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Prematurity and Chronic lung disease 

Chronic Lung Disease of Prematurity (CLD) affects almost half of all infants 

ventilated below 32 weeks gestation and contributes significantly to the long-term 

morbidity of preterm infants
1 2

. The disease is a structural and functional disturbance 

of respiration in the infant who has been exposed to factors that result in abnormal 

lung development, at a time when the lungs are meant to be in an intrauterine 

environment, rather than an extra-uterine environment. 

There are many risk factors for the development of CLD, including hyperoxia. The 

exact pathophysiology is still not fully elucidated in the role of oxygen to the 

contribution to this condition. In attempting to understand the processes involved in 

the development of this debilitating and sometimes fatal disease, this thesis is directed 

to the development and study of models of lung development to help determine the 

role of oxygen in CLD. 

Normal lung structure 

The mature lung of a human adult consists of specialized tissue types, each with a 

distinct role to play to enable the host organism to absorb environmental oxygen into 

the circulation, and to excrete gaseous waste products- i.e. carbon dioxide, back into 

the atmosphere. 

A number of properties must be fulfilled for this to be possible. The lungs must have a 

large surface area for gaseous exchange to occur over. Air must be efficiently 

conducted to these surfaces via a series of airways of minimum resistance to limit the 

amount of energy expenditure. The supporting structure must be resilient enough to 
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withstand shear stress from repeated expansions/contractions of the airway system. 

The work involved in expanding the airway system must not be excessive i.e. the 

airways must be compliant, yet possess a degree of elasticity to allow the lungs to 

return to normal size after inspiration.  Finally, the circulatory system must be closely 

apposed to the respiratory airways to enable efficient exchange of gases. 

All of the above properties are provided for admirably in the mature human lung.  

Conducting airways comprise the trachea, the bronchi and the bronchioles. These 

progressively increase in number resulting in each airway, giving rise to two 

subsequent smaller airways. The final airways of the conducting system are the 

terminal bronchioles. The epithelium of these airways becomes progressively thinner 

as they progress down the tree, with the terminal bronchioles lined by cuboidal 

epithelium. Each airway is surrounded by smooth muscle arranged in tight spiral 

sheaths that are able to provide some structural tone maintaining the patency of the 

enclosed airways. By contraction or relaxation of these muscle bundles, constriction 

or dilation of the airways is respectively enabled. These airways are unable to provide 

any functional gaseous exchange across the epithelium primarily due to the relative 

thickness of the epithelial cells, and the intervening smooth muscle bundles 

surrounding the airways. There are approximately 16 generations of conducting 

airway in the adult lung. 

Respiratory airways are continuations of the conducting system maintaining the 

pattern of dichotomous branching previously described. The epithelium lining 

however is much thinner than preceding generations, and comprises two specialized 

cell types. Type I epithelial cells are extremely thin with a large surface area. They 
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provide little resistance to the diffusion of gases across their depth, with a thickness of 

only 0.2 m. This contrasts with an epithelial thickness of nearly 10 m for cuboidal 

epithelium. These Type I cells do not possess the ability to proliferate. The Type II 

epithelial cells are scarcer, and are responsible for the production of surfactant
3
. This 

fluid mixture consists predominantly of glycerophospholipids - substances that have 

detergent-like properties and thus act to reduce surface tension in the easily 

collapsible respiratory airways. Also contained within surfactant are apoproteins, 

which stabilize the functions and structural integrity of the glycerol components of 

surfactant. Type II cells also possess stem-cell like properties, and act as precursors of 

Type I cells when these latter cells are injured. 

The respiratory bronchioles are essentially conduits for air, but which have the ability 

to exchange gas along their length. There are three divisions of respiratory 

bronchioles, which themselves divide into two atria. These are funnel shaped air sacs 

lined in thin respiratory epithelium. The epithelium is arranged in minute pouches 

divided by crests to maximize potential surface areas. The pouches of air sacs are 

termed alveoli, and these form the final and most important sites of gaseous exchange. 

In all there are 7 generations of respiratory exchange structures beyond the conducting 

airways. 

Vascular compartment- the lungs possess their own circulatory system that runs in 

parallel to the systemic circulation. Thus pulmonary arterioles run through the lung 

mesenchyme alongside the proximal airways, progressively dividing with the 

accompanying airway tree until reaching the respiratory exchange structures. Here, 

the vessels form a mesh-like network of capillaries that lie between the alveoli, 

closely apposed to the epithelium such that there is a gap of less than 1 m between 
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the red blood cells and the air within the alveoli. The alveolar crests found between 

alveoli, each have a capillary passing through within their substance where the 

majority of gaseous exchange can take place. The flow to these vessels is regulated by 

changes in tone in the pulmonary arterioles. These vessels are extremely sensitive to 

changes in oxygen tension; increasing resistance to flow to areas of under-oxygenated 

lung, and thus promoting perfusion within more adequately oxygenated areas. This 

physiological system prevents the occurrence of ventilation: perfusion mismatch when 

functioning adequately. 

Mesenchyme- The interstitium of the lung comprises the vascular compartment, the 

muscular components of the airways and blood vessels, and the supporting structures 

of the lung. The tensile properties of the lung are mainly provided by a scaffolding of 

collagen that runs through the interstitium. This is present within the extracellular 

matrix between the cellular components, but is adherent to these cells by a complex 

proteoglycan binding system. Elasticity is provided by a fine mesh of elastin, existing 

as a spiral protein, also found in the extracellular matrix. Within the literature, the 

terms mesenchyme and interstitium have often been used interchangeably. Where 

mesenchyme tends to refer to undifferentiated cell mass found outside the epithelial 

compartment, interstitium tends to refer to the more mature correlate when it has 

become more scarce and differentiated into a highly organised structure. Throughout 

this thesis I will use these terms within these contexts. 

Normal lung development 

The gestation of the human fetus is 40 completed weeks. A baby is considered 

premature if delivery has occurred before 37 weeks. Survival of human infants has 
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been reported from as little as 22 weeks gestation. During gestation, the respiratory 

system develops in a well-defined manner, both structurally and functionally. 

The intra-uterine environment is patently different from the extra-uterine. Thus, there 

is an expectation that respiratory functional requirements must be suited for one or the 

other. In these circumstances, lungs develop with the primary aim of supporting extra-

uterine life, and thus have no functional role to play in-utero. Before delivery, the 

placental system provides for all the fetus’ respiratory exchange needs. 

The placental system however is limited by the amount of oxygen that can be 

provided to the fetus. As such the oxygen tension of the fetal vascular supply is only 

3-4kPa, compared to 10-14kPa in the newborn infant. Thus the fetus develops in a 

relatively hypoxic environment.  

I shall hence discuss the development of the fetal lungs in the confines of the 

relatively hypoxic intra-uterine environment, before considering the deviations in 

development that early delivery produce. More detailed examination of particular 

aspects of lung development will be undertaken within the discussion of this thesis. 

Anatomists have categorised the structural development of the lung into defined 

‘stages’. There is discrepancy between investigators regarding the exact timing of 

these stages and their definitions, however they have been generally accepted as 

follows
3-6

: 

Embryonic stage: 0-6 weeks. 

This stage represents the formation of the main lobes of the respiratory system. The 

lung mass at the commencement of this stage constitutes undifferentiated 
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mesenchyme, derived from the embryonic mesoderm. The trachea and bronchi 

originate from an endodermal diverticulum of the upper gastrointestinal tract. This 

endodermal branch invaginates into the lung mesodermal mass at its cephalic end. 

Subsequent dichotomous branching of this primitive airway into the mesenchyme 

occurs until each prospective lobe has its own airway supply. 

Pseudoglandular stage: 6-16 weeks. 

The pseudoglandular stage represents the initial phase of lung development within the 

fetus, as opposed to the embryo. This stage represents the development of the 

conducting airway system. These constitute the small bronchi and bronchioles up to 

the terminal bronchioles and are destined to carry gas to and from the more peripheral 

airway structures responsible for gaseous exchange
7
. The term pseudoglandular is 

given due to the histological appearance of the lung at this gestation resembling a 

collection of glands within the stroma (Figure 1.1a). 

There is a continuation of the pattern of dichotomous branching of airways into the 

surrounding mesenchyme. The mesenchyme undergoes concurrent developmental 

changes with differentiation of peri-airway mesenchyme into a continuous smooth 

muscle layer. These are present throughout the conducting airways, and are only 

deficient around the most peripheral ‘terminal buds’. These buds are the ‘newest’ of 

the formed airways and the site of maximal growth/differentiation. Vascular 

proliferation is noted with new blood vessels developing around terminal buds as a 

capillary plexus. 

Canalicular stage: 16-26 weeks. 

The term ‘canaliculisation’ refers to the massive increase in vascularisation of the  
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Figure 1.1: Histological appearances of lung from pseudoglandular (a), canalicular (b), saccular (c) 

and alveolar (d) stages of lung development. Sections have been stained for CD31 (brown) revealing 

vasculature, with haematoxylin counterstaining (blue). 
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lung, and it is this process that dominates histological analysis (Figure 1.1b). 

Concurrent with the vascular changes, is the development of the primitive acinus. The 

canalicular stage sees the development of the respiratory bronchioles of which there 

are three generations. The epithelium of the acinar structures contains cuboidal (Type 

II) pneumocytes, interspersed with flattened (Type I) cells through which gaseous 

exchange occurs. The Type II cells are first noted at 24 weeks of gestation
4 8

 and are 

responsible for the formation of surfactant, which decreases airway surface tension. It 

is with the formation of these distal airways and cells that survival in the extrauterine 

environment first becomes feasible. 

Saccular stage: 26-36 weeks 

This stage is characterised by the dilatation of the acini structures, with the formation 

of early alveolar precursors. Three more airway generations are formed during this 

stage, corresponding to the alveolar ducts and alveolar sacs. Prior to the formation of 

mature alveoli however these simple dilated structures are referred to as saccules and 

are separated from one another by the formation of primary septae (Figure 1.1c). The 

formation of the saccular structures is promoted by the rapid involution of the 

mesenchyme compartment (as the interstitium is known at this stage). Although the 

interstitium contains a primitive capillary network in close apposition to the airway 

epithelium, the collagen network is very delicate. Elastin fibres are actively deposited 

de novo within the mesenchyme, and correspond to the sites of future secondary 

septae formation, and thus the sources of alveoli. 

Alveolar stage: 36 weeks onwards. 

The formation of alveoli characterises the alveolar stage of lung development. This is 
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deemed as the mature lung of the newborn infant, capable of independent respiratory 

exchange (Figure 1.1d). This ignores that there is still structural maturation involved 

in this stage. In particular there is formation of vascular fusion within the alveolar 

septae, allowing optimal oxygen transfer. Continued maturation and development of 

alveolar structures occurs until 18 months of age postnatally. 

Control of airway branching in the fetus 

From the onset of airway branching when the outpouching of the ventral part of the 

endodermal tube into the splanchnic mesoderm occurs giving rise to the trachea, and 

subsequently to the main bronchi, there exists an interaction between the mesenchyme 

and epithelium. That the mesenchyme exhibits control over the characteristics of the 

adjacent epithelium has been demonstrated by the transplantation of distal 

mesenchyme onto primitive trachea. The effect of this grafting is to induce the 

differentiation of tracheal epithelium into the mature surfactant-producing phenotype
9
.  

The nature of this interaction is influenced by the site of mesenchyme source, and thus 

implies varying properties within the spatial distribution of what appears to be an 

amorphous mesenchymal mass. Conversely, if mesenchyme is stripped from the 

airway tube, it will continue to elongate but not divide
10

. 

The control of airway branching has been investigated using both normal and 

genetically altered animals. Immunohistochemistry of mice at this stage of lung 

development reveal that at sites destined to form branch points, there is altered 

expression of a number of growth factors: 

Transforming growth factor beta (TGF-beta) is a multifunctional cytokine that evokes 

a number of potential responses dependant on the target tissue. Both mesenchyme and 
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epithelium are sources for this protein in its various isoforms. The effect of TGF-beta 

on epithelium is to suppress proliferation
11

. Increased expression of TGF-beta has 

been demonstrated in murine pseudoglandular lung at the sites on terminal buds that 

are destined to become clefts
12

. It is believed that the up-regulation of TGF-beta at 

these points inhibits proliferation at these focal sites whilst those epithelial cells on 

either side continue to proliferate resulting in formation of a branch-points. 

Alternatively, epithelial-mesenchymal interactions may be to promote proliferation 

rather than suppress it. Fibroblast Growth Factor-7, also known as Keratinocyte 

Growth Factor (KGF), is expressed in mesenchyme within the developing lung. The 

receptor for this factor is located at opposing epithelial cells stimulating cell division 

and thus promoting branching at these sites
13

. 

The control of various factors including Platelet Derived Growth Factors (PDGF) and 

Epidermal Growth Factor (EGF) 
14

 has a complex relationship when considered in 

their combined actions on the developing lung. However, it is by their various 

influences on mesenchyme and epithelium that the development of a respiratory tree 

in the pseudoglandular lung can occur. 

Pulmonary vascular development in the fetus 

It has been previously assumed that the small vessels of the lung develop by a process 

of angiogenesis i.e. by sprouting of vessels from more proximal arterioles. Recently, 

the consensus is that these vessels arise de novo rather than sprout from preformed 

vessels, and therefore are formed by vasculogenesis, not angiogenesis
15

. As the 

airway tree is being formed in the pseudoglandular lung, condensations of 

mesenchyme surrounding terminal airway buds differentiate into endothelium and 



 
23 

form capillary plexi. These are at first discontinuous from more proximal vessels, but 

gradually form interconnections with more proximal arterioles formed earlier. In turn, 

many of these vessels develop smooth muscle layers which are believed to be derived 

from the nearby airways, and thus are themselves transformed into arterioles. 

