji H, Obo H, Aoe M, Mizuta T, 

Cooper JD. Lung preservation with low-potassium dextran flush in a primate 

bilateral transplant model. Ann Thorac Surg 1993; 56: 1129-1135.

Sundberg R, Ar'Rajab A, Ahrén B, Bengmark S. Improvement o f liver preservation 

quality with UW solution by chlorpromazine pretreatment o f the donor in an 

experimental model. Transplantation 1989; 48: 742-744.

Taylor AE. Pulmonary edema: ischemia reperfusion endothelial injury and its 

reversal by c-AMP^. Proc Nat Sci Council ROC, 1991; 15: 191-195.

Teramoto K, Bowers JL, Kruskal JB, Clouse ME. Hepatic microcirculatory changes 

after reperfusion in fatty and normal liver transplantation in the rat. Transplantation 

1993; 56: 1076-1082.

Thurman RG, Marzi I, Seitz G, Thies J, Lemasters JJ, Zimmerman F. Hepatic 

reperfusion injury following orthotopic liver transplantation in the rat.

Transplantation 1988; 46: 502-506.

Tokunaga Y, Wicomb WN, Concepcion W, Nakazato P, Collins GM, Esquivel CO. 

Successful 20-hour rat liver preservation with chlorpromazine in sodium 

lactobionate sucrose solution. Surgeiy 1991; 110: 80-86.

Toledo-Pereyra LH, Rodriguez FJ. Scientific basis and current status o f organ 

preservation. Transplant Proc 1994; 26: 309-311.

254



References

Toledo-Pereyra LH, Condie RM. Lung transplantation. J  Thoracic & Cardiov Surg 

1978; 76: 846-852.

Tortora GJ, Grabowski SR. Principles o f anatomy and physiology. Harper Collins 

College. Roesch B (ed). Eighth edition. New York, 1996.

Unruh H. Pulmonary endothelial cell function after modified Eurocollins solution 

infusion. J  Heart Limg Transpl 1993; 12: 700-750.

van Gulik TM, Reinders ME, Nio R, Fredericks WM, Bosma A, Klopper PJ. 

Preservation of canine liver grafts using HTK solution. Transplantation 1994; 57: 

167-171.

van Hinsbergh V. Regulatory functions o f the coronary endothelium. M ol Cell 

Biochem  1992; 116: 163-169.

van Why SK, Mann AS, Ardito T, Siegel NJ, Kashgarian M. Expression and 

molecular regulation o f Na'"'-K'''-ATPase after renal ischaemia. Am J  Physiol 1994; 

267: F75-F85.

Vane JR, Anggard EE, Botting RM. Regulatory functions o f the vascular 

endothelium. New England J  o f  M ed  1990; 323: 27-36.

Vidal-Vanaclocha F, Rocha M, Asumendi A, Barbera-Guillem E. Isolation and 

enrichment o f two sublobular compartment-specific endothelial cell subpopulations 

from liver sinusoids. Hepatology 1993; 18: 328-339.

von Oppel UO, Pfeiffer S, Preiss P, Dunne T, Zilla P, Reichart B. Endothelial cell 

toxicity o f solid-organ preservation solutions. Ann Thorac Surg 1990; 50: 902-910.

von Oppell UO, Pfeiffer S, Preiss P, Dunne T, Zilla P, Reichart B. Solid organ 

preservation solutions and the endothelium. Appl Cardiovasc B iol 1992; 2: 205-209.

Wah lb erg J, Jacobsson J, Tufveson G. Relevance o f additive components o f  

University o f Wisconsin cold-storage solution. Transplantation 1989; 48: 400-403.

255



References

Ward BJ, Donnelly JL. Hypoxia induced disruption o f  the cardiac endothelial 

glycocalyx: implications for capillary permeability. Cardiovasc Res 1993; 27: 384- 

389.

Watanabe H, Kuhne W, Spahr R, Schwartz P, Piper HM. Macromolecule 

permeability o f coronary and aortic endothelial monolayers under energy depletion. 

Am J  Physiol 1991; 260: H1344-H1352.

WatsonPF, Morris GJ. Cold shock injury in animal cells. Soc Experim Biol, 1987: 

317-340.

Watts ME, Woodcock M. Flavone acetic acid induced changes in human endothelial 

permeability: potentiation by tumour-conditioned medium. Eur J  Cancer 1992; 28: 

1628-1632.

Weder W, Harper B, Shimokawa S, Miyoshi S, Date H, Schreinemakers H, Egan T, 

Cooper JD. Influence o f intraalveolar oxygen concentration on lung preservation in a 

rabbit model. J  Thorac Cardiovasc Surg 1991; 101: 1037-1043.

Weinberg JM, Varani J, Johnson KJ, Roeser NF, Dame MK, Davis JA, 

Venkatachalam MA. Protection o f human umbilical vein endothelial cells by glycine 

and structurally similar amino acids against calcium and hydrogen peroxide-induced 

lethal cell injury. Am J  Pathol 1992; 140: 457-471.

Wheater PR, Burkitt HG, Daniels VG. Functional Histology. Churchill Livingstone. 

Longman Group, UK, 1987.

Wheeldon D. Thoracic organ preservation. Perfusion 1991; 6: 191-202.

Wong MKK, Gottlieb AI. Endothelial monolayer integrity: perturbation o f  F-actin 

filaments and the dense peripheral band-vinculin network. Arteriosclerosis 1990; 10: 

76-84.

Wong MKK, Gotlieb AI. The reorganization o f  microfilaments, centrosomes and 

microtubules during in vitro small wound reendothelialization. J  Cell Biol 1988;

107: 1777-1783.

256



References

Yamada Y, Furumichi T, Furui H, Yokoi T, Ito T, Yamauchi K, Yokota M, Hayashi 

H, Saito H. Roles o f calcium, cyclic nucleotides and protein kinase C in regulation o f  

endothelial permeability. Arteriosclerosis 1990; 10: 410-420.

Yamazaki F, Yokomise H, Keshavjee SH, Miyoshi S, Cardoso PF, Slutsky AS, 

Patterson GA. The superiority o f an extracellular fluid solution over Euro-Collins 

solution for pulmonary preservation. Transplantalion 1990; 49: 690-694.

Ytrehus K, Aspang EM. Phospholipid peroxidation in isolated perfused rat hearts 

subjected to hypothermia followed by rewarming: inverse relation to loss o f  

function. O yobiology  1994; 31: 263-271.

Zilla P, von Oppell U, Deutsch M. The endothelium: a key to the future. J  C ard Surg 

1993; 8: 32-60.

Zimmerman LH, Levine RA, Farber HW. Hypoxia induces a specific set o f  stress 

proteins in cultured endothelial cells. J  Clin Invest 1991; 87: 908-914.

257



P u b l i c a t io n s

Full papers

Hidalgo MA, Ambrose IJ, Goddard JG, Fuller BJ, Green CJ. Cultured human 

endothelial cells as a model for hypothermic preservation. Cryoletters 1993; 14; 339- 

346.

Hidalgo MA, Manek S, Fryer PR, Fuller BJ, Green CJ. Morphological changes in rat 

single lung isografts after long-term survival. Int J  Exp Path  1995; 76: 43-54.

Hidalgo MA, Sarathchandra P, Fryer PR, Fuller BJ, Green CJ. Scanning electron 

microscopic changes in morphology o f  pulmonary endothelium in rat lung isografts 

following hypothermic ischaemic storage and transplantation. Int J  Exp Path  1995; 

76: 339-352.

Hidalgo MA, Sarathchandra P, Fryer PR, Fuller BJ, Green CJ. Effects o f  

hypothermic storage on the vascular endothelium: a scanning electron microscope 

study o f  morphological change in human vein. J  Cardiovasc Surg 1995; 36: 525- 

532.

Hidalgo MA, Mann DJ, Fuller BJ, Green CJ. Effects o f depolarising or non

depolarising preservation solutions on human endothelial cells during cold hypoxia. 

CUnSci, 1996; 90: 135-141.

Hidalgo MA, Shah K, Fuller BJ, Green CJ. Morphological and functional changes in 

pulmonary endothelium following cold hypoxia and revascularization. J  Thorac & 

Cardiovasc Surg 1996; in press.

Abstracts

Hidalgo MA, Ambrose IJ, Goddard JG, Thorniley MS, Green CJ. Hypothermic 

damage to human endothelial cells during cold storage using high and low potassium 

content organ flush solutions. Clin Sci 1993; 85: 10.



Published work

Hidalgon MA, Manek S, Fuller BJ, Green CJ. Morphological appearance o f  

pulmonary tissue after long term survival in lung transplantation. J  Path  1994; 172: 

158.

Hidalgo MA, Ambrose IJ, Sarathchandra P, Fryer PR, Manek S, Green CJ. Scanning 

electron microscopy o f human endothelial cells after cold storage. J  Path  1994; 172: 

143.

Hidalgo MA, Ambrose IJ, Goddard GJ, Manek S, Fuller BJ, Green CJ. Cold storage 

protection o f endothelial cells. J  Path 1994; 172: 143.

Hidalgo MA, Mann DJ, Thorniley MS, Fuller BJ, Green CJ. Cytoskeleton oriented 

preservation solution protects endothelial cells monolayer against cold ischaemia. 

Clin Sci 1994; 87: 26.

Subm itted manuscripts

Hidalgo MA, Manek S, Fuller BJ, Green CJ. Histopathological changes and lesion 

development in hypothermically stored rat lungs for transplantation. Submitted to 

Int. J  Exp Path, 1996.

Hidalgo MA, Al Aker N, Fuller BJ, Green CJ. Protection o f cultured human 

endothelial cells under solid organ transplantation storage conditions. Submitted to 

Cryobiology, 1996.

Hidalgo MA, Fuller BJ, Green CJ, Haegerstrand A. The endothelial cell monolayer 

as a permeability barrier in organ preservation: effects o f preservation solutions and 

activators o f cyclic nucleotides. Submitted to Cryobiology, 1996.

ROYAL FR EE liO S P iïA L
wmMj)

259



C r y o - L e t t e r s  14, 339-346(1993) .
Publ i shed by C r y o - L e t t e r s ,  7,  Wootton Way, Cambridge CB3 9LX, UK

CULTURED HUMAN ENDOTHELIAL CELLS 
AS A MODEL FOR 

HYPOTHERMIC PRESERVATION

MA Hidalgo*^ IJ Ambrose^ JG Goddard^ BJ Fuller^ and CJ Greene-2

1 Section of Surgical Research, Clinical Research Centre,
Watford Road, Harrow, Middlesex HA1 3UJ, and

2 University Department of Surgery, Royal Free Hospital
School of Medicine, London NW3 2QG, -UK

Summary

Successful preservation of endothelial cells within the vascular bed during 
hypothermic storage is critical for organ viability after transplantation. Hence, 
study of the effects of different variables such as hypoxia, hypothermia and 
preservation solution composition on endothelial cell cultures in vitro might help 
identify mechanisms of damage during organ preservation. Human vein 
endothelial cell cultures were subjected to 3, 8, 16 or 24 hours of normoxic 
hypothermia (0-4°C) in either culture medium or one of two organ preservation 
solutions containing low or high levels of potassium. Monolayer integrity and cell 
viability were determined using morphometric techniques and cell membrane 
damage was assessed by monitoring lactate dehydrogenase leakage. Cold 
storage altered endothelial cell shape in all storage groups. The damage 
increased with the length of the cold insult, most markedly between 8 and 16 
hours of storage. Neither of the solutions tested improved the appearance or 
viability of cells compared with those stored in culture medium and subjected to 
normoxic hypothermia.

Key words: endothelial cells, preservation solution, transplantation, hypothermia.
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Introduction

Organ transplants have become a successful treatment in clinical practice for 
many end stage illnesses (1). Growing waiting lists and a shortage of donor 
organs emphasise the need for effective and safe organ preservation techniques 
(2). The most common preservation method currently used in clinical organ 
harvesting consists of flushing the organ with a preservation solution to remove 
blood cells and provide the organ with minimal metabolic support during the 
storage period. The organ is then immersed in the same solution under 
hypothermic conditions (0® - 4° C).

To prevent electrolyte and water exchange between intra and extracellular 
spaces, the first organ flush solutions included a high concentration of potassium 
in their composition in order to mimic the intracellular medium. While good results 
have been achieved using this type of solution (3-5), several experiments have 
suggested that solutions which mimic the extracellular fluid, with a low 
concentration of potassium, are more successful at preserving organs for 
transplantation (6,7).

A common event for most solid organs after a period of hypothermic storage and 
subsequent revascularization in a transplant procedure is the oedema which 
develops early on reperfusion (5,8,9). This oedema can be attributed, at least in 
part, to damage suffered by endothelial cells during preservation (10). Frank 
haemorrhage into the extravascular space will follow as endothelial damage 
increases.

Preservation of microvascular structure and physiology is essential for successful 
restoration of blood supply to an organ following storage. Considering that 
endothelial cells interface with asanguinous flush solution during preservation, it 
was decided to study the behaviour of cultured endothelial cells in vitro when 
exposed to clinically used preservation solutions. Hypertonic citrate solution 
(MCA), as originally described by Ross et al. (11), was compared with a modified 
MCA in which sodium and potassium had been raised and lowered respectively to 
extracellular levels (HCAmod).
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Materials and Methods

The cell culture medium used was bicarbonate buffered RPMI 1640 containing 
10% fetal calf serum, 2mM glutamine, 100 i.u./ml penicillin, 100 //g/ml 
streptomycin and an additional 10 mM HEPES. Hypertonic citrate solution was 
obtained from Baxter Healthcare Ltd. (Thetford, Norfolk, UK), and modified 
hypertonic citrate was prepared according to Table 1.

Human vein endothelial cells (EC) were obtained from fresh umbilical cords and 
grown to confluent monolayers in vitro as described by Gertler et al. (12). Cells 
were grown on 1 cm^ coverslips placed in 6 well culture plates. When confluence 
was reached, the CM was removed and replaced with: i) fresh culture medium 
(CM) as used for original growth; ii) hypertonic citrate (HCA) with high K‘*‘; and iii) 
modified hypertonic citrate (HCAmod) with low K"*" and high Na"*" (Table. 1). CM 
and flush solutions were at 37®C. Endothelial cells were then placed in a 
refrigerator and subjected to 3,8,16 or 24 hours of cold storage (0° to 4®C).

Tablel. Composition of storage solutions
HCA HCAmod

Na* 80 mM 159 mM
K+ 80 mM 6 mM
Mg2+ 40 mM 40 mM
Citrate 55 mM 55 mM
SO42- 40 mM 40 mM
Mannitol 100 mM 100 mM

Cell viability, morphology and surface coverage were determined by light 
microscopy following staining of non-viable cells with eosin Y (0.1%). The 
morphometric measurements were obtained using a x40 objective on the 
microscope within a field (20 x 30 cm) on a 22 inch closed circuit TV monitor.
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Groups were made up as follows:

Group 1 = unstored controls 
Group 2 = 3 hours storage:

Group 3 = 8 hours storage:

Group 4 = 16 hours storage:

Group 5 = 24 hours storage:

2a n CM
2b n HCA
2c n HCAmod
3a n CM
3b n HCA
3c n HCAmod
4a n CM
4b n HCA
4c n HCAmod
5a n CM
5b n HCA
5c n HCAmod

Each individual group had n=6 to n=8 samples, with ceiJs obtained from at least 4 
different umbilical cords. Ten fields per sample were analysed.

Cell membrane integrity was monitored by measuring leakage of the cytosolic 
enzyme lactate dehydrogenase (LDH) into the medium using a kit (DG 1340-K, 
from Sigma, Poole, Dorset). The data are presented as the % of total LDH in the 
culture (after cell lysis with 1% Triton X-100) found in the extracellular medium.

Statistical analyses were performed using the Mann-Whitney test. Results were 
considered significant when the p value was less than 0.05

Results

Total cell counts per sample at any single time point did not vary significantly 
between the different solutions throughout the experiment. Cell detachment was, 
however, particularly noticeable between 8 and 16 hours (Table 2), resulting in a 
significant decrease in the total number of cells in all conditions tested (p<0.03).
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Table 2. Total cell counts.

CM HCA HCAmod

8 hours mean 40.6 46.3 35.3
standard dev. 8.6 7.5 9.8

16 hours mean 15.6 16.0 12.4
standard dev. 5.9 5.3 5.4

A marked drop in cell viability (p<0.001) was also observed between 8 and 16 
hours of cold storage (Fig. 1). Within individual time points, the only significantly 
different groups were the cells stored for 8 hours in HCAmod which had lower 
viability than those stored in culture medium (p=0.035).
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Fig.1. Viability of EC after cold storage.

Morphology of the cells was progressively altered with the time of exposure to 
hypothermia and the continuity of the monolayer was disrupted with gaps 
appearing between cells. This is shown in Fig. 2 as a decrease in surface 
coverage with increasing storage period. At tiitie 0 the coverage was 100%, the 
monolayers being continuous and confluent before storage. No statistically 
significant differences were observed between treatment groups at any time 
point; however, as observed with cell viability, there was a sharp drop in surface 
coverage between 8 and 16 hours of cold storage (p<0.001) in all groups. The 
decrease in coverage between the groups stored for 0 and 3 hours was mainly 
due to changes in cell shape, resulting in gaps between the cells. The large 
decrease in surface coverage observed between 8 and 16 hours was mainly due 
to detachment of cells from the surface.
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Fig.2. Surface covered by EC
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LDH leakage increased as the cold insult progressed with some membrane 
disruption being noticeable after only 3 hours of cold storage (Fig. 3). The 
solution containing a high concentration of potassium (HCA) tended to result in 
better protection to cold induced LDH leakage in the cells stored for 8 hours, but 
statistical significance was not reached.
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Fig.3. LDH leakage during cold storage

24

Discussion

We have observed marked changes in cell morphology upon cold storage. This is 
in accord with the recent data of Haworth (13) which suggest that 
depolymerisation of cytoskeletal elements occurs under hypothermic conditions.
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These alterations lead to a loss of endothelial cell shape and disruption of 
monolayer continuity (14). In vivo, this may contribute to the increase in vascular 
permeability observed following cold storage of solid organs . In addition, loss of 
integrity of the endothelium may expose the basement membrane resulting in 
thrombotic processes (15). We found noticeable changes in cell shape after only 
3 hours of storage under hypothermic conditions. This is accompanied by a 
progressive loss of cell viability, as determined by eosin uptake and membrane 
disruption (LDH release). In this model, ischaemia was excluded as a damaging 
factor, thus providing evidence that cold storage in flush solution alone caused 
time dependent damage to cultured EC. It will be important to determine how the 
damaging effects of ischaemia interact with those of hypothermia.

No statistically significant difference was found between high and low potassium 
flush solutions at any time point. The concentration of potassium in the cellular 
medium does not seem to have a dramatic effect on preservation of cell shape or 
membrane integrity.

Marzi et al. (16) found that EC were significantly more vulnerable to cold storage 
and reperfusion than liver parenchymal cells. They presented evidence that 
preservation of endothelial cell viability is critical for graft outcome of liver in 
transplantation. Many authors have stressed the importance of endothelial cell 
preservation in the successful outcome in organ transplants (17,18). The in vitro 

model of cultured human endothelial cells presented here provides a method to 
assess cell morphology and membrane integrity and an effective way to evaluate 
new protective agents and preservation solutions under hypothermic and/or 
ischaemic conditions.

Organ outcome in transplantation can be improved by achieving better 
preservation of vascular function through improved preservation of the 
endothelium. The role of endothelial cells in organ preservation needs to be 
further investigated and in vitro cell culture is a simple model in which to vary the 
cold and ischaemic insults.
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Summary. A high priority in organ transplantation research is to increase the 
number of hours that an organ can be successfully preserved. Transplant 
programmes rely on hypothermia and flush solutions to maintain organ 
viability during the storage period. We studied long-term morphology in 
lungs stored for 24 or 48 hours using two modified versions of University of 
Wisconsin solution, one mimicking the extracellular medium and the other 
the intracellular medium. Four weeks after transplantation, X-ray and 
angiograms were used to assess the proportion of ventilating tissue, and 
light and electron microscopy to analyse morphology. Pulmonary tissue 
presented near-normal histological appearance in well preserved areas 
while fibrosis and chronic inflammation were found in scarring processes. 
Electron microscopy studies revealed some damage-related changes in 
tissue which appeared histologically normal. Four weeks after transplanta
tion, quality and quantity of recovery were uniform for both solutions tested 
after 24 hours of storage. However, without reaching significance, after 48 
hours the quantity of successfully preserved pulmonary tissue was greater 
in the group stored in the intracellular solution.

Keywords: lung preservation, flush solution, oedema, endothelium

Lung transp lan ts  have  beco m e  successfu l life saving 
o pera t ions  with satisfactory long-term resu lts  (Patterson 
et al. 1988). However, the  cu rren t 4 hours  of cold 
Ischaem ia  to lerated  by pulm onary t i s sue  prior to t r a n s 
plantation severe ly  limit the  nu m ber  of clinical lung 
t ransp lan ts  (K eshavjee et al. 1989) and  waiting lists for

Correspondence: M.A. Hidalgo, Department of Surgical 
Research, Northwick Park institute for Medicai Research, 
Northwick Park Hospital, Watford Road, Harrow, Middlesex 
HA1 3UJ, UK.

single, double  and combined heart  and  lung transp lan ts  
a r e  lengthening. Indicating the  necess ity  to m ake 
Improved lung preservation  a  priority to maximize the 
u se  of available  donor o rgans .  Severa l  s tu d ies  have 
show n tha t continuous perfusion (Hardesty & Griffith 
1987) and  whole body co re  cooling (Filial et al. 1990) 
a r e  the  most effective w ays  of p reserv ing  h ea r t  and lung 
t is su e  prior to transplantation, but In clinical practice, 
quicker and  s im pler m ethods a r e  needed .  In the  s im 
ples t  and m ost effective clinical p rocedure , the  lungs a re  
f lushed with a  p reservation  solution via the  pulmonary
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artery  and  subsequen tly  s to red  in this solution at 
low te m p era tu re  (between 0 and  4°C). The typical 
p reservation  solution is d e s ig ned  to evacu a te  blood 
and  cool the  o rgan  to inhibit autolysis  during the 
cold ischaem ic  period. Experimental resu lts  with 
th is technique  a r e  favourable  (Locke ef al. 1991; 
Pickford et al. 1991) and  its simplicity m akes  it the first 
choice in most t ransp lan t p rogram m es.

Severa l  key experim en ts  using different flush solu
tions for o rgan  preservation  have  been  carr ied  out in 
recen t  y e a rs  (Jam ieson  et al. 1988; Hooper et al. 1991; 
Okouchi et al. 1992). To preven t electrolyte and  w ater 
ex ch ang e  betw een  cells  and  interstitial and vascu lar  
sp a c e s ,  the first group of o rgan  flush solutions that w ere  
u sed  a ttem pted to mimic the intracellular medium by 
incorporating high concentra tions  of po tassium  (intra
cellular levels). Osmotic ag e n ts  w ere  add ed  to 
ra ise  osmotic p re s su re  inside the capil lar ies 
(Wheeldon 1991). However, so m e  au thors  have  su g 
g es ted  that ex tracellu lar type solutions (with high 
sodium  and low potass ium  concentrations) a r e  m ore  
successfu l in lung preservation  and  give better  results  
(Fujimura et al. 1987; Oka et al. 1991; Yamazaki et al. 
1990). Moen and co l leag ues  (1989) found tha t  a  high 
sodium University of Wisconsin (UW) solution w a s  a s  
effective a s  the original UW (intracellular type) for 48 
hours  of multiorgan preservation  in dogs.

To an a ly se  the  effects of varying sodium and  po tas 
sium levels In a  single  lung isograft model in rats  with 
cold s to rage  t im es  up to 48 hours, w e used  two modified 
vers ions  of UW flush solution in which the  only differ
e n c e  w ere  the  sodium and  po tass ium  concentrations. 
Long-term morphological c h a n g e s  and  t i ssue  outcom e 
w ere  a s s e s s e d  four w eeks  after pulm onary tran sp lan ta 
tion. Lungs w ere  analysed (i) macroscopically with X-rays 
and  angiogram s; (ii) by light m icroscopy after staining 
with haematoxylin and eosin , and sodium rhodizonate; 
and  (iii) ultrastructurally using transm iss ion  electron 
microscopy.

Materials and methods

Materials

Enflurane (Ethrane) for a n a e s th e s ia  w as  obtained from 
Abbott Laboratories  Ltd, UK, and  frusem ide  injection BP 
(20 mg/2 ml) from Phoenix Pharm aceutica ls ,  G loucester, 
UK. Two different o rgan  preservation  solutions w ere  
used  in this study: modified University of Wisconsin 
with high po tassium  and  low sodium concentration a s  
an intracellular type solution (UW high K), and  modified 
University of Wisconsin with high concentration of

sod ium  and  low potassium  (UW low K) a s  an  ex tracel
lular type solution (Table 1). Both o rgan  flush solutions

Table 1. Composition of flush solutions

UW high K 
(w/v%)

UW low K 
(w/v%)

Sodium hydroxide BP 0.154 0.512
Potassium hydroxide 0.585 0
Laotobionic acid 3.861 3.861
Allopurinol 0.014 0.014
Potassium acid phosphate BP 0.355 0.355
Magnesium sulphate BP 0.262 0.262
Raffi nose pentahydrate 1.860 1.860
Glutathione (reduced) 0.096 0.096

w ere  provided by the  Liver T ransp lan t Unit of the Royal 
F ree  Hospital School of Medicine, London. Micropaque 
s tan dard  (100% w/v barium sulphate) for ang iography  
w as  ob tained from Nicholas Labora tories  Limited, 
Slough, UK. Electron m icroscopy re a g e n ts  w ere  
obtained from Agar Scientific, S tans tead ,  Essex, UK.

Surgical procedure

The s a m e  su rg eon  performed all transp lan ts ,  using 
adult fem ale  inbred Lewis rats, with a  body weight 
be tw een  200 and 250 g.

Anaesthesia. The initial induction w as  ach ieved  using 
an an aes th e t ic  ch am b e r  filled with enflu rane  vapour. 
The animal w as  then intubated intratracheally  with a  
16G in travenous cannula ,  and connected  to a  Harvard 
rodent ventilator. The tidal volume w a s  2.3 ml a t  
45 s t rokes  pe r  minute. The an im als  w e re  maintained 
on 100% oxygen during both the  harves ting  and 
re-implantation surgical p rocedures .

Donor operation. The donor ch es t  w a s  op en ed  with a  
bilateral subcos ta l  incision and  in tracardiac heparin 
w a s  immediately adm inis te red  (50 lU). The hilum of 
th e  left lung w as  adeq ua te ly  c lea red  by blunt d is s e c 
tion. The left pulm onary  vein w a s  divided and s u b s e 
quently the  com m on pulm onary  ar tery  w a s  cannula ted . 
Both lungs w e re  flushed with 15-20 ml of the  chosen  
preservation  solution. The flush solution w as  a t  room 
tem p e ra tu re  (18°C) and  the flush p re s su re  w as  constan t 
(45cmH20). The pulm onary  a r te ry  w as  then sectioned 
and  the  b ronchus  tied with the  lung Inflated throughout 
the  s to ra g e  period. After dividing the bronchus the 
whole  organ  w as  w rapped  in cling film and su b m erged  
in the  s a m e  flush solution in a  s terile  container. Controls 
(Group 1) w ere  either exam ined  immediately after 
harves ting  (non-stored, non-transplanted) or 4 w eeks
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after transplantation  without p revious s to rage .  Lungs 
harves ted  to eva lua te  and co m p are  the  two p reservation  
solutions under  study w ere  s to red  a t  2°C in a  refrigera
tor for periods of 24 hours  (Group 2) o r 48 hours  
(Group 3). The donor animal w a s  sacrif iced by a n a e s 
thetic overdose .

Recipient operation. The ch es t  of the intubated animal 
w as  opened  via a  iaterothoracotomy following the inter
costal s p a c e  betw een  the third and  the  fourth ribs. The 
native left lung w as  rem oved  a s  well a s  the retrocaval 
lobe of the right lung, to avoid superposit ion  during 
X-ray examination. The donor graft w as  p laced in 
position, the  hilar vein and  a r te ry  w e re  an as to m o sed  
with continuous su tu re s  and  the b ronchus  with a  combi
nation of continuous and interrupted su tures ,  using 10/0 
monofilament nylon (Ethilon) and  microsurgical tech 
niques. Blood and air  flow w ere  res to red  simulta
neously. Rib c a g e  and  thoracic  m u sc les  w ere  closed 
with 3/0 chromic catgut, and 3/0 bra ided  silk w as  u sed  to 
c lose  the  skin.

Post-operative care. All recipients rece ived 0.1 ml of 
f rusem ide (0.5 mg/kg i.m.) Immediately after the o p e ra 
tion and a  seco nd  d o se  24 hours  later. To co m p en sa te  
for loss of fluid they received 3 mi of isotonic sa l ine  
solution injected sub cu taneousiy  post-operatively. After 
extubation they received no resp ira tory  a s s is ta n c e  and 
had a c c e s s  to food and drink ad libitum.

Pulmonary morphology, radiographic analysis and 
angiography

Four w eek s  after transplantation , m acroscopic  inspec
tion of the lung w as  carr ied  out with the  animal a n a e s 
thetized and intubated. The pe rcen tag e  of functioning 
iung t i ssue  w as  then es t im ated  visuaiiy for each  t r an s 
planted lung, noting in particular its size, coiour, 
respira tory  m ovem en ts  and capacity  to inflate com 
p ared  with the s a m e  p a ra m e te r s  in the  native right 
lung. Immediately after the  m acroscopic  a s s e s s m e n t  
the an im als  w ere  sacrificed with an o v e rd ose  of enflur
a n e  in the  anaes the t ic  cham ber,  and  an an te roposte r io r  
X-ray w as  taken. The puim onary  t i s sue  w as  kept art i
ficially Inflated by clamping the  trachea .  The t r an s 
planted lungs w ere  classif ied in both the  m acroscopic  
and the X-ray ana lys is  by the p e rce n ta g e  of left lung 
Inflating normaiiy and  ranged  from 100, in which ali left 
lung t i s su e  w as  inflating normally, through 90% w here  
m ore  than 90% of the lung w as  inflating, to 80, 50 and 10 
w h ere  iess  than 50% of the  iung w as  infiating, to 0 w here  
the lung w as  totally collapsed.

After opening  the thorax via a  midiine s ternal thor
acotomy, 0.5 ml of barium su ipha te  w as  injected directly 
into the  com m on puim onary  artery. An ang iogram  w as  
taken with the  animai in the s a m e  position. The angio
gram  resu its  w ere  g rad ed  a s  (i) com ple te  ventilation 
and  com pie te  perfusion; (ii) no ventiiation but perfusion; 
and  (iii) no ventiiation and no perfusion. Ventilation 
and  perfusion w ere  cons id e red  ad e q u a te  when they 
invoived a t  leas t  80% of the  pulm onary  t i s su e  in the 
t ransp ian ted  ieft iung.

Light and electron microscopy

T ransp ian ted  iungs w ere  fixed immediateiy  after ha r
vesting by infusion of 2.5 mi of 3%  p ho sp ha te  buffered 
g iu tara idehyde into the airw ays via direct cannuia tion  of 
the  ieft main bronchus. A longitudinai cut divided the 
lung into two halves, of which the  an ter io r  part w as  
p ro c e s se d  for light microscopic ana lys is  and  s ta ined 
with haematoxylin and eosin  and  the  poster io r  part 
p ro c e s se d  for e lec tron microscopy studies .  Selected  
sec t ions  w ere  s ta ined  with sodium rhodizonate  to high
light barium su ipha te  in blood v esse ls .  All t ransp lan ted  
lungs w ere  a s s e s s e d  histologically for p reservation  of 
g enera l  lung architec ture  and in particular the  p re sen ce  
of o ed em a ,  of sep ta l  congestion , of parenchym al 
h aem orrh age  and for inflammatory and pleural changes.

T hree  an im als  In each  group w ere  se lec ted  for ultra- 
structural analysis .  Blocks of 2mm^ w ere  cut out from 
the  ventilating and  m acroscopically  well p reserved  
a r e a s  of each  lung, and p ro ces sed  for transm iss ion  
elec tron m icroscopy a s  previously desc r ibed  (Pickford 
ef ai. 1990). in examining m icrophotographs, particular 
note w as  m ad e  of any altera t ions in endothelial cells 
(nuclei and  cytoplasmic elem ents); m e m b ran e  integrity; 
resp ira tory  wall; inflammatory ceils; a lveo lar  type ii 
ceils; bronchial epithelial cells; sm ooth  m usc le  ceils 
and  interstitial spac e s .

Experimental protocol

Group 1 Controls
l a  Non-stored, non-transplanted  lungs (n =  7) 
1b Non-stored, transp lan ted  lungs (n =  7) 

Group 2 Lungs sto red  24 hours  and  then transp lan ted  
2a Lungs flushed with UW high K solution 
(n =  7)
2b Lungs flushed with UW low K solution 
(n =  7)

Group 3 Lungs sto red  48 hours  and  then transp ian ted  
3a Lungs f lushed with UW high K solution 
(n =  7)



46 M.A. Hidalgo et al.

(ai)
• • • •

(ali)
#####

(bi)
#

• • •

• •

(bii)
100

80

g  
« 60

40

20

O '- •«
Figure 1. Lung inflation assessed by macroscopic and X-ray 
anaiysis. Each dot represents one animai, a, 24; b, 48-hours 
stored iungs; i, UW high K (n =  7); ii, UW low K (n =  7).

3b Lungs flushed with UW low K solution 
(n =  7)

All an im als  w ere  sacrificed 4 w eek s  after tran sp lan ta 
tion for the different ana lys is  excep t Group l a  which 
w e re  exam ined  immediately  after harvesting. Only 
an im als  that survived 28 day s  after the  t ransp lan t 
operation  w ere  included in the  study. The num ber of 
an im a ls  in which pulm onary  failure necess i ta ted  sac r i
fice before the se lec ted  survival t ime w as  Influenced not 
by the  type of p reservation  solution u sed  but by the 
length of s to rag e  period. After 24 hours  of hypothermic 
s to ra g e  only o ne  animal had to be  killed before the  4 
w eeks  intended (Group 2a) while after 48 hours, 3 
an im a ls  for e ach  solution tes ted  had to be sacrificed 
before reaching the total nu m ber  of 7 surviving animals .

Statistical ana lys is  w as  perform ed using F isher 's  
exact  test.

Results

Macroscopic appearance and radiology

A very good correlation w as  o bse rv ed  betw een  the 
m acroscopic  a p p e a ra n c e  of the  lung t i ssue  and X-ray 
Im ages 4 w eeks  after transplantation  (Figure 1). A c lea r  
ch es t  radiographic  image, full of air, w as  s e e n  in all 
transp lan ted  controls and  In all th ose  lungs with more 
than 80% of inflating lung t i ssue  a t  m acroscopic  o b se r 
vation. Lungs classif ied macroscopically  a s  50% or less  
Inflated t i ssue  had equally  poor inflated X-ray im ages. 
The successfully  p rese rv ed  lungs had angiogram  
Im ages  similar to those  in control an im als  (Group 1b). 
The unsuccessfully  p rese rved  lungs w ere  identified by

non-ventilated, fibrotic a r e a s  by m acroscopic  and X-ray 
ana ly s is  and  su bsequen tly  p re se n ted  poorly perfused 
ang iogram  im ages.