Pulmonary endothelial plexi that do not develop into arterioles, mature into a network 

of interconnecting capillaries. Initially, these are organised around the terminal 

airways, but remain at a distance from epithelium. During the canalicular stage, these 

vessels become more closely apposed to the nearby epithelium, providing the 

potential for gaseous exchange to occur. Subsequent development of the capillaries 

increases the efficiency of contact of blood with the maximal respiratory epithelial 

surface area. The most important alteration occurs during alveologenesis.  At sites 

where capillaries and epithelium are in direct contact, an invagination of epithelium is 

formed into the saccule, within which interstitium protrudes. This mesenchyme 

carries with it a loop formed by the blood vessel, thus forming a secondary septae 

within the saccule possessed of a double capillary layer. This is the process by which 

an alveolus is formed during the perinatal period. Subsequent maturation of the 

alveolar capillary network occurs during postnatal life during which the double layers 

of capillaries within alveolar septae fuse to form single capillary layers, the hallmark 

of the adult alveolus. Further discussion regarding pulmonary vascular development 

will be undertaken in Chapter 3, page 114 

The regulation of cell numbers during lung development 

Evidence for an important role for both proliferation and apoptosis in the normal 

development of the lung exists which propose these two processes occur in tandem 

within the developing human. It is believed that apoptosis provides a regulated 
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manner in which excessive cells laid down in tissue through proliferation can be 

removed to provide the desired final organ structure
16

. Investigations have determined 

that these two processes can be affected directly or indirectly by the amount of 

oxygen in the environment
17-20

. 

It is also becoming apparent that alterations in the normal rates of apoptosis and 

proliferation might lead to abnormal lung development in preterm infants delivered 

into a hyperoxic environment. 

Cell Proliferation 

Cells undergoing proliferation in somatic tissue do so by undergoing mitosis. This is a 

tightly controlled process that proceeds through a series of well defined steps. The 

dividing cell can be found in one of two major phases, mitosis and interphase. Mitosis 

is the active division of cells into two daughter cells whereas interphase is the period 

of time wherein the cell prepares itself for mitosis by undergoing DNA replication, 

protein synthesis and cell growth. Interphase is itself divided into a series of specific 

steps; G1 during which the cell grows and is metabolically active, S phase where 

DNA replication occurs, and finally G2 when proteins are synthesised in preparation 

for mitosis
21

. 

Not all cells continuously proliferate, but instead exist in a state of rest until they 

receive a signal inducing an entry to the cell cycle (Figure 1.2). This is characteristic 

of some cells in the adult organism where cell division might only occur in response 

to injury. Thus hair follicles have a turnover measurable in hours, whereas cardiac 

myocytes in adults may have resting phases lasting many years. The resting state is 

denoted as G0 using standard nomenclature and may last for hours through to years  
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Figure 1.2: Simplified schemata of cell cycle. Two main stages of mitosis and interphase are further 

divided according to the metabolic and synthetic functions of the cell into G1, S and G2 phases. G0 

represents movement to a quiescent state outside the cycle. 

 

Figure 1.3: Representation of main differences between apoptosis and necrosis. From Molecular Biology 

of the Cell, Albert B et al
20

. 
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dependant partly on the nature of the tissue. Cells enter G0 after exiting the cycle at 

G1 whereupon they become quiescent although they are still metabolically active. 

It is essential that cells do not enter a stage until they have completed the previous 

stage or unless conditions are appropriate for the new stage to be completed 

successfully. For this reason, a system of regulatory pathways exists that are known as 

cell cycle checkpoints. The cyclin dependant kinases (CDK’s) 
16

 are the major 

determinant of entry into G1. By the activation/inactivation of these complexes, it is 

possible to alter the rate of proliferation in tissues, and these have been found to be 

dysregulated in various tumours. Once passage through the ‘restriction point’ has 

occurred by virtue of activation of the CDK’s, the cell enters an inevitable program 

leading towards S phase and mitosis. 

Methods of assessing proliferation  

Methods may be divided broadly into two categories. In the first, markers are added to 

tissues whilst still in culture, that are taken up by proliferating cells. These markers 

are retained within cells for the duration of their lifespan, thus providing a measure of 

all new cells produced since the addition of the marker to the tissues. Examples of 

these are radiolabelled thymidine- a DNA nucleotide taken up during mitosis, and 

bromodeoxyuridine. The second method is to detect- usually by immunostaining, 

proteins that are expressed specifically by a cell during proliferation. Examples of 

these are Ki67 and PCNA (proliferating cell nuclear antigen).  

Role of proliferation in lung development 

Proliferation and apoptosis both contribute to the normal development of the fetal 
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lung. It is fairly self evident that since the lung increases in cell mass manifold during 

fetal gestation and this is not accompanied by cell hyperplasia, then the growth 

observed must be predominantly contributed to through cell proliferation. Epithelial 

proliferation is vital during the development of airway branching
22

, and is particularly 

active during the formation of the airway system. Stiles’s
23

 assessment of proliferation 

in rats between 15 and 21 days of age show that proliferation rates are extremely high 

when using bromodeoxyuridine  uptake with values of 450 and 370 cells per 1000 

cells in the epithelial and mesenchyme compartments respectively. May
24

 used 

stillborn fetuses as controls for the assessment of proliferation in ventilated preterm 

infants. Approximately 2/1000 cells stained positive for Ki67 between 22 and 36 

weeks gestation, although no comment was made regarding the location of these cells. 

This represents a particularly high rate during the pseudoglandular and canalicular 

stages of lung development, with marked reduction during the saccular stage. 

Apoptosis  

Loss of cellular tissue by cell death is expected to occur by apoptosis or necrosis. 

Necrosis was recognised as a form of cell death as long back as the discipline of 

histology was established, and in the established pathology textbooks of yesteryear, 

this was the only form of cell death described. Necrosis was defined as ‘the 

morphological changes caused by the progressive degradative action of enzymes on 

the lethally injured cell’
25

. Thus, cell injury was assumed to be a natural prerequisite 

to cell death, whether it is due to an acute overwhelming insult, or sustained chronic 

damage. Cells did not die due to ‘old age’, but as a result of chronic low grade injury.  

Apoptosis was postulated as an alternative form of cell death as recently as the 
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1970’s
26

. Derived from the Greek phrase for the ‘dropping-off’ of leaves, this form of 

cell death was put forward as distinct from necrosis. Whereas necrosis is the result of 

injury to a cell culminating in death associated with an inflammatory response, with 

apoptosis there is an energy consuming process that the cell undergoes resulting in its 

removal without such a response (Figure 1.3). 

Apoptotic signalling pathways 

It is important to be able to closely regulate the number of cells that enter and 

complete apoptosis in the developing and diseased organism. The steps involved in 

apoptosis and the regulators of this process have become more clearly defined over 

the past decade and will be outlined here
27 28

. 

Essentially, apoptosis occurs in response to one of two pathways: the intrinsic and 

extrinsic. The intrinsic pathway occurs in response to intracellular damage whereas 

the extrinsic pathway occurs when receptors on the cell surface are activated by 

specific ligands that trigger an intracellular response that leads eventually to apoptosis 

of the cell (Figure 1.4). Both mechanisms finally meet at a common pathway that 

leads irreversibly to apoptosis of the cell. 

 The final aspects of the pathways that directly lead to cell autolysis involve the 

caspase family of proteins. These aspartate-specific proteases possess a cysteine at 

their active end and exist in cells as synthesised inactive precursors known as 

procaspases. Once activated, an amplification cascade occurs where procaspases are  
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Figure 1.4: Schemata representing main differences in signalling between the extrinsic (A) and intrinsic (B)  pathways
20

.  
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activated, and then cleave other procaspases and so on until finally there is production 

of large quantities of caspases, which are capable of cleaving key cell proteins such as 

the nuclear lamina. A key protein that is cleaved is the inactive form of DNAse, 

releasing the active form, which in turn dismantles the cell’s nuclear DNA.  

Importantly, proteins on the cell surface are specifically altered allowing these to be 

recognised by other cells responsible for the removal of apoptotic cells once the target 

cell has neatly dismantled itself in preparation for ingestion by neighbouring cells or 

macrophages. 

A number of different caspases exist, but these are broadly divided into two groups, 

the initiator caspases which act upstream to enable the amplification process to 

commence, and the effector caspases which occur downstream and which are 

responsible for the ‘digestion’ of the cell’s internal structure. 

As procaspases lie dormant in all cells, the mechanism for their activation is tightly 

regulated. Activation tends to occur by the action of adaptor proteins which act to 

bring together the initiator procaspases into an aggregate enabling the proteins to 

cleave each other and thus trigger the amplification process
28

. 

In internal apoptosis, a number of different mechanisms can lead to procaspases 

aggregation
27 28

. The adaptor protein Apaf-1 can be activated by cytochrome c. This 

electron carrier protein is released by mitochondria into the cytosol in most forms of 

internal apoptosis providing the alternative name for this process as mitochondrial 

apoptosis. The release of cytochrome c from mitochondria is regulated by a host of 

competing agonists and antagonists for the process. Examples of this include bcl-2 

which inhibits cytochrome c release, and bax and bad both of which stimulate 
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cytochrome c release. 

Extracellular signalling again can act via a number of mediators, however the best 

known and characterised pathway involves the TNF family of ligands and receptors, 

specifically the fas ligand and fas ‘death’ receptor protein. The fas receptor is widely 

expressed in cells but particularly prevalent in inflammatory cells and mesenchyme in 

the lung
27 29 30

. Thus, killer cells of the inflammatory system can induce cell death by 

producing the fas ligand which then binds receptors in susceptible cells. Clustering of 

fas proteins are able to recruit intracellular adaptor proteins and hence initiate the 

caspase pathways that ultimately result in the death of the involved cell. 

Role of apoptosis in lung development 

Apoptosis is increasingly being identified as a major factor in lung development. 

Despite this, very little work has been published demonstrating the contribution of 

apoptosis to human fetal lung development using in vivo specimens. Del Riccio
31

 

summarised the contribution of apoptosis to lung development at the various 

developmental stages as follows: 

Embryonic stage: Apoptosis in mesenchyme around branch points and regions of new 

lung bud formation. 

Pseudoglandular stage: Apoptosis of interstitium contributes to mesenchymal 

involution. 

Canalicular stage: Mesenchymal involution continues secondary to interstitial 

apoptosis, but in addition, epithelial apoptosis occurs for the first time. 
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Saccular and alveolar stages: Epithelial and mesenchymal apoptosis continues. 

During the vascular maturational stage in the postnatal period, there is formation of 

secondary alveolar septae with transformation of the bilayered capillary network into 

a single layer capillary network where the intervening connective tissue is removed. 

The overall reduction in mass of interstitial tissue is accompanied by a reduction in 

fibroblast numbers by 10-20% and epithelial cells by approximately 10%, both by a 

process of apoptosis
32 33

. 

These observations were however extrapolated from the use of animal models, and 

very little work has been carried out in a range of pathological human lung specimens 

to delineate the rates of apoptosis at the various stages of human lung development. 

Stiles et al
23

 who quantified the rates of apoptosis in rats sacrificed at 15 to 21 days of 

gestation. They determined that apoptosis was most active at D18 to 21, 

approximating to the canalicular and saccular phases of lung development in the rat. 

My own work (unpublished) has quantitatively analysed apoptotic rates in archived 

human lung tissue over gestation ages representing late pseudoglandular lung, right 

through to alveolar lung. I concluded from my results that there are obvious gestation 

related differences, with significantly increased apoptosis occurring during the phases 

of interstitial regression, namely the late canalicular and the early saccular stages of 

lung development. 

The delivery of the fetus into the postnatal environment has been studied in animals 

and in human tissue with the use of explant culture methodology and is believed to be 

associated with a rapid increase in the rate of apoptosis in lung tissue.  

Kresch
34

 analysed the progression and distribution of apoptosis in the lungs of rats 
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Figure 1.5: Apoptotic indices plotted against gestation show an increase in apoptosis with gestation 

until 30 weeks, followed by a sudden decrease in apoptosis. 
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Figure 1.6: Apoptotic activity is significantly raised during the mid-gestation period when compared to 

early and late gestation (* p<0.05) n=11. 
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at a range of gestations commencing in the pseudoglandular stage. Using both 

electron microscopy and terminal deoxynucleotidyl transferase-mediated dUTP nick 

end labelling (TUNEL) staining, their group was able to demonstrate apoptosis 

limited to the mesenchyme during the earlier stages of development, then progressive 

involvement of the epithelial compartment as the saccular and alveolar stages were 

underway. Delivery of rats results in a 14-fold increase in apoptotic rates for 48 hours, 

before returning to baseline rates. The cells that underwent apoptosis immediately 

after birth were not identified in this work however, and it is therefore not clear 

whether epithelium or interstitium is primarily involved during this accelerative 

phase. What was particularly of interest was the demonstration that the increased rate 

of apoptosis was present in lungs immediately after delivery. The implication 

therefore is that this is a process carried out in anticipation of imminent delivery, 

rather than exclusively a response to delivery into a postnatal environment. 

It can be hypothesised that either exposure to an oxygen-rich extra-uterine 

environment or humoral factors associated with onset of delivery, result in apoptosis 

enabling rapid adaptation to gaseous exchange.  

Scavo et al
35

 studied human explant cultures of fetal lung from the pseudoglandular 

stage, analysing the change in rates of apoptosis using DNA laddering techniques and 

TUNEL staining. They demonstrated a massive increase in apoptotic rates 

commencing shortly after culture was established when compared to the preculture 

state, with rates approximately increased by a factor of x50. In comparison to my 

work, they cultured their tissue in 21% oxygen conditions only and in doing so 

showed a similar response to my tissue, which had been cultured in 95% oxygen. In 

contrast, the medium they utilised was serum-free. Thus, the implication of the papers 
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of Scavo and Kresch is that humoral factors must influence apoptosis in the 

developing fetus and in explant culture. 

May and Speer’s group studied histopathological slides from two groups of human 

infants
24

. The first group were stillborn fetuses, whereas the second had died after a 

period of time ventilated in oxygen. Using only TUNEL staining, they demonstrated a 

significantly greater rate of cell apoptosis in the ventilated infants, which was 

predominantly restricted to the epithelial compartment. Their inference from these 

observations was to regard oxygen and ventilation as being the factors responsible for 

the increased rates of apoptosis. It was not alluded to in the discussion of this paper 

that the differences were partly explained by the fact that the stillborn fetuses had not 

prepared for delivery by undergoing labour, or had not undergone the stress responses 

of delivery entailing as it does, massive changes in circulating catecholamines and 

hormones. It is these factors which may well have contributed to the apoptotic rate 

increase. They were however, able to demonstrate a relationship between number of 

days ventilated and the degree of apoptosis seen. Mean apoptotic indices for stillborn 

infants were 0.8% compared to 2.8% for infants ventilated for <1 day, 3.3% for 

infants ventilated for 1 to 3 days, and 13.3% for infants ventilated for more than 3 

days. This gives strength to oxygen exposure as being a likely candidate for apoptosis 

stimulus. 

In contrast, Hargitai et al
36

 examined 24 autopsy cases of preterm infants born 

between 24 and 36 weeks gestation and assessed the degree of apoptosis rates in the 

epithelial cells of the airway tubules using TUNEL together with Haematoxylin and 

Eosin staining. No attempt was made to quantify mesenchymal apoptosis. They 

demonstrated very little apoptosis in lungs of infants who died in the first few days of 
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life with relatively early stage CLD. For those who survived to develop more 

advanced stages of CLD before succumbing, there were higher rates of apoptosis 

noted. The implications of these findings are that apoptosis is not so much a feature of 

acute lung injury, but of sustained injury and remodelling, thus contrasting with my 

traditional acceptance of apoptosis being an intrinsic part of acute lung injury or 

adaptation in the immediate postpartum period. 

Thus evidence for the role of oxygen in the regulation of apoptosis is only indirectly 

provided by such human pathological studies, which are unable to clearly differentiate 

the effect of preterm delivery and oxygen exposure on this process. A clearer 

understanding of the pathogenesis can only be provided by in vitro models and in vivo 

controlled animal studies. 

Detection of apoptotic cells in experimental work 

The optimal method of detection of apoptosis in an experimental sample draws as 

much controversy as the interpretation of the results obtained. In reviewing the 

literature, it becomes evident that an array of methodologies exists in interpreting the 

degree and type of cell death
28 37 38

. A number of choices exist when contemplating 

assessment of apoptosis: 

First is the nature of the sample. Histological identification of cells undergoing 

apoptosis requires a test that is amenable to immunohistochemical detection. 

Alternatively, in homogenous tissue as used in Western Blot analysis, individual cells 

cannot be identified, so markers of apoptotic activity are sought. 

Second is the degree of commitment to apoptosis as a process. One may be satisfied 



 
37 

with identifying cells that are being made more likely to undergo apoptosis, or cells 

that are undergoing apoptosis irreversibly, or finally identifying cells that have 

undergone the final stages of apoptosis. 

Morphological identification of cells 

The original works describing apoptosis
26

 utilised electron microscopy to define the 

hallmark changes and are still used by many as the gold standard for identifying 

apoptotic cells. Apoptosis was noted to have appearances dependant on the stage of 

apoptosis being undergone. Thus at the onset of apoptosis, the cell and in particular 

the nucleus shrinks, nuclear chromatin becomes condensed with margination of 

sharply defined masses within the nucleus against the nuclear membrane.  

Subsequently, the cell becomes detached from neighbouring cells, and fragments into 

well defined ‘buds’ including the breaking up of the nucleus (karyorrhexis). Each of 

these buds is enclosed within a sealed plasma membrane and is referred to as 

apoptotic bodies. These are then phagocytosed by neighbouring cells which may have 

these bodies identified within them for some time. This method is considered precise, 

however its disadvantages include a requirement of high level of expertise, the ability 

to screen only limited amounts of tissue and difficulty in providing a quantitative 

assessment of apoptosis other than being able to comment that apoptotic cells were 

rare or frequent. 

Light microscopy using tissue or cytospins stained for haematoxylin and eosin can 

provide a less precise morphological identification process for apoptotic cells. Again, 

cells are described with nuclear condensation, cytoplasmic shrinkage and detachment 

from neighbouring tissue. It is however very time consuming to identify these cells 
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over a large tissue section when attempting to quantify rates of apoptosis. The process 

of selecting out these cells is made easier by the use of ethidium bromide nuclear 

stains that can help differentiate nuclei that are healthy, condensed or display 

secondary necrosis. 

In general, these methods are rarely used for studies where quantitative analysis of 

apoptosis is being utilised, and tend to be used to provide confirmatory evidence for 

apoptosis where other less precise methodologies are employed. 

Biochemical markers of apoptosis 

In describing the differing markers of apoptotic activity, I shall proceed in a 

chronological order of the processes involved in apoptosis. 

Of the cell receptor mechanisms of initiating apoptosis, the presence of the fas ligand 

and/or receptor is most used for defining proapoptotic activity, rather than as a marker 

of apoptosis itself
29 30

. It is particularly useful in defining if extrinsic signalling is 

responsible for induction of the apoptotic process, which must then be detected with 

other means. 

In defining the role of intrinsic apoptotic pathways, a number of differing markers are 

used and have become synonymous with apoptotic activity per se in a number of 

studies. Of these, bax and bad as apoptotic agonists are most commonly used, often in 

comparison with activity levels of the antiapoptotic factor bcl-2
20

. Also used are the 

other markers of intrinsic activity, cytochrome c and Apaf-1
39 40

. 

Although these markers give clues as to why apoptosis is occurring and can provide 

evidence for proapoptotic effect of study interventions, it is with the caspases that 
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more formal identification of the apoptotic process occurs
41 42

. The most upstream of 

the caspases are 2,8,9 and 10 which act as initiators of the apoptotic process. However 

these do not all belong to a common pathway, and whilst caspase 8 belongs to the 

death receptor initiation pathway (extrinsic), caspase 9 belongs to the mitochondrial 

pathway (intrinsic). Thus, the detection of one may exclude detection of cells or 

activity in the other pathway. 

The more accepted method for using caspases to detect apoptosis is in detection of the 

activated (cleaved) forms of the downstream (effector) caspases, in particular 3, 6 and 

7. When detected, they signify cells that are committed to undergoing apoptosis and 

are demonstrated regardless of the pathway undergone- intrinsic and extrinsic. 

Activated caspase 3 has become progressively popular for this purpose and is readily 

available for immunostaining of tissue sections
20 43 44

.  

Finally, one can search for the biochemical products of apoptosis. These involve both 

cytosolic and nuclear constituents, of which DNA itself is a prime candidate for 

detection. The most commonly used test for apoptosis in histological sections and 

cytological specimens has traditionally been TUNEL This test relies on labelling cells 

with agents with affinity for the terminal portions of fragmented DNA and provides 

and easy method for identifying apoptotic cells and producing reliable cell counts. 

The weakness of the test has been that it is possible for necrotic cells to produce false 

positive results with this test. 

In a similar vein to TUNEL, a non-histological technique similar to Northern Blotting 

uses electrophoresis of DNA from samples and again, labels the free end of the DNA. 

In necrosis, DNA is broken down into fragments of random size and thus produces a 
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smear on labelling. In contrast, with apoptosis, the nature of the DNA fragmentation 

is that fragments are of a particular size and multiples thereof. Resultantly a 

characteristic laddering pattern is produced which indicates the degree of apoptosis in 

the given sample
35 45

. This DNA laddering has been used to provide evidence for 

apoptosis but without the strengths of good quantitative assessment, or ability to 

identify where in the tissue the apoptosis is occurring. 

Immunohistochemical staining of end products of apoptosis is becoming available for 

progressively more targets. PARP (poly(ADP-ribose) polymerase is a nuclear enzyme 

which is cleaved during apoptosis. Antibodies to the cleaved form produce nuclear 

staining of apoptotic cells. A novel recent target is M30, 
19

 fragments of cytokeratin 

18 that result after digestion by caspase 6. Although this is a specific test for apoptosis 

when present, its main limitation is that cytokeratin is a cytoskeletal protein found 

exclusively in epithelial cells, thus resulting in apoptotic changes within the 

parenchyma being missed. 

It can thus be seen that in the assessment of proliferation and apoptosis, there exists a 

plethora of tests, each with their own strengths and weaknesses. These can be 

summarised as in Table xxx. 

Oxygen delivery in the intrauterine environment 

The delivery of oxygen to the developing fetus is an essential process that is enabled 

by the complex circulatory interactions between the fetus and the mother via the 

placental unit. 
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Group Specific Pro’s Con’s 

 

Morphological 

identification 

 

EM. 

Light 

microscopy. 

 

Precise 

Laborious 

Needs expertise 

Poor for quantitative 

analysis 

 

Markers of 

proapoptotic 

activity 

Fas. Specific to extrinsic 

signalling 

Not markers of committed 

apoptosis. 

No markers for common 

signalling (instrinsic and 

extrinsic) 

bax, bad, 

cytochrome 

c. 

Specific to intrinsic 

signalling 

 

Initiator 

caspases 

 

2,8,9,10. 

Sensitive for early 

apoptotic activity 

Cells not committed. 

8 may miss intrinsic. 

9 may miss extrinsic. 

Activated 

caspases 

Activated 

3,6 or 7 

caspases. 

Sensitive and specific 

to committed apoptotic 

cells 

 

 

 

DNA lysis 

products 

TUNEL Easy to do Detects necrosis 

 

DNA 

laddering 

 

Very sensitive  

Easy to use with 

homogenised tissue 

Difficult to quantitate 

Unable to localise to 

specific cells. 

May be increased in 

necrosis 

Cell apoptosis 

products 

PARP, M30 Very specific May be confined to certain 

cell groups 

 

Table 1.1: Summary of major strengths and weaknesses of various apoptosis detection methodologies. 

 

The delivery of oxygen is dependant on a number of factors.  These comprise 1) the 

content of oxygen in the transporting medium (plasma and red blood cells), 2) the rate 

of delivery of the medium to the tissue, and 3) the ability of the medium to give up 

oxygen to the destination tissue. 

The content of oxygen in solution follows a linear relationship that comprises the 
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solubility of oxygen in the given solution, and the partial pressure of the oxygen itself. 

This is calculated by the formula:- 

 

Oxygen content   = PO2   X   0.022 mlO2/dl/kPa 

    in solution  (Oxygen tension in kPa)  (Oxygen solubility in plasma) 

 

The quantity of oxygen that can be carried in this form is small and insufficient for the 

needs of a complex organism. For an oxygen tension of 13kPa, found in arterial 

plasma, this is equivalent to only 0.3ml of oxygen in 100mls of plasma. The 

development of specialised oxygen carrying components in the circulatory system has 

therefore developed, which in humans comprises haemoglobin carrying red blood 

cells (erythrocytes).  

Haemoglobin consists of globin (a protein) and haem, which comprises a combination 

of ferrous iron and protoporphyrin. Globin is derived from 4 polypeptide chains that 

each binds one haem group, to form one haemoglobin molecule. Each molecule has 

four reversible binding sites to oxygen, one on each haem group. As oxygen binds to 

the haem rings, occupying all four binding sites, the configuration of the complex 

structure alters to provide increased binding of the carried oxygen. The opposite holds 

for when the complex loses oxygen. Loss of a single oxygen molecule results in a 

change in structure, making oxygen affinity less effective for the remaining sites, and 

thus promoting oxygen dissociation. The physiological role provided by this effect is 

stable oxygen carriage (high affinity) under high oxygen tensions. In contrast, within  
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Figure 1.7: Oxygen dissociates from haemoglobin with relative ease at lower oxygen tensions. 

Thus offloading of oxygen occurs where there is relative tissue hypoxia. Fetal oxygen tensions 

are far lower than the arterial and venous tensions shown above in the postnatal human. Taken 

from Respiratory Physiology. Widdicombe and Davies. 1983 
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areas of low oxygen tension, oxygen is efficiently given up. This may be represented 

by the oxygen dissociation curve that is shown (Figure 1.7). The curve is sigmoid in 

shape, and demonstrates that as oxygen tension rises, there is a concomitant rise in 

oxygen saturation. The term oxygen saturation denotes the proportion of haemoglobin 

within a given blood volume that exists in the oxyhaemoglobin form. Beyond 

approximately 13kPa, adult haemoglobin is almost 100% saturated, thus further 

increases in oxygen tension are unable to increase oxygen binding beyond this 

maximal value. 

With the additional oxygen load carried by erythrocytes, the oxygen content of blood 

can be represented by the following formula: 

 

Oxygen  content   = Oxygen bound to haemoglobin    +    Dissolved plasma oxygen 

 (ml/dl)          (Haemoglobin g/dl x %saturation)  +  (PO2  x 0.022 mlO2/dl/kPa) 

 

Oxygen is deposited in hypoxic regions by virtue of these areas having a lower 

oxygen tension than within the carrier fluid, thus oxygen dissociates from blood and 

diffuses to the tissues, following a tension gradient. 

For fetal blood to take oxygen from maternal blood via the placenta, there needs to 

exist a difference in oxygen tension between the two circulations. The maternal blood 

is arterial, and therefore has an oxygen tension of approximately 12kPa under normal 

conditions. Fetal blood at the exchange site is essentially fetal deoxygenated blood 
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arising from the umbilical artery, and thus at a lower tension, approximately 2kPa. To 

assist the uptake of oxygen, fetal haemoglobin has a different globin structure, 

providing a higher affinity for oxygen than adult haemoglobin. This provides fetal 

haemoglobin with an oxygen dissociation curve, which is to the left of the adult 

haemoglobin curve. Factors that shift the curve to the right reflect a decrease in 

affinity of haemoglobin to oxygen, whereas a shift of the curve to the left represents 

an increased oxygen binding affinity.  