Pulm onary  t i ssue  in both Group l a  (non-stored, non
transp lan ted  control lungs) and  Group 1b (non-stored, 
transp lan ted  and  sacrificed 4 w eeks  after t ransp lan ta 
tion) p re sen ted  normal m acroscopic  and  radiographic  
ap p e a ra n c e .  After 24 hours  of cold s to ra g e  using the 
intracellular type (UW high K) solution and  four w eeks  of 
revascularization , all 7 transp lan ted  lungs (Group 2a) 
w e re  ventilating at m ore  than 80% of their original 
capacity. In Group 2b, after p reservation  for 24 hours  
In UW low K solution, 6 out of 7 lungs show ed  m ore  than 
80% of t i ssue  inflation. After 48 hours  of cold s to rag e  
plus 4 w eek s  of revascularization , in 6 out of 7 lungs over  
80% of the  lung t i ssue  w a s  inflating with the  UW high K 
solution (Group 3a) but only 3 out of 7 of th e  lungs sto red  
In UW with low K (Group 3b) w ere  well inflated.

For all solutions, the an g io g ram s  show ed  ad eq u a te  
capillary perfusion In the  a r e a s  of ventilating lungs. 
Perfusion in th e s e  a r e a s  w as  equivalen t to the perfu
sion in the  right, native lungs of the  recipients. Fine 
capillaries filled with barium su lphate  could be  observed 
(Figure 2). The unsuccessfully  t ransp lan ted  lungs gave  
an  ang iogram  im age of a  sing le  main a r te ry  filled with 
barium, but no capillary perfusion, differing notably from 
the  ventilating native right lung (Figure 3). T hese  a r e a s  
of poor capillary perfusion coincided with sc a r red  a r e a s  
o bse rved  macroscopically.

The g enera l  outcom e for both solutions in perfusion 
te rm s  w as  considered  very good (13 out of 14 lungs had 
m ore  than 80% of the  pulm onary t i s su e  perfused  like the  
control native right lung) after 24 hours  of s to rage ,  and 
le s s  satisfactory (9 lungs out of 14) after 48 hours  of cold 
s to rage .

HIstopathologlcal changes

Group 1. Both control su b g rou ps  (Group 1, non-stored 
and  non-transplanted  group; and  Group 1b, non-stored, 
transp lan ted  and sacrificed 4 w eeks  later) p resen ted  
normal lung t i ssue  with c lea r  a lveo lar  s p a c e s  and thin 
resp ira tory  walls.

Group 2. Four w eek s  after transplantation , lungs s to red  
24 hours  using the  UW high K flush solution had a  
gen e ra l  a p p e a ra n c e  of well p re se rv ed  pulmonary 
tissue . S om e  of the  lungs p resen ted  a r e a s  of scarring  
limited principally to the apical part of the  lobe. Sm aller 
p e rivascu la r  fibrotic a r e a s  slightly deforming o ther
wise  normal lung t i s sue  w ere  found. Neither o ed e m a  
nor h a e m o r rh ag e  w ere  observed .  S o m e  chronic
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Figure 2. Successfully preserved lung tissue, a, X-ray and b. angiogram taken 4 weeks after transplantation of a 24 hours stored 
lung using the UW low K solution. The radiological images of the transplanted left lung, which was ventilating normally, are 
comparable to those of the native right lung, showing a 100% recovery of the pulmonary tissue.

inf lammation w a s  s e e n  within a  sm all  s c a r  in one  
spec im en . M acrop hag es  laden with haem osider in  w ere  
found in the  sc a r re d  a r e a s .  The UW low K solution 
resu lted  in a d e q u a te  m orphological p rese rv a t ion  of the 
p u lm onary  a rch i tec tu re  and  a b s e n c e  of o e d e m a  and  
h aem o r rh a g e .  Pockets of chronic  inflammation including 
h aem o s id e r in - la d e n  m a c r o p h a g e s  w e re  found in only 
o ne  sp ec im en .  With both so lu tions  a  sm all d e g r e e  of 
th ickening w as  o b se rv ed  in the  p leu ra  (Figure 4a and  b).

Group 3. Four w e ek s  after transp lan ta tion ,  the h is to
logical a p p e a ra n c e  of lungs s to red  48 hou rs  w a s  c on 
s id e rab ly  different from norm al lung tissue .  The a r e a s  
conta in ing  norm al ventilating t i s su e  p re s e n te d  a  well 
p re se rv ed ,  normal lung a rch itec tu re .  A rea s  which failed 
to reco v e r  from the  d am ag in g  i s ch aem ia  and  r e p e r 
fusion p ro c e s se s ,  p re s e n te d  fibrotic o rganiza tion . 
Chronic  inflammation w a s  limited to unsuccessfu l ly  
reco v e red  lung tissue .  In both Group 3a  and  Group 3b 
sm all foci of sca r r in g  with focal mild inflammation in the

p leu ra  w e re  o bse rv ed .  With both p rese rva t io n  so lu tions 
m a c r o p h a g e s  full of h aem o s id e r in  w e re  occas ionally  
s e e n  in u n sca r red  paren chy m al t issue ; th is  w a s  in 
m arked  co n tra s t  to the  24 hou rs  s to red  lungs w h e re  
t h e s e  ce lls  w e re  e n c o u n te re d  only in s c a r re d  a r e a s  
(Figure 4). O ne sp ec im en  in the group  flushed  with UW 
high K sh o w ed  a  sm all level of p e r iv a scu la r  o e d e m a  but 
no h a e m o r rh a g e  or in tra-a lveolar o e d e m a  w a s  found. 
Chronic  inflammatory c h a n g e s  w e re  o b se rv e d  in the 
s c a r s  with inflammatory ce lls  consis t ing  of lym phocytes  
and  p la s m a  cells  (Figure 5).

Lungs f lushed  and  p re s e rv e d  with UW low K had a  
s im ilar  a p p e a r a n c e  including a b s e n c e  of o e d e m a  and  
h a e m o r rh a g e  but focal chron ic  inflammatory infil trates 
w e re  s e e n  in sc a r s .  Pleural thickening w a s  m ore  s e v e r e  
in two s p e c im e n s  in the  UW low K solution, and  so m e  
chronic  inf lam matory ce lls  w e re  a lso  found in the  p leu ra  
of this  las t  group. Only o ne  sp e c im e n  p re s e n te d  th icken
ing of the  re sp ira to ry  wall and  this w a s  in the  UW low K, 
48 hou rs  s to red  group  (Group 3b).
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a

F i g u r e  3. Unsuccessfully preserved lung tissue, a, X-ray and b, angiogram of a 48-hour stored lung using the UW low K solution,
4 weeks after transplantation. The transplanted left lung, which was fibrotic and not ventilating, appears as an opaque area in the 
X-ray image. In the angiogram, only the main pulmonary artery of the left lung is visible (arrow), indicating some perfusion of the 
fibrotic tissue.

With e i ther  solution in G roups  2 an d  3, the  sod ium  
rhodizona te  stain, which highlights the  p r e s e n c e  of 
barium su lpha te ,  sh ow ed  good perfusion in a r e a s  with 
p re s e rv e d  arch itec ture .  Perfusion w a s  poor in a r e a s  
with fibrotic c h a n g e s  (Figure 6).

Electron microscopy

Group 1. Both su b g ro u p s  p re s e n te d  an  ultrastructural 
a rch i tec tu re  cha ra c te r iz ed  by thin re sp ira to ry  walls 
form ed by endothel ium , ba sa l  m e m b ra n e  and  a lveo la r  
type I cells. An o ccas iona l  a lv eo la r  m a c ro p h a g e  could 
be s e e n  in the a lveo la r  sp a c e .  In blood v e ss e ls ,  only 
ery throcy tes ,  p la te le ts  and  occas ion a l  lym phocytes  
w e re  found. Healthy a lveo la r  type II ce lls  with cyto
p lasm  contain ing lam inar  b od ies  w e re  s e e n  in all 
sa m p le s .

Group 2. Lungs s to red  for 24 h ou rs  and  revascu la r ized

for 4 w e e k s  p re s e n te d  a  uniform u ltrastructural a p p e a r 
a n c e  with both flush solutions. The endothel ia l  ce lls  
w e re  in good  condition, with intact m e m b ra n e s  and  
norm al mitochondria . The resp ira to ry  wall w a s  even  in 
th ickn ess  and  basa l  m e m b ra n e s  a p p e a re d  well defined. 
Any inflam matory  ce lls  p re s e n t  In the  s a m p le s  w e re  
mainly lym phocytes  an d  a lveo la r  m a c ro p h a g e s ,  with an  
occas io na l  m a s t  cell. All ce lls  w e re  norm al in a p p e a r 
ance ,  a l though the n u m b er  of in travascu la r  inf lam ma
tory ce lls  w a s  e leva ted  in relation to the  control group. 
A lveolar type II ce lls  w e re  healthy and  in the ir  usual 
location, with a  normal distribution of chrom atin  in their  
nuclei, d e n s e  cy top lasm  and  well defined m em b ra n e s .  
Bronchial epithelial ce lls  w e re  c learly  defined with 
d e s m o s o m e s  b e tw een  the  ce lls  and  su r face  cilia. The 
interstit ial s p a c e s  had co llagen  fib res  and  connec tive  
t i s su e  in norm al distribution. Small v a scu la r  v e s s e l s  
p re s e n te d  a  norm al looking e las tic  lam ina with 
fenes tra t io ns .  P e r iv ascu la r  sm oo th  m u s c le s  ce lls
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Figure 4. HIstopathologlcal changes In successfully preserved lung tissue; a, fibrotic perivascular changes In this case linking small blood vessels to a bronchiole (thick 
arrow; x160); b, slight Increase In pleural thickness (x160); and c, haemoslderln-loaded macrophages In normal pulmonary tissue (thin arrow; x160). I
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Figure 5. Lung stored in UW low K for 48 hours and examined 4 weeks after transplantation. Part of the pulmonary tissue has 
recovered to near normal (thin arrow), while some areas have undergone scarring, accompanied by chronic inflammation (thick 
arrow x160).

w e re  very  active, with relatively la rge  a m o u n ts  of 
en do p la sm ic  reticulum and  In c reased  n u m b e rs  of 
m i tochondria  c o m p ared  to controls,  su g g es t in g  a 
rem odell ing  p ro ces s .  Around an a r te r io le  In one  
sp ec im en ,  duplication of the  b asa l  m e m b ra n e  w as  
found (Figure 7).

Group 3. After 48 hours  of cold s to ra g e  and  4 w ee k s  of 
revascu lar iza tion ,  sp e c im e n s  from both flush solution 
g ro up s  p re s e n te d  s im ilar u lt rastructural ch a rac te r is t ics .  
In s o m e  sp ec im e n s ,  a  few endothel ia l  ce lls  p re sen te d  
pa le  looking cy top lasm  but t h e s e  coex is ted  with a b s o 
lutely normal endothelia l ce lls  In the  s a m e  a re a .  In 
pa tches ,  occas iona l endothel ia l  cell loss  w as  
o b se rv ed .  In th e s e  d a m a g e d  a r e a s  a  few ce lls  with 
d a m a g e d  mitochondria  w e re  found. Overall , the  r e s p ira 
tory wall w a s  In good condition and  the  ba sa l  m e m b ra n e  
w a s  of an  even  th ickness .  Inflammatory ce lls  w e re  s e e n  
In h igher  n u m b e r s  w hen  co m p a re d  with controls. S o m e  
lym phocytes  had d e n s e  m arg ln a ted  chrom atin  and  
d is rup ted  n uc leus  In s o m e  sp e c im e n s .  A lveolar type II

cells  p re s e n te d  a  good u ltrastructural a p p e a r a n c e  with 
normal mitochondria . B ronchlolar ce lls  w e re  well p re 
s e rv e d  with very  slightly sw ollen  m itochondr ia  In so m e  
sp e c im e n s .  In th e s e  ce lls  the  nu c lea r  chrom atin  w a s  
mildly m a rg ln a ted  and  d e n se .  In the  Interstitial sp a c e s ,  
e n la rg ed  a r e a s  of connect ive  t i s su e  w e re  s e e n  In 
different sp e c im e n s  from this 48 hou rs  s to red  group. In 
th e s e  patchy a r e a s  of sw ollen  connec tive  t i s su e  w ere  
found s o m e  m a s t  ce lls  with a  sm all am o un t of o e d e m a  
(Figure 8).

P rese rv a t io n  of pu lm onary  t i s su e  for 24 ho u rs  In this 
model w a s  exce l len t but ou tcom e  after  48 hou rs  of cold 
Ischaem ia  w a s  le s s  satisfactory. O ver all, the  c o n cen 
tration of sod ium  and  po tass iu m  In the  p reserva t ion  
solution did not affect the  m orphology  of pulm onary  
t i s su e  ex am in ed  4 w e ek s  after t ransp lan ta tion ; the 24 
ho u rs  s to red  lungs a p p e a re d  very  s im ilar  with only 
minor les ions  d e te c tab le  but In lungs f lushed  with 
Intracellular UW solution (Group 3a) s to red  for 48 
hours ,  a  g r e a te r  quantity  of t i s su e  w a s  successfu l ly  
p re se rv ed .



Morphological changes In rat lung Isogralts 51

Figure 6. Vascularization of pulmonary tissue shown by sodium rhodizonate staining of barium sulphate, a, Well perfused tissue 
where biack stained barium sulphate can be seen in the alveolar septae; this feature corresponds to a well preserved lung tissue 
area. x160; b, fibro-obliteration of the parenchyma with scattered vascularization; this feature corresponds to scarred pulmonary 
tissue. x160.

Discussion

In the  p re s e n t  rat model of s ing le  lung transp lan ta tion ,  
pu lm onary  t i s su e  w a s  surpris ing ly  ab le  to recov er  from 
cold isch aem ic  s to ra g e  p e r iod s  of 24 and  even  48 hours .  
The fact tha t rec ip ien ts  re ta ined  the ir  healthy, native 
right lungs, a llowed pro longed  an im al survival and  the 
s tudy of long-term m orphology and  u lt ras truc ture  of the  
iso transp lan ted  left lung after t h e s e  had  reco vered  from 
their  initial post- transp lan ta tion  d a m ag e .

For both solu tions tes ted ,  t ra n sm iss io n  e lec tron 
m icroscopy  s tu d ie s  sh ow ed  tha t recovery  of the t i s su e  
w as  good but not com plete .  Lungs s to red  for 24 h ou rs  
(Group 2) w e re  vir tually normal. In the  re sp ira to ry  wall, 
th e re  w a s  no m orphological ev id en c e  to s u g g e s t  
im paired  b lo o d - g a s  ex ch an g e .  After 48 ho u rs  of cold 
i s ch aem ia  (Group 3), only m o d e ra te  u ltrastructural 
d a m a g e  could be d e tec ted  with ac tiva ted  sm ooth  
m usc le  cells  in blood v e s s e l  w alls  and  s o m e  m o d e r

a te ly  d a m a g e d  endothel ia l ce lls  a s  the  main fea tu res .  In 
both g roups ,  the n u m b e r  of inf lam matory ce lls  w as  
e lev a ted  in c o m p ar iso n  to controls, su g g es t in g  mild 
g en e ra l  inf lam matory activity in the  tissue .

From early  s tu d ie s  (Toledo-Pereyra  & C ondie  1978), it 
w a s  conc luded  tha t h yperosm olar ity  and  hy p erka laem ia  
w e re  the  main fac tors  involved in maintain ing the 
viability of p re s e rv e d  lung allografts. However, the  u se  
of a  solution with intracellu lar co ncen tra tion  of h a s  
s o m e  de tr im enta l  effects. Harjula and  c o l le a g u e s  (1984) 
repo r ted  th a t  infusion of a  high (intracellular) c o n c e n 
tration of po tass ium  crystalloid solution c a u se d  
endothel ia l  destruc tion  and  d a m a g e  of can in e  co ronary  
a r te r ie s .  Furtherm ore , Kimblad and  co -w orkers  (1991) 
hav e  show n tha t a  high con ten t of p o tass ium  in flush 
p rese rv a t io n  so lu tions c a u s e d  s trong  vasoconstr ic tion  
in p re s e rv e d  lungs, which w a s  not co u n te rac ted  by 
p ros tag lan d in  E l.  This s trong  vasocons tr ic tion  could 
s ev e re ly  impair the co m ple te  flush of th e  organ .
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Figure 7. Electron micrograph of a well preserved capillary in ventilating lung tissue showing an endothelial cell with intact 
membrane, even distribution of nuclear chromatin and with intercellular connection (thin arrow). Duplication of the capillary basal 
membrane is seen (thick arrow), x 19 000.

Another potential prob lem  w h en  using a  high po tass ium  
solution is the d e le te r iou s  effect of h y p e rk a laem ia  on 
rec ip ient h ea r t s  if t r a c e s  of th e  p rese rva t io n  solution a re  
allowed to e s c a p e  into the  rec ip ien t’s  circulation on 
revascu la r iza tion  (Moen e ta l.  1989).

in the  p resen t  study, variation of po tass ium  and sodium 
concentration  in the  flush solution had no significant 
effect on lung morphology 4 w ee k s  after transplantation. 
However, the am oun t of pu lm onary  t i ssue  that w as  ab le  to 
recover  after 48 hours  of cold s to ra g e  w as  slightly su p e r 
ior in the group flushed and  s to red  in UW high K solution, 
w h ere  6 out of 7 an im als  sh ow ed  normal morphology in 
80% or m ore  of t ransp lan ted  pu lm onary  t issue, while only 
3 out of 7 lungs reached  that level in the UW low K group. 
In ou r  small sam p le  (n =  7), tha t difference failed to reach 
statistical significance.

It h a s  b een  show n tha t s to red  lung w eigh t in c r e a se s  
significantly after reperfus ion  (K aw ahara  at al. 1991), 
and  p e r iv ascu la r  o e d e m a  w a s  found after s to ra g e  even  
in the  p r e s e n c e  of an  ap paren t ly  intact s h e e t  of en d o th e 

lial ce lls  (Hall et al. 1992). In the  p re s e n t  s tudy  w e found 
that p e r iv a scu la r  a r e a s  w e re  m ore  likely to be  affected 
by o e d e m a ,  and  fibrotic c h a n g e s  acco m p an ied  by h a e 
m os iderin  laden  m a c r o p h a g e s  w e re  mainly found 
a ro un d  a r te r io les .  As both cold and  i s ch aem ia  a re  
known to a l te r  endothel ia l cell s h a p e  acco m p an ie d  by 
a  r ise  in v a sc u la r  perm eabil i ty  (Taylor 1991; So lberg  et 
al. 1987; S h re e n iw a s  et al. 1991), this is p e rh a p s  not 
surp ris ing .  F urtherm ore ,  s in ce  in this model lymphatic 
v e s s e l s  w e re  not re co nn ec ted  in the  recipient, the  
tr an sp lan ted  lung lacked lymphatic d ra in age .  In th e s e  
c i r cu m s tan ces ,  w hen  the  endothel ia l  lining w as  
d a m a g e d ,  ev en  sm all in c r e a s e s  in p r e s s u re  might 
c a u s e  o e d e m a .  This would hypothetically b e  e x a g g e r 
a ted  by interaction b e tw een  neu trophils  and  endothelia l 
ce lls  which is known to in c r e a se  perm eabil i ty  and  
protein-rich o e d e m a  (Malik 1990). A ssum ing  tha t 
in c re a se d  v a sc u la r  perm eabil i ty  w a s  the  main c a u s e  
of dysfunction, the  ionic Na^ : b a la n c e  in the flush
solution a p p e a re d  to have  little effect on it.
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Figure 8. Electron micrograph of transplanted lung tissue. An alveolar type II cell with laminar bodies (thin arrow) and an 
endothelial cell (thick arrow) are well preserved. The interstitial space appears enlarged with collagen fibrils (arrow heads). Note 
the presence of an inflammatory cell in the capillary. x7600.

We conc lude  that 4 w eek s  after t ransp lan ta tion ,  lungs 
s to red  for 24 or 48 hou rs  a re  ab le  to reco v e r  m orpho lo 
gically and  p re s e n t  a  nearly  norm al u ltrastructure .  Most 
lungs reco v e re d  successfu l ly  after  24 hou rs  of hypo ther
mic s to rag e .  The concentra tion  of sod ium  and  p o ta s 
s ium  in the  flush solution u sed  to p re s e rv e  rat lungs did 
not have  a  significant im pact on the  quality  of recovery  
an d  m orphological a p p e a r a n c e  in the  long term. A non- 
s tatistically  significant d ifference  w a s  de tec ted  in the  
quantity of the t issue able  to recover after 48 hours of cold 
s to rag e ,  be ing g re a te r  in the  UW high K group. Future 
s tudies  aiming to improve pulmonary preservation should 
be  d irec ted  a t  p rese rv in g  the  endothel ia l  cell m ono lay e r  
and  a t  preventing  in c r e a s e s  in v a sc u la r  permeability .
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1. Hypothermic storage of whole organs flushed with 
a preservation solution is common practice in clinical 
transplantation. This procedure leaves vascular 
endothelial cells in direct contact with the preser
vation solution during the length of the cold ischae
mic period.
2. Aiming to study the effects of organ preservation 
on vascular endothelium, we subjected cultures of 
human umbilical vein endothelial cells to hypoxic and 
hypothermic storage conditions in vitro for 3 or 16 h. 
Four preservation solutions with different levels of 
sodium and potassium were tested. Morphometric 
analysis and  ̂ Cr leakage index were used to assess 
monolayer continuity, cell viability and membrane 
integrity.
3. Hypothermic storage resulted in severe changes in 
endothelial cell morphology with formation of inter
cellular gaps that destroyed monolayer continuity 
after only 3 h. Cellular blebbing was a common 
feature in seriously damaged cells.
4. Morphometric analysis and *̂Cr leakage results 
correlated well. No significant differences between the 
solutions tested were found after 3h of hypothermic 
hypoxic storage. After 16 h, viability and monolayer 
continuity were signiflcantly better preserved (Mann- 
Whitney, P<0.01) in cells stored in lactobionate- 
hased solutions than in hypertonic citrate solutions. 
No significant differences were found between endo
thelial cells stored in extracellular versus intracellular 
types of solutions for the lactobionate-based solutions.
5. The results of the present experiment showed that 
after a period of hypothermic hypoxic storage, vascu
lar endothelial cells appeared morphologically 
deformed and poorly attached in vitro. Lactobionate- 
based preservation solutions were more effective in 
preserving viability and continuity. Protection of 
vascular endothelium under cold hypoxic conditions 
could be a critical factor in successfully preserving 
organs for transplantation.

INTRODUCTION

Hypothermic storage of organs after a single flush 
with specifically designed preservation solutions is 
the current method of choice in clinical transplan
tation. However, the safe preservation limits vary 
widely for different solid organs, being particularly 
limited (4-6 h) for lungs, heart and small bowel [1]. 
These safe storage periods need to be lengthened in 
order to satisfy the growing demands of transplan
tation programmes to allow better organ sharing, 
improved tissue matching and optimal early graft 
function.

The consistent presence of oedema found after 
organ storage and revascularization in pulmonary 
transplantation [2, 3] suggests some dysfunction of 
endothelial cells (ECs) after preservation. Several 
authors have claimed that ECs are more easily 
damaged by cold ischaemia than parenchymal cells, 
and have proposed ECs as the critical target of 
injury in organ preservation [4, 5]. Considering the 
known physiological role of endothelium in main
taining fluids inside the vascular space and regulat
ing permeability and coagulation in vivo [6], we 
decided to study the damage suffered by ECs under 
hypothermic and hypoxic conditions in isolation 
from the intact organ.

With this aim, we developed an in vitro model of 
EC cold hypoxic storage. Our goals were: (i) to 
assess the morphological and biochemical changes 
suffered by human umbilical ECs after different 
periods of hypothermic and hypoxic storage, and (ii) 
to study the effects of four different solid organ 
preservation solutions on monolayer continuity, cell 
viability and endothelial membrane integrity. Aware 
of the controversy existing in the literature over the 
advantages of intracellular versus extracellular types 
of preservation solutions [7-11], we selected solu
tions with different levels of sodium and potassium 
which act to depolarize (high extracellular potas-

Key w o rd s : cell attachm ent, endothelial cells, monolayer continuity, organ preservation, permeability.
A b b re v ia tio n s : CM, standard endothelial cell culture medium; ECs, endothelial cells; HCA, hypertonic citrate  solution; HCA-low K ^ , hypertonic citra te  solution with 
extracellular levels of K ^ : UWmod, modification of University of Wisconsin solution; UW mod-low K ^ , modification of University of Wisconsin solution w ith extracellular levels 
of K + .
C o rre sp o n d e n c e : D r M. A. Hidalgo, D epartm ent of Surgical Research, N orthw ick Park Institu te fo r Medical Research, W atford Road, Harrow , Middlesex HA I 3UJ, U,K.
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T a b le  I. C o m p o s it io n  o f p re se rv a tio n  s o lu tio n s

UWmod (mmol/l) UWmod-low (mmol/l)

Na+ 38.5 128
K+ 130 26

II II
so/- 26 26
Lactobionate 106.7 106.7
Raffinose pentahydrate 31.3 31.3
Glutathione reduced 3.1 3.1
Ailopurinol 1 1

pH 6.87 6.87
Osm olarity 305

HCA (mmol/l)

305

HCA-low (mmol/l)

N a+ 80 159
K + 80 6

40 40
Citrate 55 55
so/- 40 40
Mannitol 100 100

pH 7.1 7.1
Osmolarity 485 485

sium, low sodium) or maintain (high extracellular 
sodium, low potassium) the resting cell membrane 
potential.

Confluent monolayers of human ECs were sub
jected to 3 or 16 h of cold (4°C) hypoxic storage, 
after which video assisted morphometric analyses 
were performed to determine monolayer continuity 
and cellular viability. Cellular morphological 
changes were also recorded. Radiolabelled sodium 
chromate leakage was used to assess membrane 
integrity during the storage period.

MATERIALS AND METHODS 

Materials

The culture medium (CM) used was bicarbonate- 
buflered RPMI 1640 containing 2 mmol/1 glutamine, 
100 international units/ml penicillin, lOO/ig/ml 
streptomycin, 10% foetal calf serum, 10% newborn 
calf serum and an additional 10 mmol/1 Hepes. All 
components, as well as collagenase and Triton 
X-100, were obtained from Sigma Chemicals, St 
Louis, MO, U.S.A. Radiolabelled sodium chromate 
and trypsin were provided by the pharmacy of 
Northwick Park Hospital, Harrow, U.K.

Both lactobionate-raffinose solutions (UWmod 
and UWmod-low K^) are modifications of the 
University of Wisconsin (UW) preservation solution, 
and were prepared as described earlier [11]. Hyper
tonic citrate solution (HCA) was obtained from 
Baxter Healthcare Ltd., Thetford, Norfolk, U.K.; the 
low-potassium HCA solution (HCA-low K^) was 
prepared according to Table 1.

For morphometric studies a Leica microscope 
was used (Mikroskope und Système, Wetzlar, 
Germany). Membrane leakage readings were 
performed using an LKB-Wallac Clinigamma 1272 
automatic y-counter.

Methods

Human EC isolation and culture. These experi
ments were performed with the approval of the 
Northwick Park Hospital Trust ethics committee. 
Fresh human umbilical cords were collected from 
the maternity department at Northwick Park 
Hospital. The umbilical vein was cannulated and 
flushed with warm PBS to remove blood. The vein 
was filled with 10-15 ml of warm collagenase 
solution (0.5 mg/ml in serum-free medium) and 
incubated at 37°C for 7 min. Detached cells were 
collected by flushing the vessels with PBS and 
massaging gently to remove all loose cells. The 
resulting cell suspension was centrifuged (403 g  for 
5 min), the supernatant removed and the cell pellet 
resuspended in CM. Primary cultures were grown in 
25 cm  ̂ Falcon culture flasks. When confluent, 
monolayers were trypsinized, collected by centrifu
gation, resuspendcd in CM and plated as second- 
passage ECs on to 1 cm  ̂ coverslips (six per cord) 
located in 6-well culture plates for morphological 
studies. For ^^Cr leakage assays, cells were plated 
on to 96-well culture plates.

Hypothermic hypoxic storage. Monolayers 
reached confluence 1 to 2 days after being plated 
onto the experimental wells. CM was then removed 
and replaced with either fresh CM or with one of 
the organ preservation solutions under study (see 
Materials). Each individual well was sealed after 
being flushed with a mixture of 95% N  and 5% CO2  

for 5 min to displace any oxygen present in the air 
located between the surface of the preservation fluid 
and the lid sealing the well. It was known that some 
oxygen was dissolved in the CM or in the preser
vation solutions used. However, the intention was to 
mimic the conditions faced by vascular ECs of 
organs during harvesting, where the dissolved oxy
gen in cold flush solutions is not removed. For that 
reason the storage conditions are hypoxic and 
hypothermic (rather than anoxic and hypothermic). 
Plates were subsequently placed in a refrigerator 
and subjected to 3 or 16 h of cold (4°C) hypoxic 
storage.

The experimental protocol consisted of three 
main groups: group 1 (controls), ECs kept in the 
incubator with fresh CM under standard growing 
conditions (95% air plus 5% CO 2  at 37°C); group 2, 
ECs subjected to 3 h of hypoxic and hypothermic 
storage; group 3, ECs subjected to 16 h of hypoxic 
and hypothermic storage. Both groups 2 and 3 each 
consisted of five subgroups as follows: a, ECs stored 
in CM; b, ECs stored in UWmod; c, ECs stored in 
UWmod-low K^; d, ECs stored in HCA; e, ECs 
stored in HCA-low K^. Pilot studies storing ECs
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with preservation solutions under hypoxic con
ditions at normothermia (37°C) resulted in total 
death and detachment of cells after only 3h, there
fore those conditions were not investigated further.

Morphometric analysis. After staining of non- 
viable cells with eosin Y (0.1% in PBS), ECs were 
observed and photographed for morphometric 
measurement. The morphological changes were 
assessed using a x 40 objective on a light micro
scope connected to a 22-inch closed circuit TV 
monitor. Each individual experiment consisted of 18 
to 22 monolayers for each storage time and sol
ution, with cells obtained from at least 10 different 
umbilical cords. Ten fields per monolayer were 
analysed.

Membrane leakage. ^̂ Cr analysis was performed 
to determine membrane integrity as a sensitive 
indicator of sublytic EC injury [12]. Confluent 
monolayers were incubated at 37°C for 3h in CM 
containing 25/zCi/ml ^^Cr-sodium chromate. 
Labelled cells were washed twice with serum-free 
medium and incubated for a further hour in CM at 
37°C. A final wash with serum-free medium was 
carried out to remove any ^̂ Cr not taken up by 
cells. The CM was then removed and either fresh 
CM or test solutions were added (lOOjul/well). Cells 
were then subjected to 3 or 16 h of cold hypoxic 
storage. At the end of the storage period the storage 
fluid was removed and the amount of ^̂ Cr released 
from the cells was read in a y-counter. ECs were 
then disrupted with 1% Triton X-100 (lOO/zl/well) 
and subsequently removed for counting. Membrane 
leakage results are given as the amount of ^̂ Cr 
leaked into the solution during storage, expressed as 
a percentage of total ®̂ Cr present in each well. 
Spontaneous leakage was measured in a subpopu
lation of every cell isolate kept under standard 
growing conditions (ECs in CM with 95% air plus 
5% CO2 at 37°C) and subtracted from the corres
ponding experimental results. For each experimental 
condition, six to eight samples (each averaging six 
readings) from at least six different umbilical cords 
were studied.

Statistical analysis. A two-way analysis of vari
ance was performed for each variable to test the 
null hypothesis that all the group means were the 
same. Shapiro and Francia’s ‘W’ test of Normality 
and Bartlett’s test of equality of variances were 
performed. However, the samples did not have a 
Normal distribution and so the non-parametric 
Kruskal-Wallis analysis of variance of the ranks 
was used to test the null hypothesis that all the 
group medians were the same. A Mann-Whitney La
test was then performed to compare pairs of groups. 
All possible pairs of treatments within the same 
storage period and all pairs using the same fluid in 
the two different storage periods under study were 
compared. Bonferroni’s correction for multiple com
parisons was applied to the results and P values less 
than 0.05 after the Bonferroni correction were con
sidered significant.
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Fig. I. E ffect o f co ld  h y p o x ic  s to r a g e  o n  c u ltu re d  ECs. (a) Control: 
confluent m onolayer of human venous ECs. Viability of controls was 95% 
and 100% of the surface was covered. The 5% of dead cells (dark cells) is due 
to  th e  continuous active replacem ent process of ECs in m onolayers (original 
magnification, x  85). (b) EC m onolayer subjected to  I6h of cold hypoxic 
storage in UWmod solution. The continuity of the m onolayer is lost. ECs 
tend to  adopt a spherical shape and most in tercellular connections disap
pear (original magnification, x 8 5 ) . (c) EC m onolayer subjected to  I6h of 
cold hypoxic storage in HCA solution. Many ECs appear detached from the 
monolayer, getting ou t of th e  focus range. Large blebs can be seen in dead 
(dark cells, curved arrows) and alive ECs (straight arrow s; original magnifi
cation, X 85).
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Fig. 2. P e rc e n ta g e  o f  v iab le  ce lls  a f te r  co ld  h y p o x ic  s to ra g e . Circles 
rep resen t medians and e rro r bars represent th e  95% confidence interval 
(M ann-W hitney). O .  3h of storage; # ,  I6h of storage. Statistically 
significant differences between both storage times using th e  same fluid are 
represented by vertical bars. T here w ere no statistically significant differ
ences betw een different fluids after 3h  of cold hypoxic storage. Statistically 
significant differences between different fluids after 16 h of cold hypoxic 
storage are represented by horizontal bars (*P<O.OI).

RESULTS

Morphometric analysis
Controls showed continuous monolayers of ECs 

with the whole surface area covered (Fig. la).
Under experimental conditions, ECs were consi

derably affected by cold hypoxic storage although 
the total number of cells in each group did not 
change significantly throughout the experiment. A 
clear tendency to adopt spherical shape resulted in a 
loss of cell-to-cell contact and monolayer continuity 
proportional to the number of hours of cold 
hypoxic insult. Gaps in the monolayer were 
observed with all treatments after 3h, and became 
larger and more frequent after 16 h of cold hypoxic 
storage (Fig. 16). In poorly preserved monolayers, 
large blebs on ECs were observed in both live and 
dead cells, as assessed by eosin Y exclusion (Fig. Ic).

EC viability in experimental groups is shown in 
Fig. 2. No statistically significant differences were 
found between the different treatments after 3h of 
cold hypoxic storage. After 16 h, both UWmod and 
UWmod-low presented significantly better via
bility ( f  <0.01) than HCA and HCA-low while 
HCA-low solution resulted in significantly 
better ( f  <0.05) preservation than HCA solution.