The final factor influencing oxygen delivery is the rate of fluid delivery to the organ 

or organism. Thus the placental blood flow and fetal blood flow are both linearly 

related to oxygen delivery to the fetus. 

These rules apply to the delivery of oxygen within an in vivo environment; however, a 

number of principles may be applied to the in vitro scenario. These shall be 

considered in Chapter 2, page 98. 

Causes of prematurity 

A variety of pathways may lead to the premature delivery of a human infant. In some 

cases, the cause is iatrogenic, whereby a medical decision is made to delivery the 

fetus for maternal or fetal reasons. In a significant proportion of cases spontaneous 

preterm labour occurs due to unknown causes. In some cases, subclinical infection 

with chorioamnionitis may initiate the labour by mechanisms as yet incompletely 

understood
46

. Structural anomalies of the uterus or cervix may result in prolapse of 

amniotic membranes, rupture and resultant premature labour or inflammation. 
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Functional limitations of the preterm lung 

Delivery of preterm infants may require variable degrees of respiratory support 

dependant on both structural and functional maturity of the respiratory system. Babies 

born at 36 weeks gestation have achieved sufficient development of alveolar 

structures and have an almost full complement of surfactant rendering the need for 

respiratory support redundant other than in only the most unwell infants, forming 

fewer than 10% of the patient group.  

Infants born at 23 weeks gestation represent the threshold of viability in neonatal 

intensive care. Survival rates in these patients are as little as 10% dependant on the 

survey data available
47

. For infants born at this gestation, there are a number of 

deficiencies. Surfactant is present in negligible amounts; alveoli are not present with 

respiratory bronchioles existing as the most terminal organ of gas exchange. In 

addition, the lack of musculature in the extremely preterm infant with overly 

compliant thoracic wall provides insufficient strength for the infant to overcome the 

inherently high elastance of the described anatomy. These infants invariably require 

mechanical ventilation to inflate and deflate the lungs in rapid cycles in an attempt to 

excrete carbon dioxide, and to promote the delivery of oxygen to the most terminal 

airways. 

The delivery of room air containing 21% oxygen may prove to be insufficient for the 

adequate provision of transferred oxygen into the pulmonary circulation. In these 

situations increased oxygen concentrations may be required. 

Acute lung injury to the preterm lung 
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Oxygen has long been recognized as being toxic to the lung. The mechanisms by 

which oxygen exerts its toxicity on the lung is discussed more fully in this chapter 

(page 57). The extents of its effects are determined by its concentration, and the 

susceptibility of the host to its effects. The latter is greatly influenced by the stage of 

development of the subject. In adults, the administration of 100% oxygen to the lung 

for prolonged periods leads to the development of Acute Respiratory Distress 

Syndrome (ARDS) 
48

. An initial destruction of endothelial cells is followed by type 1 

epithelial cell denudation. This results in an alveolar leak, resulting in diffuse 

exudation of plasma into alveolar spaces. It has long been recognized that neonates of 

most species are more resistant to the toxic effect of hyperoxia than adults. This 

observation has been demonstrated in animal models with the increased survival of 

newborn rats exposed to 100% oxygen when compared to adult counterparts who all 

die within 1 week of exposure
49

. 

The preterm infant does not appear to have the same resilience to oxygen toxicity, and 

very quickly develops changes similar to ARDS. These acute changes result in 

widespread loss of the endothelial and epithelial compartments with accumulation of 

protein rich ‘hyaline membranes’ into the primitive alveoli. The pathological correlate 

of this ‘Infant Respiratory Distress Syndrome’ is termed ‘Hyaline Membrane Disease’ 

(Figure 1.8). As will be discussed later, this is soon followed by an influx of 

inflammatory cells and release of proteolytic enzymes, all of which contribute to 

further damage to the fragile preterm lung. With the influx of these materials into the 

airways and acini, there is a resultant impairment to gaseous exchange. Unfortunately, 

this leads to a vicious cycle whereby more concentrated oxygen must be delivered to 

the lung artificially and at high ventilator generated inspiratory pressures. Both of 
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Figure 1.8: Lung from an infant who died shortly after delivery in the early saccular stage of lung 

development. There is complete collapse (atalectasis) of the small airways and saccules making 

identification of epithelium difficult in the absence of immunohistochemical markers. Distended 

bronchioloar structures are lined by amorphous ‘hyaline membrane’ debris making gaseous exchange 

difficult. 

 

Figure 1.9: Chest X-ray films demonstrate the radiological features of RDS. A normal x-ray (a) has clearly 

visible heart and diaphragmatic borders with translucent lungs. In RDS (b), the lung is opaque with a 

characteristic ‘ground-glass’ appearance 
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 these result in further injury by oxygen toxicity and shear stress respectively. Some of 

this vulnerability of the preterm infant appears to be secondary to an immature 

antioxidant system. Studies investigating the full term infants’ well-developed 

defences against oxygen induced lung injury
50 51

 show a high concentration of 

antioxidant enzymes both intracellularly and systemically. These include Vitamin A, 

superoxide dismutase, glutathione and catalase, all of which possess the ability to 

scavenge reactive oxygen free radicals and thus avoid the effects of direct toxicity of 

oxygen or ROS. 

Investigation of the preterm infant reveals this antioxidant activity is markedly 

reduced in comparison to more mature term controls with reduced measurable enzyme 

activity across the board
50

. In recognition of this antioxidant deficiency, clinical 

research has attempted to redress this balance by the administration of exogenous 

antioxidants. Overall, results have been generally disappointing and is discussed later 

in this chapter. It is recognised however that endogenous production of antioxidants 

can be increased in the at risk infant in a number of ways. The administration of 

antenatal corticosteroids is known to upregulate the production of a number of 

antioxidant enzymes
52

 and is again discussed in the therapeutics section in this 

chapter. Exposure to high tensions of oxygen itself induces an antioxidant response. 

This has been elegantly demonstrated by experiments where by first pre-exposing 

adult rats to supplemental oxygen, ARDS-type pathology can be prevented on 

subsequent exposure to 100% oxygen
53

. Once again unfortunately, it is the preterm 

infant that possesses an impaired upregulation of antioxidant production in response 

to hyperoxia when compared to their term counterparts
54

. It is for this reason that most 

evidence for acute lung injury occurs in the first few days of life in the preterm infant, 
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where even relatively low concentrations of supplemental oxygen may potentially 

result in lung injury. 

With acute lung injury or chronic exposure to high levels of oxygen, the consequences 

are subsequently seen as Chronic Lung Injury of the newborn, which has also been 

historically defined as the pathological correlate of Bronchopulmonary Dysplasia. I 

now discuss this disease, its pathogenesis, prevention and treatment. 

Historical context of Chronic Lung Disease 

Before the advent of Neonatal Intensive Care in the 1960’s, the survival of premature 

infants of less than 2500 grams was extremely poor. The underlying pathophysiology 

for these infants was Respiratory Distress Syndrome (RDS), where the immature 

lungs produced insufficient quantities of surfactant at birth. The poor respiratory 

compliance that resulted from this deficiency produced a clinical picture characterised 

by respiratory distress, hypoxaemia and respiratory acidosis with a characteristic 

radiological picture (Figure 1.9).  

The definition ‘CLD of Prematurity’ as a disease has itself developed from early 

descriptions initially by Northway in 1967
55

. At this time, the care of preterm infants 

had become revolutionised by the introduction of intensive care therapies, 

predominant amongst which, was the use of ventilators, introduced by Reynolds
56

 in 

the 1960’s to the field of neonatology. The use of these technologies, in combination 

with oxygen therapies, which had previously been the only form of respiratory 

support, provided a new found means for infants to survive at 30 weeks gestation or 

less. 
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At these early stages, infants who previously had succumbed were surviving. Some of 

these infants unfortunately were left with a degree of respiratory insufficiency, 

resulting in chronic requirements for supplementary oxygen therapy, often for the first 

few years of life. 

Northway first defined the disease as ‘Bronchopulmonary Dysplasia’. This was a 

pathological term given to a disease in which, for the surviving patients, a histological 

diagnosis would be unattainable. For this reason, a clinical definition for the disease 

was proposed: 

“Bronchopulmonary Dysplasia- the requirement of supplementary oxygen in a 

premature infant who has reached 28 days of age, accompanied by characteristic 

radiological findings” 

Northway’s original publication provided radiological, pathological and clinical 

correlates for the disease
55

. 

Despite improvements in respiratory care over the last 10 years and the widespread 

use of exogenous surfactant and antenatal steroids, there has been little alteration in 

the incidence of this disease. In part, this is thought to be due to improvements in 

survival of extremely preterm infants who now go on to develop CLD. It has also 

been noted that the nature of CLD has altered. Previously, CLD affected larger infants 

with severe RDS who were exposed to high ventilatory pressures and oxygen 

concentrations, and was characterised by an inflammatory response to this treatment. 

Now, CLD affects extremely preterm infants who may not have significant RDS at 

birth but have immature pulmonary development. In contrast to the older babies with 

significant early lung injury, these infants with alveolar maldevelopment have become 
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regarded as those with the ‘new BPD’ pathology. It is this new BPD that has tended to 

be reclassified as CLD in recognition of its very different pathological picture. 

Exposure to the extra-uterine environment and to treatment modalities results in this 

abnormal lung development
57

. It is likely that there exists a spectrum between these 

two pathologies, and that common underlying processes are occurring. I shall aim to 

refer to the disease as CLD for the rest of this thesis. 

Histological evidence of inflammation in CLD 

Evidence has accumulated from a number of studies linking inflammation with CLD. 

These initially relied on interpretation of histological samples of lung obtained from 

infants dying from CLD. These, however, represented the most severely affected 

babies. They do nevertheless demonstrate inflammatory cellular infiltrates in the lungs 

of ventilated babies when compared to those who succumbed to non-respiratory 

causes
58

. These infants were characteristically preterm babies born at gestations of 28-

34 weeks who had been exposed to high pressure ventilation and to high 

concentrations of oxygen. Histology confirmed the presence of interstitial fibrosis, 

alveolar wall thickening and smooth muscle hypertrophy. Recent studies looking at 

infants who were delivered at more immature gestations (23-28 weeks) have revealed 

different features. A simplification of the alveolar unit predominates with less striking 

inflammatory changes. In particular, there appears to be a failure to develop 

secondary alveolar septation and an associated pruning of the microvasculature. It is 

hypothesised that this failure of vascular development leads to this malseptation
59

. 

These findings are less likely to be due to hyperoxic lung damage, and more likely to 

be related to both ante- and postnatal inflammation resulting in dysregulated lung 

development. These pathologies are each represented in Figure 1.10. 
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Figure 1.10: Comparative histological appearances of normal alveolar stage lung (a), lung from an infant 

with ‘old BPD’ (b) characterised by septal fibrotic hypertrophy, areas of overexpansion with neighbouring 

atalectasis. Finally (c), new BPD or CLD characterised by impaired alveolarisation. Reproduced with 

permission 

c 

a 
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The role of cytokines in the initiation of inflammation 

Inflammation plays a role in host defence. It has evolved to protect against a multitude 

of insults particularly microbial pathogens and abnormal host cells. However it has 

become apparent that the inflammatory response can at times, be debilitating whilst 

being mobilised excessively against self-limiting insults, or chronically against 

continued stimuli such as ventilation and thus proves counterproductive
60

. 

The response of any tissue to injury can be classified according to the stages of an 

inflammatory response. After initial recognition of injury, a coordinated response 

must be initiated both locally and remotely, to allow the recruitment of effector cells. 

These have a role of containing the injury. The predominant effector cell during early 

stages of inflammation is the neutrophil, which once recruited and activated, either 

phagocytoses bacteria, or releases granule contents into the local environment. 

Subsequent cellular influx include macrophages which at times play an initial role in 

coordinating  effector response, but with time also have a role in controlling  and 

finally downregulating inflammation. Once removal of the offending agent has been 

accomplished, a reparative phase follows, re-establishing normal structure and tissue 

function, or alternatively, resulting in fibrous scar tissue. 

Initial injury can be due to a number of agents including hyperoxia, or infection. The 

classical response to endotoxin injury commences with the recognition of 

lipopolysaccharide (LPS). This is a component of the bacterial cell wall, and 

specifically binds CD14 sites located on macrophages. These cells act as the initiators 

of the inflammatory response and when appropriately stimulated, respond with the 

production of signalling molecules termed cytokines
61

, which share the ability to alter 

the functional characteristics of target cells. Cytokines are a diverse collection of 
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peptides which interact as part of a complex network to initiate and coordinate the 

inflammatory and reparative processes.   

Cytokines have been categorized into various hierarchical categories. Traditionally 

these have been based upon the source of the cytokines hence interleukins are derived 

from leukocytes, lymphokines from lymphocytes, and monokines from monocytes. 

These categories have become more arbitrary as investigations have progressively 

revealed that all cells are capable of producing a range of cytokines. It is this that 

enables differentiation from hormones which are produced by specialized cells and 

tissue, and act upon specific end-organs. The early response cytokines Tumour 

Necrosis Factor-alpha (TNF-alpha) 
62

 and Interleukin-1 (IL-1) 
63

 are produced by the 

response cells including macrophages, endothelial cells, epithelial cells, fibroblasts 

and smooth muscle cells with the lung. IL-1 is a 17kDa protein produced 

predominantly by monocytes and is induced by other cytokines, particularly TNF-

alpha. TNF-alpha
62 64

 is a 17kDA protein which derived its name from the observation 

that the injection of this protein into tumour tissue leads to rapid destruction of small 

supply blood vessels within the tumour leading to involution. These together are 

classed as proinflammatory cytokines and act on macrophages to induce their own 

production by positive feedback. Their ability to recruit other macrophages locally 

enables a rapid amplification step, priming the region with numerous, activated 

macrophages. 