The percentage of monolayer present on the cover 
slip after the cold hypoxic storage period is illus
trated in Fig. 3. After 3 h of cold hypoxic storage, all 
solutions maintained 70% or more of the surface 
covered by cells. After 16 h, the best treatment was 
UWmod-low K^, while HCA gave significantly 
(F<0.01) worse results than UWmod and UWmod- 
low K^.
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Fig. 3. P e rc e n ta g e  o f  su rfa c e  c o v e red  by  ECs a f t e r  co ld  hy p o x ic  
s to ra g e . Circles rep resen t medians and e rro r bars rep resen t th e  95% 
confidence Interval (Mann-W hitney). Q ,  3h  of storage; # ,  I6h  of storage. 
Statistically significant differences betw een both storage times using the 
same fluid are  represented by vertical bars. T here w ere no statistically 
significant differences betw een different fluids after 3h  of cold hypoxic 
storage. Statistically significant differences betw een different fluids after I6h 
of cold hypoxic storage are  represented by horizontal bars (*P<O.OI, 
♦♦P<0.05).

6 0 -
r

5 0 -
1
S  4 0 -
Ù
^  3 0 -

S  2 0 - --

1 2
10 -

1»
0 -

Cold storage CM
fluid used:

UW mod UW mod 
low K  +

HCA HCA
low

Fig. 4. P e rc e n ta g e  o f  ^ 'C r  le ak ed  fro m  ECs d u r in g  co ld  hy p o x ic  
s to ra g e . Circles rep resen t medians and e rro r bars rep resen t th e  95% 
confidence interval (M ann-W hitney). Q ,  3h  of storage; # ,  I6h of storage. 
Horizontal bars rep resen t statistically significant differences betw een stor
age fluids after 3 and I6h of cold hypoxic storage (*P< 0 .0 5 ), and after 3h 
only (**P<0.05).

Membrane leakage analysis

Statistically significant differences ( f  <0.05) 
between the two storage periods in the same fluid 
were found for CM, HCA and HCA-low sol
utions regarding EC viability and the area of surface 
covered.

ECs subjected to cold hypoxic storage in CM 
presented the lowest leakage index of ‘̂Cr after 
both periods of storage (Fig. 4), reaching statistical 
significance ( f  <0.05) when compared with all pre
servation solutions. Among the solutions, UWmod



Endothelial cell cold hypoxic preservation 139

gave the best preservation of membrane integrity, 
but only reached statistical significance ( f  <0.05) 
when compared with HCA-stored cells after 3h of 
cold hypoxia.

DISCUSSION

In clinical organ transplantation, specific preser
vation solutions designed to maintain organ via
bility are flushed through the vascular bed before 
cold ischaemic storage. As a result, vascular ECs are 
the cell population most directly and immediately in 
contact with the preservation fluid from the initial 
flush, until the blood supply is restored after the 
transplant procedure.

The complexity of clinical and in vivo models of 
organ storage encouraged us to recreate the con
ditions encountered by the vascular endothelium in 
an in vitro controlled situation in order to study the 
combined effects of hypothermia, hypoxia and ionic 
composition of the preservation fluid on ECs. The 
results obtained with this model regarding viability, 
as assessed by light morphometric analysis, corre
lated well with membrane leakage results for the 
different preservation solutions studied. However, 
this correlation was not maintained by the standard 
CM, in which very little ^^Cr leakage occurred 
through the cellular membrane when compared with 
the preservation solutions. We can only speculate 
that despite the fact that the number of viable cells 
stored in CM, as assessed by light microscopy, was 
inferior to that obtained with some of the preser
vation solutions (UWmod and UWmod-low K^), 
the integrity of cytoplasmic membranes of the 
remaining viable cells was superior. This may relate 
to the fact that CM contains amino acids. Weinberg 
et al. [13] showed that glycine and structurally 
similar amino acids have specific actions to prevent 
loss of plasma membrane integrity of human ECs. 
In accordance with our results, those amino acids 
did not prevent retraction and severe blebbing of 
injured ECs. Despite good correlation of viability 
obtained with eosin Y staining and ^^Cr leakage, 
some solutions (HCA, 16h) presented low viability 
of ECs, as measured by eosin V, with moderate 
^̂ Cr leakage (40%). ^^Cr is a sensitive marker for 
sublytic EC injury [12], but holes in membranes of 
dead cells (eosin-Y-stained cells) do not necessarily 
indicate that all ^^Cr has left the cytoplasm. The 
possibility of residual ^^Cr in the cytoplasm of dead 
cells could account for the less marked differences in 
viability measured by this method.

The composition of the preservation solution for 
solid organs in transplantation is a determining 
factor of transplant success [14, 15]. One major aim 
of all currently used solutions during hypothermic 
preservation is to prevent the cell swelling which 
invariably follows the inhibition of cell membrane 
ion pumps by hypothermic hypoxia, and the conse
quent depression of energy metabolism, leading to 
loss of intracellular homoeostasis [16]. This has

been achieved either by using a hyperosmotic sol
ution such as HCA, or by using a solution based on 
a large molecular mass sugar such as raffinose, and 
substitution of all anionic species by the high mole
cular mass lactobionate (UWmod solution) which 
does not readily penetrate the cell membrane. Both 
the HCA solution [17] and the UW solution [8, 15] 
have been used for clinical solid organ preservation, 
and one aim of our study was to investigate the 
effects of changing the ionic balance in both HCA 
and UWmod solutions. Currently, the UW solution 
with intracellular levels of potassium remains the 
most popular preservation solution with satisfactory 
clinical and experimental results [8, 15, 18], but the 
alleged superiority of intracellular versus extra
cellular types of solutions for several solid organs 
remains controversial. The presence of a moderate 
amount of sodium in the preservation solution is to 
prevent the sodium-pump-dependent cell swelling 
under hypothermic conditions [19]. On the other 
hand, the disadvantages of a high level of potassium 
in the extracellular space have been readily pointed 
out by Kimblad et al. [20], who found that high 
potassium content in organ preservation solutions 
induced strong pulmonary vasoconstriction at 20°C. 
Similarly, Harjula et al. [21] showed destruction 
and damage to the endothelium of canine coronary 
arteries after infusion of a crystalloid (high K^) 
cardioplegic solution. Experimental studies in lung 
transplantations with low-potassium-containing 
solutions have reported good results [2, 22], and a 
recent clinical trial of liver preservation found no 
significant differences between high-sodium and 
high-potassium lactobionate-raffinose solution in 
preservation-related graft damage and outcome [11].

In the present experiment, UWmod (intracellular 
levels of potassium) proved to be the best solution 
for preserving EC morphology and membrane in
tegrity, but this never reached statistical significance 
when compared with the UWmod-low K^ (identical 
composition but extracellular levels of sodium and 
potassium). In contrast, HCA-low K^ (extracellular 
levels of potassium) gave consistently better results 
than the original HCA (with equal levels of both 
ions), reaching statistical significance in preserving 
EC viability after 16 h of cold hypoxic storage. A 
possible explanation could be found in the strong 
osmotic buffer provided by the lactobionate, which 
may play a role in compensating the effect of the 
transmembrane ion exchange, masking the conse
quences of a high or low concentration of potassium 
which becomes evident when another anion (such as 
citrate) is used. However, these experiments were 
performed on venous ECs; the different suscepti
bility of arterial ECs to hypoxia, and the damage 
caused by rewarming and reoxygenation at revascu
larization may alter the cell responses to different 
preservation solutions.

Continuity of endothelial monolayers depends to 
a large extent on cytoskeletal structures that main
tain EC shape and cell-to-cell connections [23, 24].
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In the present experiment, cold hypoxic storage 
dramatically altered EC shape, and monolayers 
containing ECs with disrupted morphology consis
tently developed intercellular gaps. Furthermore, 
when shape and intercellular connections were lost, 
ECs detached easily from the underlying substrate. 
Previous experiments have shown that ECs have a 
strong tendency to detach after cold storage [25, 
26], and further insult by oxygen deprivation did 
not seem to alter that tendency (M. A. Hidalgo, N. 
Al Aker, B. J. Fuller and C. J. Green, unpublished 
work).

The mechanisms leading to morphological alter
ation of ECs are probably a consequence of several 
concurrent processes taking place during the cold 
hypoxic storage period, including: (i) lack of cellular 
energy during storage and hypothermically induced 
metabolic depression lead to EC retraction [27] and 
have profound effects on cytoskeletal structures 
[28], (ii) low temperatures have been shown to 
modify cytoskeletal structures leading to cell shape 
alterations [29] and (iii) oxygen-derived free radicals 
generated on reoxygenation are believed to play a 
role in membrane damage and cell death [30] and 
could produce significant disruption of micro
filament architecture [28]. All these processes, com
bined or individually, would result in cytoskeletal 
disorganization leading to spherical ECs. Cell-to-cell 
connections, normally dependent on cytoskeletal 
structures, would also be disrupted causing EC 
separation after cytoskeletal disintegration [31]; 
thus the cell-to-underlying substrate connections 
would be lost or at best impoverished. The inter
cellular gaps created by these processes would 
evolve into larger denuded areas as damage to 
monolayers increased.

Several pathological alterations could follow 
those changes. First, considering the important role 
that EC cytoskeleton plays in monolayer per
meability [32], the regulating capacity of the mono
layer would be seriously impaired. In a transplan
tation situation, blood flow restoration would result 
in perivascular and subsequent parenchymal 
oedema, as is the case in clinical and experimental 
studies [33-36]. Some authors have suggested that 
oedema found in transplanted lungs after cold 
hypoxic storage of pulmonary tissue is due to 
increase of transport of fluids through ECs via 
multilocular channels [37]. The evidence presented 
in the present experiment, where wide intercellular 
spaces appeared between ECs in confluent mono
layers after cold hypoxic storage, suggests that the 
paracellular pathway is the more probable passage
way for fluid to reach the parenchymal space. 
Previous studies from this laboratory subjecting 
whole human vessels to cold hypoxic storage lead 
us to believe that ECs behave in the same way 
when attached to the basal matrix and subsequent 
layers of vessel wall [38]. In that study, morpho
metric analysis of the EC layer of human umbilical 
veins exposed to similar conditions of hypothermia

and hypoxia revealed EC rounding and retraction, 
accompanied by detachment of ECs in some areas, 
while in other areas ECs appeared to be only 
loosely attached by residual connections at their 
poles. Similarly, in scanning electron microscopic 
studies of lung arterial vascular endothelium in rats, 
intercellular gaps and cell detachment after hypo
thermic ischaemic storage of the whole organs were 
observed [39]. Secondly, cell detachment and 
creation of gaps in the monolayer would expose 
thrombogenic basal membrane to the blood ele
ments. Coagulation pathway activation and micro
thrombus formation would increase the hydrostatic 
pressure in the vessel, thus exacerbating paren
chymal oedema. Thirdly, individual ECs would be 
compromised in their cytoplasmic volume regulation 
due to the hypothermic inactivation of ATP- 
dependent sodium-potassium membrane pumps, 
leading to ionic exchanges and cell swelling [15]. 
Cytoplasmic blebs, as observed in the present 
experiment (Fig Ic), are a probable consequence of 
cold hypoxic storage and have been previously 
described in ECs and hepatocytes [40, 41].

However, morphological alterations were not 
invariably associated with cell death. Numerous 
ECs able to exclude eosin Y, and consequently 
classified as viable, had spherical morphology and 
were either loose or very weakly attached to the 
underlying surface. Cell connections were lost before 
cell viability, in accordance with the work of 
Constantinides and Robinson [42], who found EC 
membranes to be more resistant to damage than EC 
junctions. Also in agreement with those findings, 
Messent et al. [43] showed that loss of monolayer 
integrity was not always associated with loss of EC 
function. In the present experiment, loss of shape 
seems to precede loss of EC viability.

In conclusion, current solid organ preservation 
solutions aim to preserve viability of all cells within 
the organ and not particularly the continuity of the 
endothelial monolayer. The difference between effec
tive and ineffective preservation solutions could rest 
on the ability to preserve EC junctions and mono
layer integrity, as much as parenchymal cell via
bility. The present data suggest that morphological 
changes in the endothelium could be a major ele
ment in cold damage leading to fluid leaking into 
the interstitial space (oedema formation) through 
gaps in the endothelial monolayer created during 
hypothermic storage. Consequently, good preser
vation of endothelial monolayer continuity would 
help to reduce the amount of oedema found after 
cold ischaemic storage of organs and tissues for 
transplantation.
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Summary. E n d o th e l ia l  m o n o l a y e r  in teg r i ty  is a  c r i t ica l  f a c to r  limiting  
v a s c u l a r  p e r m e a b i l i t y  of s o l id  o r g a n s  in t r a n s p la n t a t i o n .  S e v e r a l  in vitro, 
ex vivo a n d  in vivo s t u d i e s  s u g g e s t  t h a t  d a m a g e  to  e n d o th e l i a l  c e l l s  (EC) d u e  
to  h y p o t h e r m i a  a n d  i s c h a e m i a - r e p e r f u s i o n  in ju ry  c a u s e s  m o r p h o lo g i c a l  a n d  
fu n c t io n a l  d a m a g e  to  t h e  e n d o t h e l i u m  l e a d in g  to  p a r e n c h y m a l  o e d e m a  a n d  
h a e m o r r h a g e .  A im in g  to  s t u d y  m o r p h o lo g i c a l  c h a n g e s  to  a r t e r i a l  p u lm o n a r y  
EC s u b j e c t e d  to  t r a n s p l a n t a t i o n  p r o c e d u r e s ,  r a n d o m  s c a n n i n g  e l e c t r o n  
m i c r o g r a p h s  of v a s c u l a r  e n d o t h e l i u m  of r a t  lu n g s  w e r e  t a k e n .  F o r ty -e ig h t  
r a t  l u n g s  w e r e  h y p o th e r m i c a l l y  s t o r e d  fo r  48  o r  72 h o u r s  in tw o  d if fe re n t  
p r e s e r v a t i o n  s o l u t i o n s  a n d  s t u d i e d  e i t h e r  a t  t h e  e n d  of t h e  co ld  s t o r a g e  
p e r io d ,  o r  5 m in , 24  h o r  4 w e e k s  fo l low in g  t r a n s p l a n t a t i o n .  A fte r  5 m i n u t e s  of 
r e v a s c u l a r i z a t i o n ,  m i c r o g r a p h s  s h o w e d  EC s h a p e  v a r i a t i o n s ,  b le b  fo r m a t io n  
a n d  ce l l  r e t r a c t io n  with in t e r c e l lu l a r  g a p  fo rm a t io n .  T w e n ty - fo u r  h o u r s  a f t e r  

t r a n s p l a n t a t i o n  l o s s  of m o n o l a y e r  c o n t in u i ty  w a s  w id e ly  e x t e n d e d .  F o u r  
w e e k s  of r e v a s c u la r i z a t i o n  r e s u l t e d  in e i t h e r  w ell  p r e s e r v e d  s p e c i m e n s  
w ith  n e a r l y  n o rm a l  e n d o th e l iu m ,  o r  b a d ly  p r e s e r v e d  a r t e r i e s  w ith  f ib ro tic  
d e g e n e r a t i o n  of t h e  lu m in a l  v e s s e l  w all .  T h e  m o r p h o lo g i c a l  d i s r u p t i o n s  
f o u n d  in th i s  s t u d y  h e lp  to  e x p la in  t h e  a l t e r a t i o n s  in p e r m e a b i l i t y  co n tro l  

a n d  v a s c u l a r  d y s fu n c t io n  o b s e r v e d  in lu ng  t r a n s p la n t a t i o n .

Keywords: lu ng  t r a n s p la n t ,  s c a n n i n g  e l e c t r o n  m ic r o s c o p y ,  e n d o th e l i a l  c e l l s ,  
v a s c u l a r  p e r m e a b i l i t y

In clinical pulmonary transplantation , lungs a re  
ha rves ted  from heart-beating  cadav ers ,  flushed with 
specifically formulated p reserva tion  solution and 
hypothermically s to red  (4°C) before being transp lan ted  
into a  recipient (Novick et al. 1992). The viability and
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function of the transp lan ted  o rgan  a re  directly re lated  to 
the total s to ra g e  time. Perm iss ib le  s to ra g e  periods vary 
considerab ly  betw een  different o rgans : kidney or p an 
c r e a s  t ransp lan ts  a r e  sem i-elective p ro ce d u re s  (20- 
30 h) while lungs, h eart  and small bowel t ransp lan ts  
have  inconveniently shor t  (4 -6  h) sa fe  s to ra g e  periods 
(Toledo-Pereyra & Rodriguez 1994). In pulm onary  s tor
age ,  the  high sensitivity of lung t i s sue  to ischaem ia
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(Novick et al. 1992) Is a  se r io us  im pedim ent limiting the 
n um ber  of clinical pulmonary transp lan ts .

Among the different ceil types suscep tib le  to ischae
mia and  reperfusion d am age ,  endothelial cells  (EC) a re  
considered  prime targets.  In c reases  in vascu la r  p e rm e
ability found after transplantation  (Pickford et al. 1990; 
Hall et al, 1992; Mills et al. 1992), hypothermia re lated 
altera t ions of cultured and ex-vlvo EC (Solberg et al. 
1992; Hidalgo et al. 1993) and ev idence  of d a m a g e  to 
endothelium due to physical and chemical insults 
(McKeown et al. 1988; Marzi et al. 1989; Unruh, 1993) 
suppor t  the hypothesis that EC a r e  ser iously  impaired in 
transp lan ted  organs .

Despite so m e  claims that no c au sa l  relation has  been 
es tab l ished  betw een structural c h a n g e s  in cytoskeletal 
e lem en ts  and alteration of endothelial permeability 
(Malik et al. 1989), there  is a  genera l  c o n se n s u s  that 
integrity of the endothelial m onolayer  is an essen tia l  
requ irem en t for regulation of vascu la r  permeability 
(Lampugani et al. 1991; R ogers  et al. 1992) and 
in c rea se s  in permeability a re  a s soc ia te d  with d is rup
tion of EC cytoskeletal e lem en ts  (Shasby et al. 1982; 
Shep ard  et al. 1987; Hinshaw et al. 1989; Goldman et al. 
1991; Sims et al. 1992). M ain tenance  of control of 
vascu la r  permeability may require  a  physiologically 
com peten t EC, and a lm ost certainly requ ires  a morpho
logically intact ceii layer.

Our aim in this study w as  to record morphological 
al tera t ions to vascu la r  endothelium of pulmonary 
a r te r ie s  subjec ted  to hypothermic preservation  with 
and without reperfusion using a  rat model of lung 
transplantation. For this p u rp ose  scanning  electron 
microscopy micrographs of random  sec t ions  of sec o n d 
ary  pulm onary a r te r ies  w ere  taken im mediately  after 48 
or 72 hours  of hypothermic s to rage ,  and after s to rag e  
plus reperfusion for up to 4 w eeks. Two different 
preservation  solutions w ere  used. We report the 
morphological fea tu res  found at th ree  levels; m ono
layer continuity, EC sh a p e  and cytoplasm ic m em bran e  
integrity.

Materials and methods

Transplant procedure

The transp lan t p rocedure  has  b een  desc r ib ed  in detail 
e ls ew h e re  (Hidalgo et al. 1995). Briefly, left lung lobes 
from fem ale  inbred Lewis rats  (250 g) w ere  harves ted  
from healthy donors, the  vascu la r  sp a c e  w as  flushed 
with the  cho sen  preservation  solution, and sto red  in that 
solution su rrounded  by ice. The p reservation  solutions 
used  w ere  a  modification of the  University of Wisconsin

solution (UWmod, p repa red  a s  desc r ib ed  ear l ie r  (Kur
zawinski et al. 1994)) and  Cytosolution (CT), a  newly 
deve loped  experim enta l solution for iung preservation  
(prepared  according to Table  1). Lungs w ere  kept 
inflated with room air during s to rag e  a t  4°C for 48 or 
72 hours . Using microsurgical ins trum ents  and  techni
ques ,  s to red  iungs w ere  orthotopicaily t ransp lan ted  into 
genetically  compatib le  recipients after removal of the 
native left iung. The recipient right lung w as  left in place, 
allowing the  survival of the animal even  if the  t r an s 
planted lung w as  d am ag e d  by preservation /reperfusion .

Sample harvesting and processing

After the d e s i red  period of s to rag e  or s to ra g e  plus 
revascularization , an im als  w ere  sacr if iced by a n a e s 
thetic overdose .  The whole left lungs w ere  rem oved 
and fixed by instillation via a irways with 3%  giutaralde- 
hyde in 0 .1 m p hospha te  (2h at room tem perature).  
Blocks of 2m m ^ of full th ickness  blood vesse l  wall 
w ere  cut out from the seco nd  intrapulmonary ramifica
tion of the main left bronchial artery  using microsurgical 
ins trum ents  and an operating  m icroscope  at high (x16) 
magnification. S am p les  w ere  w ash e d  (3 times, 10 min) 
in 0.1 M pho sp ha te  buffer, fixed in 1% osm ium  tetroxide 
in ph osph a te  buffer (60 min at room tem pera ture) ,  and 
w a sh ed  again  (10 min). Dehydration w as  accom plished  
by ser ia l im mersion of the s a m p le s  (10 min) in 25, 50, 70 
and 100% ethanol. S pec im ens  w ere  then critical point 
dried (Poiaron) and mounted on cop per  s tu b s  with silver 
dag. They w ere  gold coated  in a  spu tte r  co a te r  and  kept 
in a  vacuum  desicca to r  until viewed in a  JEOL electron 
m icroscope  in SEM mode.

Table 1, Preservation solutions composition

UW m od CT

Lactoblonic acid (mw) 107.7 100
Potassium hydroxide (mw) 104.2 100
Dipotassium phosphate (mw) 26 10
Magnesium sulphate (mw) 21.8 5
Glutathione (mw) 3.1 3
Sodium hydroxide (mw) 38.5
Raffinose pentahydrate (mw) 31.3
Ailopurino l (mw) 1
Disodium phosphate (mw) 10
Histid ine (mw) 80
Dextran 40 (%) 1
Adrenaline (p,M) 7
Phallacidin (//m) 0.5
Forskolin (//m) 10

Osm olarity (mOsm) 305 315
pH 6.87 7.23

1995 Blackwell Science Ltd, In ternational Journal o f Experim ental Pathology, 76, 339-351
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Experimental protocol

There  w ere  th ree  main experim enta l  groups:
Group 1, controis; 1A, non-s tored  and  non-trans

planted lungs 
IB, t ransp lan ted  lungs without 

s to ra g e  period 
Group 2, iungs sto red  in UWmod soiution 
Group 3, lungs sto red  in CT soiution.

G roups  2 and 3 conta ined the  foiiowing subgroups:  
sub g ro up  A, iungs s to red  48 h; sub g rou p  B, lungs 
s to red  72 h. Each of th e s e  su b g ro u p s  consis ted  of four 
su b -su bg rou ps  of iungs fixed immediately  after the 
s to ra g e  period, or after 5 minutes, 24 hours  or 4 w eeks  
of revascuiarization  respectiveiy.

Analysis of results

Six different random fieids on the  iuminal endotheiiai 
su r face  w ere  photographed  (finai magnification x1600) 
in each  specim en. A further th ree  high magnification 
m icrographs  (finai magnification xBOOO) w ere  taken 
from the  s a m e  a rea s .  Aii m icrographs  w ere  ana lysed  
blindly by the s a m e  observer ,  and  su bsequen tly  corro
bora ted  by a seco nd  o bserver .  Normal lung w as  sco red  
a s  having 100% intact endothelium, in the  experimental 
groups, sa m p le s  w ere  rated a s  having e ither 0 ,2 5 ,5 0 ,7 5  
or 100% normai intact endotheiium.

Due to the smali n um ber  of sp ec im e n s  in each  
individual group, it w as  not poss ib le  to perform a  non- 
param etr ic  statistical ana lys is  to com p are  resuits  
obta ined  with the  two p reserva tion  solutions tes ted  for 
e ach  s to rag e  and  revasculariza tion  period separa te iy .  
Instead, a  Kendall’s  rank correlation  coefficient tes t  w as  
performed to rela te  the  pe rcen tag e  of p rese rv ed  
endothelium with the  revascuiariza tion  periods within 
e ach  s to ra g e  time and  for e ach  solution independently. 
Results  w ere  considered  statisticaily significant when 
the  P va lue  w as  less  than 0.05.

Results

Controls

Uniform endothelial m ono layers  with regu la r  cobb le 
s to ne  a p p e a ra n c e  w ere  s e e n  in all m icrographs. The 
endotheiiai surface  w a s  totaliy covered  by geometrically  
regular, fusiform ceiis in c lo se  contac t with each  other. 
At h igher magnification (xSOOO) a  smali num ber of 
microvilii w ere  identified on celiuiar su r faces  (Figure 
1). T ransp lan ted  controls p re sen ted  a  slightly increased  
n um ber  of m em b rane  su r face  microvilii on EC. The

minimum n e c e s s a ry  period of w arm  ischaem ia  (15 min 
approximately) suffered by the lungs in the  transp lan t 
operation , whiist arteriai,  ven ou s  and  bronchial an a s to 
m o s e s  w ere  performed, might be  the rea so n  for this 
small difference.

Lungs stored for 48 or 72 h without revascularization 
As a  whoie, EC m onolayers  in th is experim enta l group 
a p p e a re d  continuous and had unaitered  ceiiuiar con
nections. Nevertheiess ,  so m e  sp ec im en s  s to red  for 72 h 
p re sen ted  smali g a p s  in ceil bou nd ar ie s  visibie a t  high 
magnification (Figure 2), a s  weil a s  inc reased  num bers  
of microviili and celi-to-ceil p ro c e s s e s  w hen com p ared  
with controls.

Lungs stored for 48 or 72 h and subjected to 5 min of 
revascularization. Most v e s s e ls  a p p e a re d  d am a g e d  to 
so m e  extent. P a tches  of well p re se rv ed  endothelium 
coexis ted  with whoie s e g m e n ts  of arterial wall w here  
erythrocytes,  platelets, fibrin and  other  blood com po
nen ts  ob scu red  the luminal surface. N um erous blood 
clots w e re  found. When seen ,  EC had a  m ore  flattened 
morphology than controls. The n um ber  of partially 
d e tached  EC w as  high, with only o n e  or both cellular 
po les  retaining the iast point of ceii contact with the 
vesse i  wail. A frequent finding in th e s e  sp e c im e n s  w as  
that neighbouring ceiis  behaved  in a  com p ensa to ry  way; 
w hen o ne  EC shrank, the ad jacen t  ceil would sp rea d  
itself to maintain com ple te  c o v erag e  of the wall surface  
(Figure 3). After 72 h of hypothermic s to rag e  of 5 min of 
reperfusion num erou s  g ap s  in the  m onolayer  w ere  
p re se n t  (Figure 4a), and  d enu ded  a r e a s  show ed  
ex p osed  matrix and coiiagen fibres. EC blebs, ap p a r 
ently originating from su r face  microvilii, w ere  a 
com m on fea ture  (Figure 4b).

Lungs stored for 48 or 72 h and subjected to 24 h of 
revascula riza tion

S o m e sp ec im en s  show ed  weii p re se rv ed  endotheiium 
with a im ost com pie te  cov e ra g e  of their su r face  by EC, 
although a  high num ber of red and  white blood cells, 
blood clots and  cell debris  w ere  presen t.  Occasionaliy, 
an  individuai ceii or a  smali g roup of cells  w ere  found 
partially de tached ,  leaving a  uniform b a se m e n t  
m em b ra n e  exposed .  In les s  well p re se rv ed  sp ec i
m ens , cell s h a p e  varied  from polygonai to stellate, 
resulting in ioss of continuity of the  m onoiayer  (Figure 
5). Badiy p re se rv ed  spec im en s ,  probabiy with iittle 
ch a n ce  of good recovery, p re sen ted  an  ir regular su r 
face  in which ioose ceils, blood clots, d e tach ed  b lebs 
and  cell d eb ris  obscured  the endotheiiai surface.
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Figure 2. Scanning electron micrograph of rat pulmonary arterial endothelium subjected to 48 h of hypothermic storage in CT solution. Some gaps in the monolayer can be 
seen at cell boundaries (arrow). xBOOO.
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Figure 3. Scanning electron micrograph of rat pulmonary arteriai endothelium subjected to 4 8 h of hypothermic storage in UWmod soiution. One shrunk ceii (arrow) is semi
detached but keeps its two poles in contact with the vessel wall. The adjacent cell however is stretched. xBOOO.
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Figure 4. S c a n n i n g  e l e c t r o n  m i c r o g r a p h  o f  r a t  p u l m o n a r y  a r t e r i a l  e n d o t h e l i u m  s u b j e c t e d  t o  h y p o t h e r m i c  s t o r a g e  f o l l o w e d  b y  5  m i n  o f  r e v a s c u l a r i z a t i o n ,  a ,  S e v e n t y - t w o  h o u r s  

i n  U W m o d  s o l u t i o n ;  b ,  4 8  h  i n  C T  s o l u t i o n .  S m a l l  g a p s  a r e  p r e s e n t  i n  t h e  m o n o l a y e r  i n  a  ( a r r o w s )  x 1 6 0 0 ,  a n d  i n c r e a s e d  n u m b e r  o f  m i c r o v i l l i  s o m e  o f  w h i c h  a r e  b e c o m i n g  

b l e b s ,  c a n  b e  s e e n  o n  c e l l u l a r  s u r f a c e s  i n  b  ( b i g  a r r o w ) .  x B O O O .
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Figure 5. Scanning electron micrograph of rat pulmonary arterial endothelium subjected to 48 h or hypothermic storage in CT solution followed by 24 h of revascularization. 
Stellate shaped EC results in numerous gaps in the monoiayer leading to loss of continuity. x1600.
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Figure 6. Scanning electron micrograph of well preserved rat pulmonary arterial endothelium 4 weeks after transplantation. Lungs were stored in UWmod for a, 48h and b, 
72h. Nearly normal looking endothelium can be seen, with increased numbers of cell surface microvilli and cell-to-cell processes, a, x1600; b, xBOOO.
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Figure 7. Scanning electron micrograph of badly preserved rat pulmonary arterial endothelium subjected to 72 h of hypothermic 
storage in CT solution followed by 4 weeks of revascularization. The endothelial covering is absent, leaving exposed collagen 
fibres and fibrotic processes. x1600.

Lungs s to re d  fo r 48 o r 72 h and sub je c te d  to 4 weeks of 
re va scu la riza tio n

Well p r e s e rv e d  a r t e r i e s  p r e s e n te d  a  su r fa c e  com ple te ly  
c o v e re d  with EC (Figure 6a). Microvilli an d  m e m b ra n e  
folds w e re  a u g m e n te d  in relation to con tro ls ,  su g g e s t in g  
high m e m b r a n e  activity (Figure 6b). A few s p e c im e n s  
p re s e n te d  i r reg u la r  su r fa c e s  and  occa s io n a l  g a p s  in the  
m ono laye r ,  with eas i ly  d e ta c h a b le  cells . Badly p re 
se r v e d  a r t e r i e s  p re s e n te d  a  su r fa c e  of d iso rg an iz e d  
co l lagen  f ib re s  mixed with n e s t s  of ce lls  and  fibrotic 
s t ru c tu re s  (F igure 7).

R esu l ts  r eg a rd in g  the  different p re s e rv a t io n  so lu tions  
a r e  s u m m a r iz e d  in F igure 8. With K en d a l 's  rank  c o r r e la 
tion tes t,  a  s ta tis tically  s ignificant d if fe rence  b e tw e en  
th e  d ifferent rev ascu la r iza t ion  p e r io d s  w a s  found for the 
CT solution a t  both 48 h ( r  =  0 .485 ,P =  0.022) and  7 2 h 
(T =  0 .545 ,P — 0.006) indicating that, for tha t  solution, 
th e  p e r c e n t a g e  of p re s e rv e d  e nd o the l iu m  significantly
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Figure 8. Estimation of results as percentage of well 
preserved endothelium. O. Lungs stored for 4 8 h; # ,  lungs 
stored for 72 h.
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d e c re a s e d  with longer revasculariza tion  periods. No 
statistically significant d ifferences w ere  found for the 
UWmod solution.

Discussion

In explaining the pathophysiological c h a n g e s  observed  
during transplantation, severa l  au thors  have  concluded 
that the  vulnerability of endothelium to ischaem ia  and 
reperfusion is the critical factor limiting return of normal 
function after s to rag e  of solid o rg an s  (McKeown et al. 
1988; Marzi et al. 1989; Fratté et al. 1991; Momii & Koga, 
1990; R auen et al. 1993).

The permeability  rise s e e n  in transplanta tion  is very 
probably c a u sed  by EC cytoskeletal a l tera t ions leading 
to EC rounding (Shasby et al. 1982; Hinshaw et al. 1989). 
Other au thors  cons id e r  cell sh r inkage  and cell retraction 
the c a u s e  leading to vascu la r  fluid leakage  via para- 
cellular pathw ays (Shepard  et al. 1987; Inauen et al. 
1990). In the  p resen t  study, we found c lea r  morphologi
cal a l te ra t ions of EC changing from their charac teris tic  
fusiform s h a p e  to spherical or stellate. The results  w ere  
endothelial m onolayers  in which, desp i te  attachment, 
EC did not maintain the n e c e s s a ry  continuity to regula te  
trans-vesse l  fluid permeability (Figure 5).

H ypothermia s e e m s  to be particularly harmful to EC, 
especia lly  w hen combined with hypoxia and reoxygena
tion injury. Low tem p e ra tu re s  a r e  widely used  in organ 
p reservation  due  to their ability to slow cellular m e ta 
bolism and ene rgy  consum ption of cells.  However, s e v 
eral In vitro studies with cultured EC have confirmed loss 
of normal cell a rchitecture  and the creation  of inter
cellular g a p s  after hyopthermic ex p o su re  (Solberg et al. 
1987; von Oppell et al. 1992; Hidalgo et al. 1993) and it is 
probably a  very important factor altering EC morphology.

An inc reased  num ber of m e m b ran e  prolongations 
an d  cell-to-cell p ro c e s se s  w ere  s e e n  immediately  after 
hypothermic s to rag e  without revascularization . This 
w as  a lm ost  certainly not d u e  to an in c re a se  in cell 
m e m b ran e  activity, b e c a u se  tha t  p ro ces s  requ ires  
energy, not readily available  to EC after 48 or 72 h of 
hypothermic and ischaem ic s to rage .  On the  contrary, 
under  th ose  conditions, most en zym e  activity and ce l
lular m etabolism would be d e p re s s e d  to very low levels. 
The lack of energy  re so u rce s  would then result in EC 
losing their ability to regu la te  cellular volume. Small 
lo s se s  of cellular fluid ad ded  to cytoskeletal reo rg an iza 
tion, could lead to slight cellular shr inkage/re trac tion , 
the  first sign of which might be the creation  of m em 
b rane  folds and wrinkles tha t  gave  the a p p e a ra n c e  of 
in c reased  m e m b rane  activity. Regard ing  intercellular 
p ro c e s se s ,  cell re traction and sh r inkage  could expo se

intercellular p ro c e s s e s  which in normal relaxed and 
com ple te  m onolayers  would be ob scu red  d u e  to EC 
b o rd e rs  overlapping. The possibility of cell retraction 
after hypoxic insult w as  a lso  contem plated  by Inauen 
and  co-w orkers  (1990).