Chemoattractants 

Recruitment of neutrophils is mediated predominantly via the CXC chemokines 

(chemotactic cytokines) 
61

. These polypeptides range in size from 7-10kDa and are 
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structurally related by the presence of four cysteine residues. Grouping into families is 

determined by minor differences in the cysteine arrangement. CC chemokines, which 

possess adjacent cysteine residues, include Monocyte chemotactic protein-1 (MCP-1), 

Macrophage Inflammatory Protein (MIP) and RANTES (Regulated upon Activation, 

Normal T cell Expressed and Secreted). These are chemoattractant for monocytes, 

lymphocytes, mast cells and eosinophils. 

The CXC family possess an aminoacid residue between the first two cysteines. They 

are further subdivided into ELR(+) or ELR(-) groups depending on the presence of 

the Glu-Leu-Arg motif. ELR(+) chemokines are attractant for neutrophils and act as 

angiogenic factors
65

. They include Growth Regulated Protein-alpha (GRO-alpha), but 

Interleukin-8 (IL-8) is the most potent chemokines for neutrophils. ELR(-) 

chemokines include Platelet Factor 4 and are attractant to monocytes and inhibit 

angiogenesis.  

The migration of neutrophils to the area of injury is mediated by a series of processes. 

The adherence of neutrophils to the endothelial wall by attachment of the ligand L-

selectin, to P- and E-selectins expressed on endothelial surfaces, produces slowed 

movement of neutrophils at these vessel sites, termed 'rolling'. The expression of L-

selectin by endothelial cells is upregulated at inflamed areas due to the effect of 

TNF alpha and IL-1. Subsequent firm adherence of neutrophils and migration across 

the endothelium is partly mediated by the beta -integrins, e.g. CD11b/CD18 which are 

upregulated on the neutrophils surface after activation, usually in response to IL-8. 

The beta -integrins attach firmly to the receptor, ICAM-1 (intercellular adhesion 

molecule) expressed on endothelium
66

.  In addition, the lipid mediators Platelet 

Activating Factor (PAF) and Leukotriene B4 (LTB4), together with complement, all 
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of which are produced as part of an inflammatory response, act to increase vascular 

permeability. 

The expression of these facilitators of neutrophil migration are increased by the action 

of interleukin-6 (IL-6). This 16-21kDa glycoprotein has many sources including 

macrophages, endothelial cells, smooth muscle cells (SMC's) and fibroblasts, in 

response to proinflammatory cytokines. Although IL-6 acts systemically to produce 

an acute-phase response, it also has been shown to have a negative feedback response, 

resulting in decreased production of TNF-alpha and IL-1 in vitro. 

The inflammatory cascade in the lung as described is complex and mediated by both 

humoral and cellular elements. These are summarised diagrammatically in Figure 

1.11. 

The role of hyperoxia in inflammation 

As discussed earlier, exposure to all species to hyperoxic conditions result in lung 

injury. This has been best characterised in adult species exposed to 100% oxygen. 

Accompanying the widespread respiratory cell injury is the release of pro-

inflammatory cytokines and subsequent recruitment into the lung of inflammatory 

cells. Release of cytokines such as IL-6 results in a systemic acute phase response. 

These pathophysiological changes result in the clinical correlate of ARDS, 

characterised by severe respiratory failure with diffuse pulmonary infiltrates in the 

absence of congestive heart failure
67

. 
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Figure 1.11: The figure shows a simplified version of the events that are likely occur in infants at risk of 

developing CLD. Risk factors such as oxygen therapy, ventilator-induced injury and infection are likely to 

lead to the recruitment of neutrophils (NEUTROPHIL) to the lungs where the production of proteases and 

reactive oxygen species (ROS) results in lung tissue damage. The cells of resolution and repair namely 

alveolar macrophages (AM) are derived from peripheral blood mononuclear cells (MO) are potently 

producers of cytokines both pro-inflammatory, chemoattractants and growth factors which are important 

in repairing the acute lung injury. Many of the growth factors, which are important in normal repair and 

remodeling, are also important in normal lung growth. Abbreviations: IL-1 – interleukin-1beta, IL-6 – 

interleukin-6, IL-8 – interleukin-8. 
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More recent studies have demonstrated the link between hyperoxia and inflammation 

in the developing animal lung. Warner et al
68

, utilised the newborn mouse as a model 

of hyperoxic lung injury as alveolar development progresses in the early postnatal 

period. Exposure of these animals to 85% oxygen for 1 month resulted in 40% 

mortality. Survivors demonstrated decreased alveolar septation with increased 

terminal airspaces and evidence of lung fibrosis- findings consistent with CLD in 

human infants. Lung lavage showed that hyperoxia resulted in a neutrophilic infiltrate, 

peaking 2 weeks after exposure to hyperoxia. Analysis of neutrophil mRNA revealed 

an upregulation in expression of proinflammatory cytokines IL-1 and MIP. 

The modulatory effect of oxygen on cytokines and growth factors 

The association between hyperoxia and CLD is believed to stem from oxidant stress. 

The increased availability of oxygen results in leaking of reactive oxygen species 

(ROS) from the mitochondrial electron chain. This oxygen load cannot be dealt with 

by the immature antioxidant enzyme system present in preterm infants when 

compared to their term counterparts
54

. The formation of these oxygen radicals also 

results from the process of hypoxia/reoxygenation, whereby the conversion of 

xanthine dehydrogenase to oxidase results in the generation of superoxide anions
69

. 

Another source of ROS, once inflammation has been initiated, is from activated 

neutrophils recruited to the lungs in RDS. Via the NAPDH oxidase pathway, these 

cells produce and release of hydrogen peroxide, superoxide and hydroxyl radicals.  

A number of pathways exist by which these agents exert their effect. A major 

determinant is the direct toxicity they possess, inherent from their ability to react with 
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cellular constituents. In particular, lipid peroxidation leads to cellular membrane 

disruption, followed by cellular necrosis. The release of a variety of intracellular 

constituents has chemotactic properties, resulting in the recruitment of neutrophil's to 

the lung
70

. Evidence for increased lipid peroxidation in early CLD infants has been 

demonstrated by Pitkanen
71

, by the measurement of the expired lipid by-products, 

ethane and pentane. 

ROS have been shown to assist in recruiting inflammatory cells by inducing the 

prolonged expression of specific neutrophil binding proteins on endothelial cell 

surfaces in particular Endothelial Leukocyte Adhesion Molecule-1 (ELAM-1) 
72

 and 

Granule Membrane Protein-140 (GMP-140) 
73

. This upregulation of specific protein 

expression provides an example of the role ROS have in signal transduction
74

, in 

particular the activation of nuclear factor-kappa-B (NF B) 
75

. This transcription 

regulatory protein is located within cytoplasm, bound to an inhibitory protein. This is 

cleaved to its active form by ROS, resulting in attachment of the activated NF B to its 

promoter sites on specific genes in the cell nucleus, enabling their transcription. Many 

immunomodulatory targets exist for NF B including transcription of TNF-alpha  IL-

1, IL-6, IL-8, MIP-1alpha and the cell adhesion molecules. A secondary effect of 

NF B activation is the inhibition of neutrophil apoptosis via transduction of cell death 

regulators. Apoptosis is considered an important contributor to neutrophil removal
76

, 

thus inhibition of this process prolongs inflammation. 

The mechanisms by which oxygen has a regulatory effect on cytokine expression may 

give insights to potential future therapies specifically targeted to these mediators of 

inflammation. 
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Therapeutic interventions for hyperoxia mediated inflammation in 

CLD 

The role of cytokines in coordinating inflammation have made them a target for 

potential therapies for CLD. Drug therapies have focused on removing stimuli for 

cytokine expression, suppression of production, or blocking their terminal effects. In 

addition, the use of cytokines themselves have become a therapeutic option. 

Antioxidants 

Supplementing the immature antioxidant system of the preterm infant has been 

attempted using a number of pharmacological agents including Vitamin E, Vitamin A 

and superoxide dismutase (SOD) 
77 78

. Vitamin A supplementation has been 

associated with a modest reduction in CLD amongst survivors at 36 weeks. However 

administration is via repeated intramuscular injections
79

. No clinical improvement has 

been demonstrated after the use of Vitamin E in infants less than 1500g
77

. 

Animal studies have shown a reduction in lung injury after intratracheal 

administration of antioxidants including Cu-Zn-Superoxide Dismutase (Cu-Zn-SOD), 

alpha tocopherol, and N-acetylcysteine
80 81

. Human studies have demonstrated a 

reduction in inflammatory mediators with the use intratracheal Cu-Zn-SOD, but as yet 

no improved clinical outcomes have been demonstrated conclusively other than 

reduced hospital admissions for respiratory illnesses in the first year of life
82-84

. This 

limited effect may be secondary to limited abilities to deliver these agents to the lung. 

Newer methods of delivery may show promise, in particular, recombinant human 

CuZn SOD used in combination with a surfactant vector
85 86

. 
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Infection 

The use of antenatal antibiotics to prevent the inflammatory cascade associated with 

subclinical  infection during preterm labour was believed to be a suitable and simple 

means for preventing CLD. This hypothesis was recently tested during the ORACLE 

trial
87

. The use of antenatal antibiotics in preterm labour was not shown to 

significantly reduce the incidence of CLD, although the use of erythromycin when 

rupture of membranes had occurred led to a small reduction in CLD on subgroup 

analysis
87 88

. An increased incidence of necrotising enterocolitis associated with the 

use of Augmentin during this trial reminds us of the potential hazards of any therapy. 

The role of postnatal antibiotics for preterm infants has been poorly investigated. 

Ureaplasma urealyticum has been associated both ante- and postnatally with the 

development of CLD. Treatment with erythromycin has not altered the development 

of this disease, nor has it altered cytokine profiles in broncheoalveolar lavage (BAL) 

from treated infants
89 90

. 

Corticosteroids 

These currently provide the mainstay of pharmacological treatment of CLD-

associated inflammation. Steroids interact via glucocorticoid receptors and subsequent 

regulation of several genes which code for proteins with anti-inflammatory actions. 

This may be upregulation of production e.g. lipocortin-1 synthesis, resulting in 

inhibition of prostaglandin and PAF production. More commonly, inhibition of the 

expression of pro-inflammatory genes occurs e.g. IL-1, IL-6, IL-8 TNF-alpha  

RANTES, MIP-1alpha and adhesion molecules
91

. 
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The use of antenatal steroids in mothers has been proven an effective therapy for 

preterm infants
92

. Although outcomes for the incidence of CLD have not been altered 

by its use, it is likely that this may be related to increased survival of the more 

immature infants who are more likely to develop CLD. There is no evidence for a 

direct antenatal anti-inflammatory effect of antenatal steroids. However, an induction 

of antioxidant enzymes and surfactant proteins is thought to be promoted by antenatal 

corticosteroids
93

.  

The use of systemic steroids postnatally in preterm infants has been associated with 

reduction in inflammatory markers and neutrophils in BAL, and has been shown to 

result in hastened extubation
94

. Optimal timing of steroid administration remains 

controversial with a failure to demonstrate increased survival  in infants given 

postnatal steroids and from the association of steroid use with later neuromotor 

disability
95-97

.  Concerns have also arisen regarding the detrimental effect steroids 

have on  normal postnatal alveolar development
93

. Animal studies have demonstrated 

that steroids during the postnatal period impair the normal septation process, reducing 

overall alveolar numbers
98

. The concerns related to the systemic side effects of 

corticosteroids, have led to attempts to utilise the inhaled route of administration. In 

one study, the use of inhaled steroids in preterm infants was found to reduce 

concentrations of inflammatory cytokines in BAL fluid and reduce need for systemic 

steroids subsequently
99

. A reduction in the incidence of CLD has not been 

demonstrated in  larger studies addressing this question, and at present, their use is not 

widespread
97 100

. 
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Non-steroidal anti-inflammatory drugs 

A number of non-steroidal anti-inflammatory agents have been assessed for the 

prevention and treatment of CLD. Ibuprofen has theoretical potential to block 

inflammatory prostaglandin pathways. However, in vitro studies utilizing infant 

monocytes incubated with ibuprofen, show an increase in pro-inflammatory cytokine 

production and decrease in anti-inflammatory cytokines
101

. A clinical study 

comparing the use of ibuprofen with placebo in preterm infants showed only a trend 

towards reduced ventilator days in the treatment group
102

. The effect of anti-

inflammatory drugs such as ibuprofen and indomethacin on closure of the ductus 

arteriosus are more likely to contribute to preventing the development of CLD. 

Cromolyn acts to stabilize mast cells, reduce neutrophil chemotaxis and activity
103 104

. 

An early study looking at the use of nebulised cromolyn from day 1  in babies under 

1000g 
105

,  in the pre-steroid/surfactant era, showed no difference in survival or 

incidence of CLD. A later study where cromolyn was administered from day 3 
106

, 

again showed no reduction in the development of CLD. However, lavage samples 

taken during this study showed significant reduction in TNF-alpha and IL-8 

concentrations, implying an effective anti-inflammatory effect. This illustrates the 

difference between clinical and cellular outcome measures that can exist, and 

reinforces the need for large, well-designed clinical studies. 

Anti-inflammatory cytokines  

The culture of tracheal cells from preterm infants with RDS, demonstrates a dose 

dependent suppression of IL-1 TNF-alpha, IL-6 and IL-8 protein production by 

recombinant human IL-10 
107 108

. The systemic administration of this cytokine to mice 
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exposed to bacterial pneumonia, results in decreased lung injury and mortality
109

. The 

upregulation or administration of IL-6 has become another potential target. 