EC blebbing is a  well known phen o m en on  in d am ag e d  
EC (Marzi et al. 1989; Fratté et al. 1991; Pickford et al. 
1990). In the p re sen t  experim ents ,  n u m erou s  b lebs on 
EC m e m b ra n e s  w ere  photographed. They a p p e a re d  to 
have  originated from m em b rane  su r face  microvilli and 
intercellular p ro ces se s .  If b lebs result from microfila
ment d isorganiza tion  (Fratté et al. 1991) under  condi
tions of isch aem ia  and reperfusion, microvilli and  cell 
pro longations could beco m e  w eak  points w here  any 
ex c e s s  of volum e in the cytoplasm could develop  into 
blebs. T h ese  b lebs could detach  and indeed w ere  se e n  
a s  free  bodies  in severly  d a m ag e d  spec im en s .

We noticed, in accord  with Solberg et al. (1987), that 
one  or both cellular poles  of EC w ere  nearly alw ays the 
last point of contac t be tw een  the  cell and  the vesse l  wall. 
When endothelial continuity w as  lost only sparse ly , 
basa l  matrix could be s e e n  through small intercellular 
gaps .  When medium or large  groups  of cells  de tac hed  
from the  wall, the  underlying matrix w as  sw ep t  aw ay  
a lm ost immediately. In widely d enu ded  a re a s ,  the 
a b s e n c e  of basa l  matrix w as  nearly com ple te  and only 
f ibres  and bundles  of collagen could be identified a s  
com ponen ts  of the v esse l  wall. In normal endothelium 
the  basa l  m em b ra n e  is s ec re ted  mainly by endothelial 
cells and  provides a  s trong support  for the  m onolayer 
(Savion ef al. 1982). That matrix s e e m s  to be extremely  
fragile a s  soon  a s  the EC cover d is ap p ea rs .  The ability 
of the  blood vesse l  to control permeability  once  the EC 
cover  is d a m a g e d  is extremely  limited, and tha t  Is the 
situation s e e n  in the p resen t  experim enta l t ransp lan ts  
soon  after blood supply restoration.

Intact endothelium prevents  th rom bus formation by 
producing anticoagulan t proteins, anti -aggregation  fac
tors  and t i s sue  type p lasm inogen  activator (van Hins- 
bergh, 19920. Gertler and co-workers (1991) su g g es ted  
tha t activation of EC-based coagula tion  pathw ays by 
hypoxia may be  responsib le  for the  m icrovascular 
th rom bosis  s e e n  after ischaem ia , even  in the p re s e n c e  
of heparin . Sub-lethal injury can prom ote  pro-coagulant 
re sp o n se s ,  which a re  both multifactorial and multipha- 
sic (Gertler & Abbott 1992). The pro-coagulation ten
dency  s e e n  in the p resen t  experim en t could be  d ue  to 
altera t ions in an ticoagulant p roper tie s  of EC during 
s to ra g e  and revascularization, but they could a lso  be 
expla ined by the exp osu re  to blood e lem en ts  of the 
highly th rom bogenic  basa l  m em b ra n e  due  to loss  of 
continuity of the  EC monolayer.
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Early physiological s tud ies  con s id e red  the  endo th e 
lium a  pass iv e  wall of identical cells, but ev idence  of EC 
he te rogene ity  is now w idespread .  C lear phenotypic 
d ifferences have been  found be tw een  EC from different 
o rg a n s  and  t i s su e s  (Speiser  et al. 1987; Manolopoulos & 
Lelkes, 1993), be tw een large v e s s e ls  and  m icrovesse ls  
(Kumar et al. 1987; S h reen iw as  et al. 1991) and  betw een 
ar tery  and  vein EC (Siflinger-Birnboim et al. 1988). 
However, w e found heterogeneity  in behaviour of EC 
from the  s a m e  vascu la r  bed. Especially in the  early 
s t a g e s  of revascularization, so m e  EC ex p and ed  their 
su r face  a r e a  and cover the basa l  m em b ra n e  sp ace  
ex p osed  by the retraction of ad jacen t  EC. This avoids 
ex p o su re  of the highly th rom bogenic  basa l  m e m b ran e  to 
blood e lem ents .  Ward and Donnelly (1993) a lso  found 
h e te ro gen e ic  r e s p o n se s  of EC from the  s a m e  bed 
sub jec ted  to hypoxia; so m e  EC expanded ,  while o thers  
rem ained  apparen t ly  healthy, desp i te  the  fact that the 
glycocalyx of all cells w as  d a m a g e d  by the  hypoxic 
insult.

We s u g g e s t  two hypothetical explanations . First, 
h e te rog ene ic  behaviour could co r respo nd  to different 
sub-popula tions of EC. Vidal-Vanaclocha and  collea
g u es  (1993) found two sub-popula tions of EC in liver 
s in uso id s  with a  different cytoplasm ic porosity index 
and w hea t germ  agglutinin-binding efficiency that led 
to different cell sedim enta tion  behaviour. A thnassakis-  
V assiliadis and  co-workers (1993) a lso  identified differ
en t sub-popula tions of placental cells  using cytokeratin 
and vimentin a s  EC m arkers  in murine placenta , and 
immunostaining techn iques  allowed Cai and  co l leagu es  
(1993) to differentiate sub-popula tions of EC in human 
umbilical veins. EC with specific b iochemical capaci t ies  
could have  different metabolic re s o u rc e s  at the  initiation 
of the hypothermic and ischaem ic  injury allowing them 
to reac t  in different w ays to the  s a m e  stimulus. The 
seco nd  hypothes is  involves the ability of EC to reac t 
differently to specific insults depend ing  on the s tag e  of 
the  cell cycle of each  particular cell. For instance, it is 
known that the s ta g e  in the cell cycle affects the 
sensitivity of C h inese  ham s te r  lung cells  to s t r e s s e s  
such  a s  freezing (Frim et al. 1976).

We conclude that the EC m onolayer  of pulmonary 
a r te r ie s  suffers se r iou s  morphological a lterations 
during hypothermic s to rage  and revasculariza tion  a s s o 
c iated  with transplantation. T he se  c h a n g e s  su g g es ted  
EC cytoskeletal disruption, loss of cell volume regu la 
tion leading to bleb formation, and  a lte red  thrombogeni-  
city due  to basa l  matrix exp osu re  and /o r  EC dysfunction. 
The c h a n g e s  ob served  co rre la te  with in c re a se s  in 
v ascu la r  permeability  and pulm onary  o e d e m a  found 
after hypothermic s to rag e  and revasculariza tion  of

lungs in transplantation . Better p reservation  of the 
endothelial cell m onolayer  could lead  to greatly  
improved pulm onary  t i s su e  outcom e and  satisfactory 
organ  viability after longer s to rag e  periods  of lungs 
used  for transplantation .
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Effects of hypothermic storage on the vascular endothelium: 
A scanning electron microscope study 

of morphological change In human vein

M. A. HIDALGO, M.D., P. SARA THCHA ND RA, P. R. F R Y ER , Ph.D., 
B. J .  FULLER, Ph.D., C. J .  G R E E N ,  Ph.D.

Objective. The aims of this study were: i) to identify 
morphological changes occurring in the endotheli
um of human umbilical veins subjected to the typi
cal storage procedures used in trans plantation and 
ii) to determine the relative efficacy of preservation 
solutions containing in tra  and ex trace llu lar  levels 
of sodium and potassium.
E xperim ental design. Prospective.
Procedure. Scanning electron micrographs were taken 
p r e  and p o s t  cold hypoxic storage of human umbili
cal veins for 3 or 16 hours.
R esults. Cold preservation resulted in severe cell 
detachment with subsequent loss of monolayer conti
nuity and exposure of thrombogenic basal mem
brane components (highly significant after only 3 
hours of cold storage, Kruskal-Wallis, p<0.01). The 
morphological alterations culminated in EC with 
spherical shapes. Cytoplasmic membranes presented 
an increased number of microvilli and intercellular 
processes, followed by microvillous swelling and sur
face blebbing as damage increased. Bleb detachment 
was seen in severely damaged specimens. However, 
morphological preservation was not significantly 
affected by the duration of hypoxia or the ionic bal
ance of the solution tested.
Conclusions. The present results demonstrate that 
even short periods (3 hours) of cold storage without 
revascularization cause significant morphological 
damage to the endothelium. The ionic composition of 
the preservation solution did not significantly affect 
the process. The morphological changes seen in this 
study could explain storage-related problems such as 
loss of normal vascular permeability and increased
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thrombogenicity, problems often associated with 
transplantation procedures.
K e y  WORDS: Endothelial cell - Hypothermic storage - Trans
plantation - Monolayer continuity - Permeability.

H ypothermic storage after single flush with a 
preservation fluid is currently the most widely 

used method to preserve solid organs in clinical 
transplantation, due to its simplicity and low cost.i 
This procedure results in prolonged contact of the 
vascular endothelium of solid organs with the pres
ervation solution under hypothermic and ischaemic 
conditions.

Despite the proven advantages of hypothermia 
in organ preservation and the unquestionable ne
cessity of infusing the vascular bed with a preser
vation solution, there is ample evidence of endo
thelial cell (EC) damage suffered during the trans
plantation p r o c e d u r e .2-7 Previous in vitro studies 
using models of cultured EC subjected to hypother
mia and /o r hypoxia have shown morphological 
alterations and a tendency to cell detachment.^ s* 
However, in vitro cultured EC are not supported by 
a normal basal membrane and other layers of tis
sues that form intact vessel wall in vivo. Eindings 
regarding cell detachment should therefore be con
sidered carefully in the absence of evidence of cell 
detachment from whole vessels. To the best of our 
know ledge serial quantitative studies of EC de
tachment from intact human vein have not been
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performed previously. Therefore, the aim of this 
study was to analyse the morphology of human 
EC after preservation under organ storage condi
tions w ithou t depriv ing  them  of their natural 
underlying substrata. For this purpose scanning 
electron microscopy (SEM) micrographs of vascu
lar endothelium  of human umbilical veins were 
taken immediately after hypothermic (4°C) storage 
of organs flushed with preservation solutions. Any 
EC m orpholog ical alteration  shou ld  therefo re  
result from the combined effects of hypothermia 
and ischaemia in relation to the solution composi
tion. The effects of re-warming, restoration of 
oxygen supply, and granulocyte-EC interactions 
that take place upon revascularization are addi
tional to hypotherm ic damage, and have to be 
considered separately in in vivo transplantation 
experiments.

In view of controversy over the beneficial or det
rimental effects of intra-cellular versus extra-cellular 
levels of sodium and potassium in the preservation 
f l u i d ,"-14 four different solid organ preservation 
solutions with varying ionic balance were tested. 
Endothelial morphology was studied at three lev
els: m onolayer continuity, cellular morphology, 
and cytoplasmic membrane irregularities.

Materials and methods

Vein preservation
Eresh hum an um bilical cords w ere collected 

from the maternity department in Northwick Park 
Hospital. All specimens were processed within 15 
min of birth. The umbilical vein was cannulated 
and gently flushed with 20 ml of warm  (37°C) 
phosphate buffered saline (PBS) to remove blood. 
The vein was divided into 4 cm long segments and 
either immediately fixed (controls) or filled with 
the preservation solution under study. Four differ
ent preservation solutions were used (Table I). 
Both lactobionate-raffinose solutions (UW mod 
and UW mod-low K+), are m odifications of the 
University of Wisconsin (UW) preservation solu
tion, and w ere prepared  as described e a r l i e r . "  
Hypertonic citrate solution (HCA) was obtained 
from Baxter Healthcare Ltd. (Thetford, Norfolk, 
UK), and the low potassium HCA (HCA-low K+) 
was prepared as showed in Table I. Both ends of

T a b le  I .— Composition o f  preservation solutions.

Solution UWmod (mM) U W m od-low  K+(mM)

Na+ 38.5 128
K+ 130 26
Mg2+ 11 11
SO42+ 11 11
H2PO4- 26 26
Lactobionate" 106.7 106.7
Raffinose pentahydrate 31.3 31.3
Glutathione reduced 3.1 3.1
Allopurinol 1 1

HCA (mM) HCA-low K+ (mM)

Na+ 80 159
K+ 80 6
Mg2+ 40 40
Citrate 55 55
SO42- 40 40
Mannitoi 100 100

the vein segment were then closed by suture and 
the sealed w hole vein subm erged in the same 
preservation solution and stored at 4°C for 3 or l6  
hours.

Sample processing

After the desired storage period veins were fix
ed by luminal infusion (manually at constant rate 
and low pressure) of 3% glutaraldehyde (Agar 
Scientific, Stanstead, Essex, UK) in O.IM phos
p hate  bu ffer (2 hours at room  tem p era tu re ). 
Blocks of 2 mm2 of full thickness blood vessel 
w all w ere d issected  from the vein w all using 
m icrosurgical instrum ents under an operating  
microscope at high (x l6) magnification. Samples 
w ere w ashed (3 times, 10 min) in O.IM phos
phate buffer, post fixed in 1% osmium tetroxide 
in phosphate buffer (60 min at room  tem pera
ture), and w ashed again (10 min). Dehydration 
was accomplished by serial immersion (10 min) 
of the samples in 25%, 50%, 70% and 100% etha
nol. Specim ens w ere then  critical po in t dried 
(Polaron), and mounted on copper stubs with sil
ver dag. They were gold coated in a sputter coat- 
er and kept in a vacuum desiccator until viewed 
in a JEOL 1200EX STEM m icroscope  in SEM 
mode.
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Fig. 1.— Control: Scanning electron m icrograph o f  um bilical vein  endothelium  (A: m ag x l6 0 0 ; B: m ag x8000).

Experimental protocol
There were three main experimental groups:
G roup 1. — Controls; unsto red  veins fixed 

immediately after removal of blood with warm 
PBS.

Group 2. — Umbilical veins stored for 3 hours.
Group 3. — Umbilical veins stored for l6  hours.
Groups 2 and 3 consisted of 4 subgroups of 

specim ens stored in UWmod, UW mod-low K+, 
HCA and HCA-low K+ respectively. Each subgroup 
consisted of three specimens obtained from 3 dif
ferent umbilical cords.

Analysis o f results

Seven different random fields on the luminal 
endothelia l surfaces w ere pho tographed  (final 
magnification xl600) in each specimen. A further 
three high magnification micrographs (final mag
nification X8000) were taken from the same areas. 
All photographs were analysed blindly by the same 
observer, and subsequently corroborated by a sec
ond observer.

M orphological alterations w ere evaluated by 
three criteria: a) endothelial monolayer continuity; 
b) individual EC morphology; and c) cytoplasmic 
membrane irregularities.

A Kmskal-Wallis one-way analysis of variance of 
the ranks was performed to compare the four groups 
at each storage time, and specimens stored for 3 
hours versus specimens stored for 16 hours. Results 
with a p value of less than 0.05 were considered 
statistically significant.

Results

Controls

Unstored segments of umbilical vein presented a 
uniform endothelial surface with cobblestone dis
position of EC completely covering the vessel wall. 
A small num ber of microvilli were identified on 
cellular surfaces (Fig. 1).

Vein stored fo r  3  hours or 16 hours 
Results are presented in Table IT. Hypothermic
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T able II.— Hypotherm ic storage effects on vein EC expressed as 
the percentage o f  m onolayer m ain tained after the preseiva- 
tion period. M emhrane surface hlehs are ranked as: +hlehs 
on a single cell in som e micrographs; ++blebs on a t least 
one cell in a ll micrographs; a n d  +++ blebs in most cells in 
all m icrographs. Controls p resen ted  100% o f  con tinuous  
m onolayer a n d  absence o f  blebs.

Storage time Specimen tiWmod UWmod 
-low K'*'

HCA HCA- 
low K+

% o f presented
1 m onolayer 40 80 40 5 0

3 hr.s 2 90 9 0 90 40
3 6 0 80 8 0 50

all blebs -t- 4- 4- 4- 4- 4 -

% o f preserved
1 m onolayer 9 0 90 8 0 40

16 hrs 2 90 90 90 90
3 8 0 70 8 0 40

all blebs +++ 4- 4- 4- 4- 4- 4- 4- 4- 4-

lWmocl=modifiecl UW .solution; UWmod-low K'*'̂ =moclified UW solution
with extracellular levels of potassium: HCA=hypertonic citrate solution;
HCA-low ^hypertonic citrate solution with extracellular levels of potas-
Slum.

Storage of hum an veins with solid organ preserva
tion solutions altered endothelial m orphology at all 
three levels studied:

Monolayer continuity.—All specimens exhibited 
detachment of EC after both storage periods. Cell 
detachment resulted in loss of monolayer continuity 
(expressed as % in Table II). Denuded areas exposed 
basal matrix and bundles of collagen (Fig. 2).

Cellular morphology.—In most specimens, swol
len EC coexisted with slightly retracted EC. The 
general shape tended towarcl rounding, and al
though spherical cells w ere seen occasionally  
attached, rounding was mainly found in detached 
or semi-detached cells (Eig. 3). Semi-detached cells 
were always observed with one or both of their 
poles as the last point of contact with the vessel 
wall, suggesting that detachment occurred initially 
in the central portion of each cell (Eig. 4).

Cytoplasmic membranes.—The number of cyto
plasmic microvilli was increased after the hypother
mic storage period. Very frequently, swollen micro
villi became blebs (Eig. 5A). These could detach 
from the cell membrane and become spherical free 
bodies (Eig. 5B). Enlarged microvilli and blebs 
w ere larger and more num erous in specim ens

Fig. 2.— Scanning electron  m icrograph o f  um bilical v e in  en d oth eli
um  stored for 16 hours in HCA-low K+. D en u d ed  areas ex p o se d  
basal m em brane and collagen  bundles (arrow, mag x l6 0 0 ).

Stored for l6  hours (Table II); this was the most 
noticeable difference between the two storage peri
ods studied.

Some EC with m embrane holes, which might 
com prom ise cell viability, p resented  a sm ooth 
membrane surface devoid of microvilli or blebs 
(Fig. 6).