Transgenic mice, overexpressing IL-6 and IL-13 appear to be protected from 

hyperoxic lung injury and resultant death
110

. This however is at the expense of 

remodelled airways with emphysematous lungs
111

. At present, these treatment 

modalities remain experimental. A future role for the treatment of respiratory disease 

in preterm infants remains to be seen. 

Chemoreceptor antagonists 

Antagonism of cytokines can be produced directly using antibodies either to the 

cytokine molecule, or to their receptors. CXCR2 antagonists target the CXC 

chemokine receptors (type 2) present on neutrophil's. These have been administered to 

newborn rats exposed to hyperoxia to block IL-8 chemoattractant effects. Together 

with reducing inflammatory infiltrates, there was prevention of alveolar septal wall 

thickening
112 113

. Similarly, in rats with immune-complex mediated lung disease, the 

administration of antibody to IL-8 reduces inflammatory responses in lung injury via 

blockage of E-selectin mediated recruitment
114

. Using a hyperoxia-ventilation injury 

model in rabbits
115

, the administration of IL-1 receptor antagonists reduced lung 

albumin and elastase concentrations together with neutrophil influx. There was 

however, no improvement in respiratory dynamics in this model. 

The role of oxygen therapy in established Chronic Lung Disease of 

Prematurity 

The requirement of oxygen as a drug in the acute phase of care of the newborn 
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preterm infant is to facilitate aerobic metabolism. An absence of oxygen delivery 

relative to the metabolic needs of the peripheral tissues results in anaerobic 

metabolism with the consequences of energy failure and build up of toxic by-products 

of anaerobic metabolism i.e. lactic acid. Acutely this results in metabolic acidosis, the 

inhibition of surfactant production and hypoglycaemia. The supply of oxygen 

sufficient for the needs of the infant have to be balanced not only with the toxic 

effects of high concentrations of oxygen within the premature lung as discussed 

previously, but also with the potential effects of relative hyperoxaemia. 

The newborn term infant possesses an arterial oxygen tension of approximately 13kPa 

when nursed in room air. This may equate to a measured saturation of 98% i.e. 

proportion of haemoglobin that is in the form of oxyhaemoglobin. With the 

introduction of supplemental oxygen as a therapeutic agent in the 1950’s, preterm 

infants with cyanosis were given generous concentrations of oxygen either to provide 

a saturation of 98% or more likely with an absence of any effective form of oxaemic 

monitoring. The effect of this attempt to reproduce conditions for full term infants 

was disastrous with an association becoming obvious between oxygen therapy and 

blindness due to Retinopathy of Prematurity (ROP) 
116

. This complication was 

subsequently determined to be related to relative hyperoxia in the early neonatal 

course, but that hypoxaemia in the chronic state might lead to progression of the 

disease in the older preterm infant with established CLD. Recognition of the 

association resulted in a swing in the therapeutic pendulum to another extreme with 

maintenance of preterm infants in a relatively hypoxaemic state. The effect was as 

dramatic with a significant rise in the incidence of cerebral palsy and infant death
117 

118
. Attempts since then have been made repeatedly to determine the optimal 
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tension/saturation of oxygen within the arterial blood.  

The recent practice of maintaining saturations above 95% in infants with CLD was 

challenged with the STOP-ROP 
119

 study carried out in the US. It was gaining support 

that the pathogenesis of ROP included a late hypoxic state in the retina after an initial 

perinatal vascular insult. Thus, it was hypothesised that administration of oxygen to 

maintain a relatively hyperoxaemic state would prevent the progression of retinal 

disease in preterm infants with this prethreshold ROP. To the surprise of many, the 

maintenance of saturations of 96-99% when compared with 88-94% controls was not 

associated with an alteration in progression to severe ROP. More importantly, the 

group that was maintained at the higher saturation range were found to have a higher 

rate of pulmonary complications and were more likely to be discharged home in 

oxygen. The publication of STOP-ROP encouraged the reporting of practices in 

centres who had always professed a preference for maintaining relatively low oxygen 

saturations whilst managing preterm infants. In 2000, Win Tin et al from the Northern 

Neonatal Network in the UK 
120

 published an observational study comparing 

respiratory outcomes, ROP rates and developmental outcomes in 4 neonatal units with 

differing target ranges for saturations as part of their unit guidelines (80-90%, 88-

94%, 90-95% and 93-98%). These targets were employed from the outset of neonatal 

care for approximately 8 weeks of life, as opposed to the practice in STOP-ROP 

where these targets commenced from an average corrected gestational age of 35 

weeks. The rates of ROP were found to be highest in the units where a high oximetry 

target was employed (28% rate) and lowest in the unit with the least generous oxygen 

provision (6% incidence). This bore out the assumption that hyperoxia in the initial 

phase of the postnatal course was the impetus for a vascular insult to affect the 
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preterm retina. The pulmonary outcomes again dissimilar with infants remaining 

ventilated for much longer (31 days median) in the ‘high-sats’ unit compared to the 

‘lowest-sats’ unit (14 days median). Encouragingly, there appeared to be no 

differences in rates of disability between the units providing a degree of reassurance 

for those keen to adopt the relatively hypoxic practices described. 

The more recent BOOST study
121

 provides support to the maintenance of lower 

tensions of oxygen in the blood comparing the use of ‘low’ saturation targets with 

‘high’ saturation targets. This study was carried out in a double-blinded randomised 

manner. Monitors were developed that either under- or over-read true measured 

saturations by 3%. Thus in obtaining assumed target saturation readings of 93-96%, 

babies were actually being subjected to saturation ranges of 91-94% or 95-98%. Like 

the STOP-ROP study, these involved very preterm infants (mean gestational age 26 

weeks) who were a few weeks of age (corrected gestational age 32 weeks) and thus 

had established lung disease. The intervention was continued through to discharge 

home. Growth and neurodevelopmental outcome were similar in each group, but the 

infants maintained at lower saturations were less likely to be discharged home in 

oxygen (17% vs. 30%). 

These studies have challenged the view that maintaining oxygen saturation levels at 

lower target ranges are associated with poor outcomes and appear to support the use 

of these lower targets to prevent worsening of lung disease. 

It is important however to distinguish these relatively short term studies with other 

observations that the maintenance of saturations in infants with CLD below 94% is 

associated with poor outcomes
122

. A comparison of two studies looking at Sudden 
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Infant Death Syndrome (SIDS) 
123

, 
124

 in two era’s show a reduction in rate of SIDS 

from 11% in infants with CLD to 0% where the latter group were maintained at 

saturations above 93%. This has been supported by other observational studies and 

anecdotal evidence. Weight gain improved by maintaining SpO2 above 93% in high-

risk infants, with discontinuation of oxygen therapy associated with slowdown in 

weight gain
125

.  Additionally, poor weight gain has been reported when sleep hypoxia 

(<91% SpO2) was discovered on prolonged monitoring of high risk infants during 

long term follow up
126

.  

Pulmonary hypertension in adults is an expected complication of longstanding 

hypoxia in adults. This phenomenon is replicated in ex-preterm infants with CLD. 

Physiological studies confirm increased pulmonary vascular reactivity in infants with 

CLD. In these patients, an increase in SpO2 from 82% to 93% with low flow oxygen 

resulted in 50% decrease in measured pulmonary arterial pressure
127

. Additionally, a 

reduction in Fio2 resulting in a drop in tension from 62 to 54mmHg (equivalent 

approx to SpO2 reduction from 90 to 85%) causes an increase in pulmonary arterial 

pressure
128

.  

From these observations, it can be concluded that although high inspired oxygen 

tensions are associated with acute lung toxicity and increased clinical respiratory 

complications, the long term management of infants with established lung disease 

favours the maintenance of relatively ‘normal’ oxygen tensions to promote growth, 

and avoid pulmonary vascular remodelling. Thus, the dual role of oxygen as a toxin 

and as a therapy coexists in preterm infants, and continues to provide a fascinating 

challenge to neonatologists in obtaining the optimal balance between the two. 
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Methods of study 

Although there are many excellent animal models of CLD, their relevance to human 

disease is unclear
68

,
129

, 
130

. Cell culture has provided data regarding the toxic effects 

of hyperoxia and ROS on human cell lines
18

, 
43

 ,
131

. ROS production is partly 

dependant on oxygen tension, and has been recognized as being important in 

intracellular signal transduction
17

. However, the use of single cell type culture 

methodology provides limited scope for examining the interaction of separate cell 

types on each other. Epithelium and mesenchyme are known to interact during lung 

development, thus models enabling culture of both cell types have established a role 

in lung development studies. In this respect, the bilayer cell culture technique has 

enabled certain interactions between cell types to be observed
132

, 
133

. 

 Fetal lung organ culture
134

 provides a means of investigating the effects of oxygen 

within an architectural framework encompassing several cell types. The use of an 

extracellular matrix substitute, such as collagen
135

 provides an architectural 

framework to support growth of explanted tissue. Studies carried out with this 

methodology have been able to demonstrate maintained functional characteristics of 

lung. These include epithelial fluid secretion
136

, airway smooth muscle contraction
137

 

and accelerated epithelial maturation with production of surfactant proteins
8
 and Type 

II pneumocyte morphology.  

Although the use of in vitro models provides a method to study a number of 

physiological processes in the absence of inflammatory cells, there is still a place for 

the study of human postmortem tissue. The chronic remodeling of lung in CLD occurs 

in an environment where the lung is not isolated, but influenced by systemic factors 

such as blood borne chemokines. Smooth muscle has been recognized as being 
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abnormally remodeled in CLD, however this remodeling has not been fully 

characterized. 

Aims 

The mechanisms underlying the effect of hyperoxia on developing lung has not been 

demonstrated to my knowledge within the fetal human explant culture model.  

I propose to utilise the human fetal lung explant model to examine the effect of 

hyperoxia on acute structural and physiological processes in the mesenchyme and 

epithelium. 

My specific aims within this thesis are: 

1) To determine the effects of hyperoxia on the morphology and morphometry of 

the cultured explants. 

2) To assess the specific effects of hyperoxia on epithelium, mesenchyme and 

vasculature in this model. 

3) To examine the relative roles of apoptosis and proliferation in the hyperoxia 

mediated changes. 

I hypothesise that hyperoxia causes altered rates of proliferation and apoptosis in 

cultured human fetal lung, resulting in accelerated lung development, and that this 

provides a model of preterm lung adaptation to an extra-uterine environment after 

delivery. 
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Chapter Two: 

 Development of a hyperoxic 

human fetal lung explant model. 
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Introduction 

The analysis of lung development under various oxygen tensions requires a stable 

culture environment for fetal lungs. A number of methodologies have been utilized to 

carry out this process, the majority of which have been in animal species. The use of 

lung explants to analyse the processes involved in normal lung development have 

most commonly used in mice and rats
23 34 138 139

. Murine lung is relatively small, 

allowing ease of diffusion of nutrients into the central parts of the lung, without the 

benefit of a functional circulatory system. 

Maintenance of tissue in culture requires a framework to maintain the tissue structure 

in a three dimensional environment, the provision of nutrients, hormones and survival 

factors to prevent death of the tissue. Finally, the factor under investigation needs to 

be able to be tightly controlled by the researcher 

Human lungs at the pseudoglandular stage of lung development are many times larger 

than the murine lung at a comparable stage of development. This precludes the use of 

entire lungs in culture methodology, as only the peripheries of the tissue would 

receive sufficient oxygen and diffusible nutrition. Thus, these tissue specimens are 

first cut into smaller fragments before placing into culture, to allow satisfactory 

diffusion of survival factors into the centre of each explant. 

The use of a sealed flask is a feasible option to allow controlled oxygen environments 

to be produced in which the explants can be cultured. This can be combined with 

standard methodologies developed to maintain viable human fetal lung explants in a 

semi-solid gel culture medium
135

.  
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The human lung develops in utero at oxygen tensions of 3-4kPa. This is far lower than 

the normal ex utero environment where lung is then exposed to approximately 21kPa 

oxygen. Preterm infants who are delivered while the lung is still in its early stage of 

development may be exposed to extremely high concentrations of oxygen as part of 

their therapeutic management, with oxygen tensions as high as 100kPa. This may 

result in acute toxic changes in the lung and ultimately results in an abnormal 

development of the lung characterised by the histological appearances of Chronic 

Lung Disease of Prematurity. We are therefore intending to examine the effects of 

these two postnatal environmental influences on the development of lung explants. 

Analysis of this tissue could be carried out by qualitatively describing the alterations 

in lung appearance on phase contrast microscopy. By fixing these tissues by freezing 

or by paraffin embedding, thin sections can be obtained. This allows staining of tissue 

using specialized histological techniques and thus determine the influence of culture 

differences on individual cell types and the expression of functional proteins. 

Hypothesis 

Some workers have utilised modular chambers to generate a hyperoxic environment 

during culture work
17

. A number of investigators have utilised fetal human lung 

explants in a semisolid culture medium. I proposed that combining both 

methodologies would provide a viable means to determine the effect of hyperoxic  

(100kPa) oxygen tension on short-term lung remodelling responses when compared to 

normoxia (21kPa). I proposed these conditions would alter developmental 

characteristics within a short period of time that could be quantified on microscopy 

utilising morphometric techniques. 
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Methods and Materials 

Explant culture methodology 

Culture of fetal lung specimens was carried out using a methodology modified from 

the work of McCray et al
137

. Tissue was obtained from the Medical Research Council 

tissue bank at the Hammersmith Hospital, London. Ethics had previously been 

obtained from the Leicestershire Local Research Ethics Committee. Lung tissue was 

obtained from therapeutic terminations of pregnancy where there was no suspicion of 

fetal abnormality. Gestations of fetuses varied but were consistently from the 

pseudoglandular stage of lung development. Information on the exact gestational age 

of the tissue was not consistently available for tissues and was therefore not applied to 

our data collection. The tissue bank provided notice of tissue availability on 

weekdays, during the afternoon. This tissue had been harvested on the same day. Due 

to logistical considerations, transportation would be arranged for the next morning, to 

arrive that same afternoon or at latest, the following morning. Based upon these 

factors, arrival of tissue at my laboratory occurred within 48 hours of harvest from the 

deceased subject. Samples were transported in RPMI (Roswell Park Memorial 

Institute) 1640 medium without glutamine (Gibco PRL), under sterile conditions and 

on ice to preserve tissue viability. 

The specimens were transferred to a tissue culture grade flow cabinet (Ultimat flow 

cabinet, MAT, UK) (Figure 2.1). All materials described hereon used for culture 

methods are sterile. Tissue was dissected into individual pieces using stainless steel 

microdissection scissors. Each piece was 1-2mm
3
 in size approximately and was 

obtained from peripheral lung tissue. This was ensured by removal and discarding of 
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tissue hila structures including pulmonary arteries, main bronchi and immediately 

surrounding tissue. 

Each piece was placed in a 35mm petri dish within 300 l of Vitrogen based 

embedding medium. The medium was pre-prepared as follows- 3.5ml distilled water, 

1ml fetal bovine serum (FBS), 0.33ml of 7.5% NaHCO3, 2ml 5X Ham's F12 (Sigma  

N6760), 0.1ml 0.1M CaCl2, 0.1ml of 1mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), 3ml Vitrogen (Cohesion inc, Palo Alto), 

0.1ml 1M HCl to produce a final volume of 10mls of 10% FBS semisolid gel. Before 

this solution was able to solidify, the 300 l aliquot was carefully placed in the centre 

of the petri dish, and the piece of tissue then gently submerged into the pool without 

disrupting its circumferential boundaries. 

After approximately 45min at 37ºC, the medium had solidified and was immersed in 

2ml of feeding medium. To make 100mls of medium I added to 88mls of Ham's F12 

with HEPES (Sigma N8641), 1ml of Penicillin/Streptomycin, 1ml of glutamate, 160 l 

1M NaOH and 10mls of fetal bovine serum. The organ explants were then incubated 

at 37ºC in 5% CO2/95% air. The explants were inspected at 24hrs after culture (Day 

1) for evidence of cell migration into surrounding gel matrix to signify viability. Non-

viable tissues were discarded
124

.  

Hyperoxia 

A number of explants were removed at Day1 and placed in hyperoxic chambers 

(Figure 2.2) which were flushed with a gas mixture of 95%O2/5%CO2 for 10minutes 

at 10L/min then sealed and maintained at 37ºC for either 48 or 72 hours. Chambers 

had been tested to ensure FiO2 remained at 95% O2 for 72hrs. For each explant under 
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Figure 2.1: Flow cabinet used for culture tissue and preparation. Laminar flow of air prevents contamination 

of tissue specimens by bacteria and fungi. When not in use, ultraviolet light maintains sterility. All 

instruments introduced into the cabinet are sprayed with alcohol to sterilise 

Figure 2.2: Modular gas chamber. Items for culture can be placed within, after which the lid is clamped. 

Two vents are available (arrows), one to flush gas into the chamber, with the other allowing gas to 

escape. Pressure gauge provides direct correlation with rate of gas flow 
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these conditions, a control was maintained in the standard incubator in 

5%CO2/95%air. Explants were harvested at Day 1, 3 and 4. For Day 3 and 4 samples, 

paired hyperoxia and normoxia exposed explants were harvested. Maintained cultures 

were fed at 1 and 3 days. The culture, harvesting and feeding schedule is set out in 

Figure 2.3. 

Analysis of the validity of the hyperoxic environment was carried out with multiple 

methodologies. Initially, an atmospheric oxygen sensor was placed within a flask. 

This was in routine use on the local neonatal unit and was 2 point calibrated in air and 

100% oxygen. The flask was then flushed with 95% oxygen/5% CO2 for 10 minutes 

at 10 litres/minute. The reading on the sensor was recorded at the time of sealing, and 

subsequently again 24 hours later. 

Confirmation of oxygen tension equibrilation of the culture system utilized the 

Neotrend Oxygen sensor (Diametrics, UK), developed for measurement of oxygen 

tensions within a liquid phase. A petri dish was set up for culture with semisolid gel, 

and feeding medium as performed for explant culture. Prior to solidification, the 

probe was placed with the tip at the centre of the gel. Measurement of oxygen was 

carried out after medium was added in atmospheric conditions. The apparatus was 

then placed within the hyperoxic chambers and flushed as described previously with 

95% oxygen/ 5%CO2. Repeat measurements of oxygen tension were then carried out.  

Harvesting of samples 

To assist maintenance of sample integrity during harvesting, I developed an agar 

mould technique. Briefly, 1.5% agar was heated in a water bath to 90ºC until melted. 

Feeding medium was carefully aspirated off, from the culture petri dish. Agar liquid  
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 Remove N48 
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N72 

Hyperoxia 

Experiment 
 

Place 

hyperoxic 
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 Remove H48 
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Figure 2.3: Timeline demonstrating interventions according to day of culture.  Day 0 represents the 

plating out and feeding of all explants. On Day 1, 2 random samples are harvested. The remaining have 

media replaced and divided into those placed into normoxic and hyperoxic conditions. These are 

maintained until Day 3 where 2 samples from each condition are harvested, and those remaining for 

another 24hours again have their feeding medium changed. 

 

Semisolid gel 
Lung explant 

Feeding  

medium 

Semisolid gel 

Figure 2.4: Cross section demonstrating explant tissue submerged within semisolid collagen based 

feeding gel. Sections for staining and morphometric analysis were obtained from the central section as 

demonstrated by the green shading. 
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was then allowed to cool to 50ºC, at which point 1ml was aspirated using warmed 

pipette tips and poured over the collagen gel. The dish was placed in a fridge for 5-10 

minutes until the complex had suitably solidified. Once solid, the dish was upturned, 

allowing the collagen gel with explant to be peeled out intact. Samples were dissected 

from the collagen gel, and then dropped into 10% formaldehyde at 4ºC for 24hrs. 

Subsequent to this, tissue was kept in 70% industrial methylated spirits (IMS) until 

processing was possible. Paraffin embedding was carried out on my behalf by the 

Pathology Department at the Leicester Royal Infirmary. 

Section preparation 

Paraffin embedded specimens were cut into 4um sections using a microtome. Sections 

were mounted onto glass microscope slides. Slides had previously been coated with 

Vectabond (Vector labs, Burlingame, USA) to provide additional adhesion. Cut 

specimens were allowed to dry at 37ºC for 3 days to ensure optimal drying and 

bonding. 

Immunostaining 

Paraffin tissue sections were immunostained for monoclonal mouse anti-human 

pancytokeratin to denote epithelial cells. Sections were deparaffinised by placing in 

xylene for 5 minutes, then moving to fresh xylene a further 5 minutes. They were then 

rinsed twice in 100% IMS for 3 minutes each, then rehydrated through 95% IMS for 3 

minutes, 70% IMS for 3 minutes, and finally placed in distilled water. To retrieve 

antigens, I transferred slides to boiling citric acid (100mM, buffered to pH 6.0). This 

was sealed within a porcelain pressure cooker, which was replaced into a microwave 
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oven and reheated at full power. Heating was discontinued four minutes after the 

container had reached optimal pressure. After slides were placed into distilled water, 

endogenous peroxidase was inhibited with 0.3% hydrogen peroxide in methanol for 

30 minutes. I replaced the solution for Phosphate Buffered Saline pH 7.2 (PBS) to 

terminate this step. To contain subsequent solutions to specific regions of the slide 

and to reduce volumes of reagent, wax rings were ‘drawn’ around tissue sections. 

Non-specific binding sites were blocked with non-serum protein block (Dako, 

California, USA) for 30 minutes. Slides were incubated overnight at 4ºC with the 

primary antibody diluted in 0.05% bovine serum albumin/PBS at optimal dilution 

(pancytokeratin 1:200 dilution). Thereafter the slides were washed in PBS and 

incubated for 30min in goat anti-mouse biotinylated secondary antibody (Sigma-

Aldrich, Poole, UK B9904) diluted 1:250. Note that in between steps the sections 

were rinsed twice with phosphate buffered saline (PBS) for minutes. After further 

rinsing, slides were incubated with avidin-peroxidase reagent (Vector laboratories) 

followed by 3,3-diaminobenzidine for 3 minutes. Sections were lightly counterstained 

with Ehlich's haematoxylin, with brief dipping in acid alcohol to differentiate stain. 

Materials 

Vitrogen was purchased from Collagen Corporation, Palo Alto. Monoclonal mouse 

anti-human pancytokeratin (C-2931) was purchased from Sigma-Aldrich, Poole, UK. 

All other reagents were purchased from Sigma-Aldrich, Poole, UK. 

Image analysis 

Airway size 
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Cells stained for pancytokeratin were used to indicate epithelium. To ensure that the 

sections of lung explant were comparable as possible, only sections corresponding to 

centre of the explant (determined by the number of sections cut from each explant) 

were used for architectural analysis (Figure 2.4). Tissues were analysed using digitally 

captured images at x40 magnification and image analysis software (Leica Qwin, Leica 

Imaging Systems, Cambridge, UK).  

Images were obtained which provided views of the entire tissue section. If this were 

not possible, composite pictures were created from overlapping photographs. Using a 

graphics tablet, a digital overlay was created of the entire tissue section using facilities 

within Qwin. Manual drawing of every airway were then carried out using 

pancytokeratin as an airway marker. These images were then coded and digitally 

stored to be analysed subsequently. Quantification of the number of airways, the 

cross-sectional areas of each airway (a) and the area of the entire cut tissue (A) were 

carried out for Day 1, normoxic and hyperoxic tissue samples.  

Calculations were carried out for each tissue sample as follows: 

mean airway size (um
2
)     =     sum of airway areas ∑a1…n 

number of airways     n 

 

percent of tissue coverage = 100 x    sum of airway areas   ∑a1…n 

                       area of entire tissue      A 

In addition, the results of airway diameters were pooled together for all specimens at 
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Day1, N48, N72, H48 and H72 respectively. These were combined to formulate 

cumulative airway size profiles. 

Epithelium thickness 

Epithelial cell thickness was determined for each tissue over three random high power 

(x400) fields for each section. For each field, epithelial thickness of each airway was 

measured at three separate equidistant points to minimise biased selection. Mean 

epithelial thickness for each tissue was calculated. 

Statistical analysis 

Comparisons between Day1, normoxia and hyperoxia exposed matched lung sections 

were made with the SPSS software package using paired-t-test analysis for normally 

distributed data, and Wilcoxon signed rank paired analysis for non-parametric data. 

Significance for two-tailed tests were set at p<0.05. 

Results 

Tissue culture 

Specimens came from anonymous pregnancies at gestations ranging from 8-16 weeks. 

Frequency of tissue supply was variable with occasional gaps of upto 2 months. 

Attrition rate was low (below 10%), with the majority of specimens demonstrating 

migration of cells into surrounding collagen gel. Reasons for failure of culture 

included detachment of gel from the underlying petri dish, tearing of the gel 

spontaneously and fungal infection of feeding medium. 
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Gas distribution 

Oxygen composition of flask gas contents immediately after flushing with hyperoxic 

gas mixture was 95% using the gas oxygen sensor. Oxygen was maintained at 95% of 

the gas mixture for at least 48 hours after the sealing of contents, reflecting 

maintenance of intra-flask environment. 

Fluid oxygen tension in room air was 20kPa when measured in the medium in gel. 

When the flask achieved 95% oxygen content after flushing and was allowed to 

equilibrate for 30 minutes, oxygen tension in the middle of the solidified collagen gel 

was 100kPa. Withdrawal of the probe into the medium, at the same oxygen partial 

pressure, maintained oxygen tension at approximately 95kPa. Thus oxygen tension 

was maintained throughout the culture media and semisolid culture gel. 

Macroscopic tissue appearance 

Culture under normoxic conditions enabled tissues to be maintained for up to 6 days. 

By 5 days in culture, a number of specimens tore away from their gel precluding their 

use. I did not utilize any tissues beyond 96 hours in culture for any further 

experiments. 

Microscopic tissue appearance 

For each human fetal lung studied, I compared hyperoxic exposure with air exposure. 

All samples after the initial 24 hours in air showed that the airways at the edge of the 

cultured lung had become relatively dilated compared to those more central within the 

tissue. On low power microscopy, it could be seen that there was little change in 

structure between 24 hours in culture and 3 subsequent days in normoxic culture  
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Figure 2.5: Day 1 cultured lung (A) predominantly consists of mesenchyme with interspersed airways 

lined with columnar epithelium. Culture for a subsequent 72hrs in  normoxic conditions (B) maintains 

this appearance although airways appear marginally smaller. However, alternative culture in 

hyperoxic conditions for 72hrs results in a thinned epithelium lining the dilated airways and a 

generalised paucity of mesenchyme. Tissue sections imunstained for pancytokeratin with brown DAB 

representing epithelium. Light haematoxylin counterstaining. Bar=100 m (n=6) 
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(Figure 2.5a and b). The architecture of fetal lungs cultured in hyperoxia for up to 72 

hours was markedly different to explants cultured in normoxia for the same period 

(Figure 2.5b and c). The airways in lung sections from hyperoxia-exposed explants 

were much larger than in normoxia-exposed tissue. In contrast to the normoxic 

exposed tissue, the epithelial cells appeared flattened within the dilated airways. 