Hypothermic storage negatively influenced mo
nolayer continuity to a significant degree after only 
3 hours (p<0.01T However, no significant differ
ences in preservation of monolayer continuity were 
found between the four different solutions tested, 
or between specimens stored for 3 and l6  hours.

Discussion

In vivo animal experimentation and human trans
plants show a clear difference in the efficacy of the 
different preservation solutions used in transplanta
t i o n .  ^4 16-18

However, organ sui-vival depends on a combina
tion of factors including effects of hypothermia on 
parenchymal and endothelial compartments, reper
fusion in jury and secondary events such as adhe
sion of leukocytes or platelet activation.

In the present study, hypothermia was found to 
be equally damaging irrespective of the composi
tion of the storage solution, and vein endothelium
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Fig. 3-— Scanning electron micrograph o f  umbilical vein  endothelium  stored for 3 hours (A) in HCA-low K+, and 16 hours (B) in HCA 
solu tion . Sem i-detached  EC present spherical m orp hology  (thin arrow). D etachm ent appears to start in the central portion o f  cells, 
rem aining o n e  or both  p o les in contact w ith the v esse l w all (thick arrow, m ag x l6 0 0 ) .

Fig. 4.— Scanning electron micrograph o f  um bilical vein  endothelium  stored for 3 hours in UW -low K+. Sw ollen  m icro\ illi can b ecom e  
blebs (A, arrows) able to detach and b ecam e free spherical bod ies (B, arrow heads, m ag xBOOO).
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Fig. 5.— Scanning electron  m icrograph o f um bilical vein  en d oth eli
um  stored for 3 hours in HCA. EC with m em brane discontinuities  
incom patib le w ith cell life (arrow) had sm ooth  surfaces w ithout 
microvilli or b lebs (m ag xHOOO).

seemed to be damaged to the same extent after 3 
or 16 hours of hypotherm ic storage. This is in 
accordance with the lack of statistically significant 
d ifferences betw een  different storage periods 
reported by Fehrenbach et in a recent study of 
human lung preservation, in which they found no 
relation between the extent of denuded epithelial 
basal lamina and the duration of the ischaemic 
insult. These observations highlight the difficulty of 
determining the efficiency of a preservation solu
tion on morphological criteria until the organ have 
been exposed to normothermic whole blood.

Several recent studies have described morpho
logical deformation, creation of intercellular gaps, 
and eventual cell detachment of EC after periods of 
cold and/or ischaemia.') 20-22 jyj yitro experiments 
provide EC with an unphysiological surface upon 
which to grow and therefore detachm ent under 
conditions such as hypothermia may be an artefact 
not mimicked in vivo. Studies on whole organs 
using light or transmission electron microscopy 
have shown EC detachment in an unquantitative 
manner22 and provide little information about the 
continuity of the endothelial m onolayer or the 
detachment process itself. In the present study it 
was observed that EC could remain weakly at
tached to the basal matrix after all intercellular con
nections had disappeared. Constatinides et al.^^ 
reported that EC junctions are more fragile than EC

membranes, and our observations seem to suggest 
that cell-to-matrix links are stronger that cell-to-cell 
connections. These observation are in accordance 
with the fact that the localisation of matrix assem
bly sites on the basolateral cell surface of EC do 
not depend on the presence of intercellular junc
tions. 2  ̂ The separation of EC from the vessel wall 
does not necessarily coincide with EC death; this 
appears to be a later event.21

An immediate consequence of the loss of EC 
shape and subsequent detachment was the loss of 
continuity of the endothelium , exposing basal 
membrane and collagen bundles. The physiological 
outcome at revascularization would be a great loss 
of vascular permeability control in that vessel. This 
correlates with in vivo reports of vascular perme
ability being severely altered in organs subjected to 
hypothermic storage and revascularization follow
ing transplantation procedures.^ 25 26 jt is difficult to 
separate hypotherm ic and ischaemic effects in 
identifying responsibility for the loss of permeabil
ity control. The fact that substantial oedem a is 
found in solid organs after periods of cold27 28 and 
warm ischaemia 29 implies that hypoxia could be 
responsible for that rise in permeability. However, 
in an interesting experiment in which isolated rat 
hearts were subjected to hypothermia and re warm
ing, but not to ischaemia or reperfusion, Ytrehus 
et found that tissue oedema still developed. 
They found that these changes correlated with a 
reduction in cellular ATP. Likewise, severe deple
tion of ATP is known to be one of the effects of 
hypoxia in stored organs.31 32 The fall in ATP levels 
could be a mechanism common to hypothermia 
and ischaemia leading to a rise in permeability 
after organ storage and transplantation.

Exposure of basal membrane and collagen struc
tures to blood flow after a period of hypothermic 
storage results in immediate local activation of the 
coagulation pathways. Clinical studies have empha
sised the severity and frequency of pro-coagulation 
p r o c e s s e s 3 3  and the increased risk of aiteiy throm- 
bosis34 following organ storage and transplantation. 
Such blood flow disturbances and vascular conges
tion are commonplace after ischaemia and reperfu
s i o n . 33 The pro-throm botic tendency of stored 
organs39 can be explained only partially by the fact 
that EC surface coagulant properties are shifted to 
promote coagulation when subjected to hypoxia.3̂  38 

The loss of continuity seen in this experiment after 
only 3 hours of hypothermic storage would alone
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explain the increased risk of thrombosis after trans
plantation of stored organs.

The main ultrastructural change found on the EC 
cytoplasmic m embranes throughout the present 
experiment was the formation of blebs. EC bleb
bing has previously been reported after hypother
mic preservation. 39 We observed that the blebbing 
process was initiated from microvilli that increase 
in number and volume with the duration of the 
hypothermic and ischaemic insult. Swollen micro
villi grew to a threshold volume before detaching 
from the cell m em brane surface and becom ing 
spherical free bodies.

It has been shown that ischaemia causes redistri
bution of Na+-K+ ATPase in membranes of renal 
epithelial c e l l s . A  similar re-distribution of mem
brane proteins during ischaemia in EC, added to 
the fact that restriction of energy supply results in 
loss of the ability to control internal pH,^^ may lead 
to loss of internal volume regulation after a period 
of hypothermic and ischaemic storage. We specu
late that blebs could be a mechanism used by com
promised EC to regulate the excess of intracellular 
volume that results from hypothermic inactivation 
of the Na+-K+ membrane pump. The fact that dead 
cells presented smooth surfaces deprived of micro
villi and blebs seems to reinforce that hypothesis.

We conclude that cold ischaemic storage seriously 
disrupts morphology of EC attached to their physio
logical underlying substrata. The change of shape 
and detachment of EC causes loss of monolayer 
continuity, exposing thrombogenic components of 
the vessel wall. On EC cytoplasmic membranes, 
hypothermic storage caused microvilli swelling and 
blebbing. Such changes in themselves might not 
directly cause organ malfunction following revascu
larisation, but might combine with other factors in 
reperfusion damage to became additive. Adequate 
preservation of EC monolayer should considerably 
improve organ preservation.

A cknowledgem ents.— We thank Caroline D oré for help  with the 
statistical analysis.

References
1. Orak JK, Singh AK, Rajagopalan PR, Singh I. M orphological 

an alysis o f  m itochondrial integrity in p ro lo n g ed  co ld  renal 
ischem ia utilizing Euro-Collins versus University o f  W isconsin  
preservation solution in a w h o le  organ m odel. Transplant Proc 
1994;26:122-5.

2. Marzi I, Z hong 2 , Lemasters JJ, Thurm an RG. E vidence that

graft survival is not related to parenchym al cell viability in rat 
liver transplantation. Transplantation 1989;48:463-8.

3. M cK eow n CMB, Edwards V, Phillips MJ, H arvey PRC. Petrunka 
CN, Strasberg SM. Sinusoidal lin ing cell dam age: the critical 
in jury in c o ld  p r e se r v a tio n  o f  liv er  a llo g ra fts  in  th e  rat. 
Transplantation 1988;46:178-91.

4. Fratté S, Gendrault JL, Steffan AM, Kirn A. Comparative ultra- 
structural stu d y  o f  rat livers p reserv ed  in  E u ro-C ollin s or 
University o f  W isconsin  solution. H epatology 1991;13:1173-80.

3. M omii S, Koga A. Tim e-related m orphological changes in c o ld -  
stored rat livers. Transplantation 1990;50:745-50.

6. Pickford MA, G ow er JD, D oré C, Fryer PR, Green CJ. Lipid per
oxidation and ultrastructural changes in rat lung isografts after 
single-passage organ flush and 48-hour cold  storage with and 
w ithou t o n e-h ou r reperfusion in vivo. Transplantation 1990; 
144:210-8.

7. Rauen U, H anssen  M, Lauchart W, B ecker HD, de G root H. 
Energy-dependent injury to cultured sinusoidal endothelial cells 
o f  the rat liver in UW  solution. Transplantation 1993;55:469-73

8. Solberg S, Larsen T, Jorgensen L, Sdrlie D. Cold induced  en d o
th e lia l cell d etach m en t in h um an  sa p h e n o u s v e in  grafts. J 
Cardiovasc Surg 1987;28:571-5.

9. H idalgo MA, A m brose IJ, G oddard JG, Fuller BJ, G reen CJ. 
Cultured hum an endothelial cells as a m odel for hypotherm ic  
preservation. Cryoletters 1993;14:339-46.

10. G ranger DN. R ole o f  xan th in e o x id a se  and gran u locytes in 
ischaem ia-reperfusion injury. Am J Physiol 1988;255:H1269-75.

11. Harjula ALJ, Mattila S, Jarvinen A, Myllarniemi H, Salmenpera 
M. Endothelial cell dam age fo llow ing crystalloid cardioplegic  
solution infusion. Arch Surg 1984;119:946-9.

12. Fujimura S, Handa M, K ondo T, Ichinose T, Shiraishi Y, Nakada 
T. S u ccessfu l 48 -h o u r  sim p le  h y p o th erm ic  p reserv a tio n  o f  
canine lung transplants. Transplant Proc 1987;XIX: 1334-6.

13. Jam ieson NV, Lindell S, Sundberg R, Southard JH, Belzer FO. 
A n analysis o f  the com ponents in UW solution  using the isolat
ed  perfused rabbit liver. Transplantation 1988;46:512-6.

14. Kirk AJB, Colquhoun IW, Dark JH. Lung preservation: a review  
o f  current practice and future d irection s. A nn T horac Surg 
1993;56:990-1000.

15. Kurzawinski TR, A ppleby JA, Hardy SC et al. A prospective, 
random ised clinical trial o f liver preservation using high-sodi- 
um  v ersu s  h ig h -p o ta ss iu m  la c to b io n a te /r a ffin o se  so lu tio n . 
Transplant Int 1994;7:S489-92.

16. Ledingham SJM, Katayama O, Lachno DR, Yacoub M. Prolong
ed  cardiac preservation. Circulation 1990;82:IV351-8.

17. Belzer FO, D ’Alessandro AM, Hoffmann RMK et al. The u se o f  
UW solution in clinical transplantation. Ann Surg 1992;215:579-85.

18. O kouchi Y, Tamaki T, Kozaki M. A com parison o f  initial flush
in g  s o lu t io n s  in liv er  p reserv a tio n . T r an sp lan ta tion  1992; 
54:560-1.

19. Fehrenbach H, Hirt SW, Wahlers T, Schnabel PA, Haverich A, 
Richter J. Euro-Collins flush perfusion in hum an lung preserva
tion: ultrastructural studies o f  the preservation quality o f  the 
contralateral donor lung in clinical single lung transplantation. J 
Heart Lung Transplant 1994;13:1-14.

20. Loose R, Markant S, Sievers HH, Bernhard A. Fate o f  en d oth e
lial ce lls  during transport, cryopreservation  and thaw in g  o f  
heart valve allografts. Transplant Proc 1993;25:3247-50.

21. C arles J, F a w a z  R, H a m o u d i NF, N e a u d  V, B a la b a u d  C, 
Bioulac-Sage P. Preservation o f human liver grafts in UW  solu 
tion. Ultrastructural ev id en ce for endothelial and Kupffer cell 
activation during cold ischaem ia and after ischaem ia-reperfu
sion. Liver 1994;14:50-6.

22. O hno A, M ochida S, Arai M, Hirata K, Fujiwara K. Fat-storing 
cell abnormalities associated w ith endothelial cell dam age after 
co ld  ischaem ic storage o f  rat liver in UW  solution. D ig Dis Sci 
1 9 9 4 ; 3 9 : 8 6 1 - 5 .

23. Constantinides P, Robinson M. Ultrastructural injury o f  arterial 
endothelium . Effects o f  pH, osm olarity, anoxia and tem pera
ture. Arch Pathol 1969;88:99-112.

24. K ow alczyk AP, M cK eown-Longo PJ. Basolateral distribution of

Vol. 36 - N o. 6 THE JOURNAL OF CARDIOVASCULAR SURGERY 531



HIDALGO EFFECTS OF COLD HYPOXIA O N  ENDOTHELIAL CELLS

fibronectin matrix assem bly sites on vascular endothelial m ono
layers is regulated  by substratum  fibronectin . J Cell P hysiol 
1 9 9 2 ; 1 5 2 : 1 2 6 - 3 4 .

25. Hall SM, O dom  N, M cG regor CGA, Harworth SG. Transient 
ultrastructural injury and repair o f  pu lm onary capillaries in  
transplanted rat lung; effect o f  preservation and reperfusion. 
Am J Respir Cell Mol Biol 1992;7:49-57.

26. Mills AN, H ooper TL, Hall SM, McGregor CGA, Haworth SG. 
Unilateral lung transplantation: ultrastructural studies o f  ische- 
m ia-reperfusion injury and repair in the canine pulm onary vas
culature. J Heart Lung Transplant 1992;11:58-67.

27. Pickford MA, M anek S, Price AB, Green CJ. The pathology o f  
rat lung isografts fo llow ing 48 or 72-hour cold  storage and sub
sequent reperfusion in vivo for up to 1 m onth. Int J Exp Pathol 
1 9 9 2 ; 7 3 : 6 8 5 - 9 7 .

28. M ueller AR, Platz MA, Nalesnik MA, Langrehr JM, N euhaus P, 
Schraut WH. Small b ow el preservation causes basem ent m em 
brane and en d o th e lia l ce ll injury. Transplant Proc 1994;26: 
1498-500.

2 9  M anciet LH, P o o le  DC, M cD on agh  PF, C op erlan d  JG, Ma- 
thieu-C ostello O. M icrovasculai^com pression during myocardial 
ischaemia: m echanistic basis for no-reflow  phen om en on . Am J 
Physiol 1 9 9 4 ; 2 6 6 : H 1 5 4 l - 5 0 .

30. Ytrehus K, A spang EM. Phospholipid  peroxidation in isolated  
p er fu sed  rat hearts su b jected  to h yp oth erm ia  fo llo w e d  by  
rewarming: inverse relation to lo ss o f  function. C ryobiology  
1 9 9 4 ; 3 1 : 2 6 3 - 7 1 .

31. Pinsky D, Oz M, Liao H et al. Restoration o f  the cAMP secon d  
m essen ger pathw ay en h an ces cardiac preservation for trans
plantation in a heterotopic rat m odel. J Clin Invest 1993;92: 
2 9 9 4 - 3 0 0 2 .

32. Busza AL, Fuller BJ, Proctor E. Evaluation o f co ld  reperfusion

as an indicator o f  viability in stored organs: a 3ipNMR study in  
rat liver. Cryobiology 1994;31:26-30.

33. Mazzaferro V, Esquivel CO, M akowka L et al. H epatic artery 
throm bosis after pediatric liver transplantation - a m edical or 
surgical event? Transplantation 1989;47:971-7.

34. Mor E, Schwartz ME, Sheiner PA et al. Prolonged  preservation  
in U niversity o f  W isconsin  so lu tion  associa ted  w ith  h ep atic  
artery throm bosis after orthotopic liver transplantation. Trans
plantation 1993;56:1399-402.
Teramoto K, B ow ers JL, Kruskal JB, C louse ME. H epatic micro- 
circulatory changes after reperfusion in fatty and normal liver 
transplantation in the rat. Transplantation 1993;56:1076-82.
Arai M, M ochida S, O hno A, Kurokawa K, Fujiwara K. Coa
gulability in the sinusoids o f  orthotopically transplanted livers 
in rats. Transplant Proc 1994;26:913-5.
Gertler JP, W eibe DA, O casio VH, Abbott WM. H ypoxia induces  
procoagulant activity in cultured hum an ven ou s endothelium . J 
Vase Surg 1991;13:428-33.

38. O gaw a S, Shreeniw as R, Brett J, Clauss M, Furie M, Stern DM. 
The effect o f  hyp oxia  on  capillary endothelia l ce ll function: 
m odulation o f  barrier and coagulant function. Br J H aem atol 
1990;75:517-24.
O kouchi Y, Sasaki K, Tamaki T. Ultrastructural changes in h ép 
atocytes, sinusoidal endothelial cells and m acrophages in h yp o
thermic preservation o f  the rat liver with University o f  W iscon
sin solution. V irchows Arch 1994;424:477-84.
Van W hy SK, M ann AS, Ardito T, S iegel NJ, K ashgarian M. 
Expression and m olecular regulation o f Na' '̂-K' '̂-ATPase after 
renal ischaem ia. Am J Physiol 1994;267:E75-85.

41. Fuller BJ, Lockett CL, Proctor E, Busza AL. Control o f  intracellu
lar pH in m ammalian liver at hypothermia: ev id en ce for a rela
tionship with energy m etabolism . C ryobiology 1993;30:543-50.

35

36

37

39

40

532 THE JOURNAL OF CARDIOVASCULAR SURGERY D ecem b er 1995