The total airway sizes for six lungs at 24 hours of culture were pooled and compared 

with six corresponding lungs cultured for a further 72 hours. Medians and cumulative 

curves were generated. During this time there was little change in the median airway 

size, the median airway at 24 hours had a cross-sectional area of 2900 m
2
 compared 

to 2600 m
2
 after a further 72 hours in culture. The overall profile for airway sizes 

after 1 and 4 days in culture were similar (Figure 2.6). 

Effect of hyperoxia on airway sizes 

Morphometric analysis was performed on the lung explants exposed to the various 

conditions. The cross-sectional area of the airways was largely similar between the 

explants cultured for up to 72 hours in normoxia when compared to day 1 tissues 

(Figure 2.7, day 1 median 4400 m
2 

(IQR: 3900-6500), 48 hours of normoxia 

5900 m
2
 (IQR: 3700-9300) and 72 hours of normoxia 5800 m

2
 (IQR: 3300-8800) 

respectively). This is more clearly shown in Figure 2.6 which shows the cumulative 

airway size pooled for all lungs studied. The median cumulative cross-sectional 

surface area was 2600 m
2
 in the day 1 samples and did not change significantly after 

a further 72 hours in normoxic culture. In contrast, the median cross-sectional area of 

the explants exposed to hyperoxia was 17600 m
2
 (IQR: 10200-26600) at 48 hours 

and 14000 m
2
 (IQR: 10500-22000) at 72 hours which was significantly increased  
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Figure 2.6: Cumulative airway size profiles from pooled lungs explants (n=6) show that the majority of 

airways in Day 1 lung and normoxic lung (N72) have a cross sectional area below 5000um2. Hyperoxic 

lung however has airways with a much greater cross sectional area and culture for 48 and 72 hours in 

hyperoxia produces very similar airway profiles 
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Figure 2.7: Mean airway cross sectional areas for each explant section. Normoxic cultured tissue (N48 and 

N72) have similar airway sizes as lung shortly after culture is established (Day 1). Culture in hyperoxic 

conditions for 48 hours and 72 hours (H48 and H72 respectively) results in dilated airways compared to 

normoxic controls(n=6). 

P<0.05 P<0.05 
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when compared to day 1 and normoxic tissues (all p<0.05 when hyperoxic tissue 

compared to corresponding normoxic tissue or day 1 samples, Figure 2.7). This was 

further demonstrated by the median cumulative surface area of the pooled tissues 

which was increased in both the hyperoxic conditions (median 6100 m
2
 at 48 hours 

and 8600 m
2
 at 72 hours, Fig 2.6).  

Effect of hyperoxia on airway contribution to total tissue 

The surface of the sections occupied by airway was similar at day 1 (median 15%, 

IQR:13-16%) and normoxic tissue at 48 hours (15%, IQR: 14-21%) and 72 hours 

(15%, IQR: 12-23%). However, this area was significantly increased in the hyperoxic 

tissue (Figure 2.8) [37% (IQR: 25-52% at 48 hours) and 43% (IQR: 24-48%) at 72 

hours, p<0.05 when compared to day 1 and corresponding normoxic tissue]. I counted 

the number of epithelial and mesenchymal cells in 8 high power fields on each 

section. The relative contribution by epithelial cells was similar in the day 1 [median 

30% (IQR: 25-31%)] and normoxic tissues at 72 hours [29% (IQR: 26-34%)]. In 

contrast, the hyperoxic-exposed tissues were comprised of a higher percentage of 

epithelial cells [38% (IQR: 33-46%); p<0.05 when compared to day 1 and N72 

conditions]. 

Effect of hyperoxia on airway density 

This increase in surface area occupied by the airways was not due to increased 

numbers of airways as the number of airways per surface area were similar in the 

tissues exposed to normoxia or hyperoxia at 72 hours of culture [N72 33/mm
2
 (IQR: 

22-40) vs. H72 29/mm
2
 (IQR: 14-38), p=NS]. 
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Figure 2.8: Culture of fetal explants maintains the proportion of lung surface area that is occupied by airway. 

The use of hyperoxic culture conditions leads to proportionally greater contribution of airway to the lung, 

either by increased airway size, loss of mesenchyme or both (n=6). 
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Effect of hyperoxia on epithelial thickness 

Inspection of tissue under high power revealed that epithelium was significantly 

thinner in hyperoxic tissue. Airways were initially lined with columnar epithelium, 

but by 72hrs in culture were cuboidal in appearance. Hyperoxic exposure produced 

cells that had a flattened appearance (Figure 2.5c). Mean epithelial thickness for 

hyperoxic lungs was thinner than all normoxic pairs (6.4 m and 8.7 m respectively, 

p<0.05) (Figure 2.9). 

Discussion 

I determined that the use of modular gas flasks enabled sterile tissue culture to be 

carried out at predetermined oxygen concentrations. Culture in a 21% oxygen 

environment enabled tissue structure to be maintained over a 96 hour period. Airway 

size was maintained, as was the proportion of tissue volume occupied by airways. 

Culture in hyperoxic conditions (95% oxygen) after an initial stabilisation of culture 

produced an enlargement of the airways found in the tissue. This change was most 

dramatic in the periphery of the explant tissue.  These changes in airway size and 

relative contribution to tissue were statistically significant when compared to tissue at 

the initiation of culture, and compared to tissue subsequently maintained in normoxic 

conditions. 

The epithelial changes included a thinning of epithelial layer cells in cultured lung. 

High-powered microscopic sections demonstrated a change from columnar and 

pseudostratified epithelium to a cuboidal appearance. I did not carry out electron 
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Figure 2.9: After the first day in culture, exposure to 95% oxygen for a subsequent 72hrs resulted in 

airways lined by significantly thinner epithelium than air cultured pairs. P<0.05, (n=6) 
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microscopic analysis to confirm this at an ultrastructural level, however this has 

previously been described as an effect of culture
135

. In those studies, epithelial 

morphological changes are accompanied by functional maturation. There is shown to 

be activation of Surfactant Protein A transcription with resultant production of SpA 

protein. These changes are expected at 24 weeks of gestation during normal 

development, but are observed within 4 days of culture in lungs at 12 weeks 

gestation
8
. I found that hyperoxia produced a further change in morphology with a 

flattening of epithelial cells, reminiscent of Type I pneumocytes. The properties of 

these flattened cells have not been characterised. It must be noted however, that 

flattening of an epithelial cell does not necessarily indicate maturation to Type I 

morphology. It is possible that this may represent a dysplastic response or flattening 

due to increased intraluminal pressure. Culture of Type II cells on plastic base is 

known to induce a number of possible changes in cell morphology. Included in these 

is a flattening of cells unaccompanied by differentiation and may thus represent 

metaplasia
140

. 

The dilatation of airways seen predominantly in the periphery of tissue can be 

ascribed to a number of possible causes. This could be due to an increase in the 

number of epithelial cells due to hyperoxia, either due to increased proliferation, or 

reduced cell death. Alternatively, there might have been a reduction in the 

mesenchyme compartment. Mesenchyme cell depletion similarly could be due an 

alteration in proliferation/cell death ratios. A final proposition is that there was an 

increase in fluid within the airways.  



 
94 

The presence of fluid in the developing lung was historically ascribed to the 

continuity of the fetal airway tree with the amniotic fluid collection within the uterus. 

Previously, most clinicians were of the belief that amniotic fluid, produced partly by 

amniotic membranes and added to by fetal urinary output, effectively filled the fetal 

airway tree thus providing support. Recent work has placed the fetal lung as an 

effective fluid generator, by virtue of a Chloride anion (Cl-) secretory ability by 

epithelium throughout gestation
141 142

. There is a net efflux of fluid from the lungs via 

the trachea into the amniotic space during fetal development. At the time of delivery, 

a rise in circulating catecholamines results in a conversion of the lung to fluid 

absorption
143

. Thus the airways are prepared for their ensuing air respiration function.  

Oxygen is also able to exert a modulatory effect on the production of a number of 

developmental proteins by gene regulation, including Vascular Endothelial Growth 

Factor(VEGF) 
144

, Surfactant protein A (SpA) 
145

 and Tissue Inhibitor of 

MetalloProteinases (TIMP) 
146

.  The mechanisms for oxygen control over protein 

synthesis are not fully elucidated but are believed to be multiple. In some 

circumstances the presence of oxygen generates ROS which act as inhibitors of 

normal cellular processes. Many of these are in an attempt to protect replicating cells 

from the effect of oxygen toxicity on DNA at a vulnerable stage by inhibiting 

proliferation. Aconitase is an example of an enzyme required for mitochondrial 

respiration. By inactivation of this enzyme by the superoxide radical, the ‘closing 

down’ of mitochondrial function prevents the subsequent mitochondrial generation of 

ROS which can lead to cell injury and death as explored in Chapter 4, page 154. The 

activation of p21 protein formation by oxygen is another example. p21 epxression is 

upregulated by hyperoxia and acts to halt cell proliferation during mitosis
147 148

. 
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Alternatively, oxygen may act to encourage cellular activity and physiological 

processes. These include activation of the ROS-sensitive transcription factor, nuclear 

factor (NF)- B
149 150

. It is via NF B that induction of cytokine production may 

proceed enabling an inflammatory response as a means to recruit the immune system 

to repair the site of oxidant injury. 

The best known oxygen dependant expression of a physiological protein is the 

production of VEGF
151 152

, which has a role to play in both normal vascular growth 

and in a variety of disease processes. This protein will be further explored in Chapter 

3 but again it should be noted that the effect of oxygen is to suppress production of 

VEGF. 

A possible role for oxygen regulation of fluid production by the explant epithelium 

can be proposed by analysis of the role of Keratinocyte Growth Factor (KGF) 
14

 in the 

developing lung. KGF belongs to the Fibroblast Growth Factor (FGF) family of 

growth factors. Within this, family, KGF is designated FGF-7, as an alternative 

nomenclature. The FGF family, possess key roles in embryonic growth and 

development. Transcripts for KGF are located in lung mesenchyme at sites where 

there is active airway branching
13

. Receptors for KGF are expressed in epithelial cells, 

and when stimulated by exogenous KGF, have been found to promote proliferation 

and maturation of Type II cells in cell cultures
153

, and when administered to rats 

intratracheally
154

. Work carried out with human fetal lung explant culture has 

demonstrated that the administration of KGF to growth medium, results in an increase 

in liquid secretion by the lung epithelium, resulting in distended airways
136

, as seen in 

my experiments. A role for KGF in the distension seen with my experiments can be 

hypothesised based upon experiments that demonstrate that hyperoxic conditions 
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applied to neonatal rabbits resulted in upregulation in KGF mRNA expression
155

. I 

have not investigated this particular phenomenon within my experiments. 

The culture methodology set out, was adapted from work carried out by McCray et 

al
137

. The particulars of this method are that it aims to maintain viability of tissue 

pieces in culture whilst maintaining structural integrity. Variations occur in lung 

culture methodology, with major differences being grouped into tissue source, use of 

serum supplementation in culture medium, and the use of supporting structures. 

As mentioned in the results section, we estimated an approximate loss of 10% of 

specimens plated out into culture conditions. Although we used lungs from 6 fetuses 

for the experiments described in this chapter, many more specimens were originally 

utilised in the developmental stage of our work. A few of these were utilised to 

develop optimal culture conditions e.g by altering the pH of the culture media, and 

varying the methods of harvesting tissue specimens without tearing the fragile 

explants, and two were lost to fungal infection during culture. In particular, 8-10 

specimens were cultured and frozen at harvesting. These specimens were maintained 

in frozen state after sectioning and then immunostained. After varying degrees of 

success with methodology, I changed to formaldehyde preservation of cultures after 

harvesting with far more consistent staining results which provided the data for these 

and following chapters. Only one lung failed to culture with any appropriate 

maintenance of morphology in the final epoch of experimentation requiring 

discarding. 

The use of human lung for explant culture has a number of advantages when 

compared to animal equivalents. Primarily, the research involved is ultimately linked 
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to human disease processes and thus, human tissue has greater relevance than tissue 

from other species. Alternative lung explant work has been carried out predominantly 

with mice
156 157

 and rats
35 158 159

. The practical advantages of using these species are 

that the small size of the lung buds enables oxygen and nutrient diffusion throughout 

the tissue. Hence, entire lung buds may be used in culture, as opposed to pieces of 

tissue with human explant culture. 

Exposure of human fetal lung to varying concentrations of oxygen in serum-free 

conditions, cultured on artificial membranes has been studied. In 21% oxygen, Cossar 

et al 
160

 described expansion of the intraluminal compartment, similar to the changes I 

demonstrated with 95% oxygen. Similar experiments by Accaregui et al
161

 using 

stepped oxygen concentrations between 1% and 21% oxygen showed that explants 

maintained at 1% oxygen maintained a lumen volume density of 15% as compared 

with 50% for those maintained in air. In their later experiments, no morphological 

changes occurred when oxygen concentration was increased from 21% to 95% 
162

. 

Others who used similar methodology found similar dilation of airway spaces in 21% 

oxygen
35 163

. 

As our work involved the use of tissues that had been maintained in the extrauterine 

environment for unto 48 hours before we commenced culturing under controlled 

conditions, we remained mindful that these conditions may have influenced the 

subsequent development in culture, both under normoxic and hyperoxic conditions. 

We were reasonably reassured that time from harvesting these tissues and 

commencement of culture were fairly consistent between tissues and unlikely to vary 

by more than 24 hours. More importantly, our main objective was the comparison in 

changes in tissue morphology that occurred from the time culture began, rather than 
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any particular effect of harvesting or initiation of culture on the tissue. 

The presence of serum within explant culture is not universally utilised. The 

hormones in serum-supplemented media have been shown to promote Type II cell 

maturation during culture
164

. This may mask the ability to study the effects of 

individual growth factors on lung development. 

Variation in the use of supporting structures varies from the culture of explants on 

inert grids or semi permeable membranes, which are then immersed partially in 

culture media. These may be associated by the spreading out of tissue over the 

membrane, with a potential loss of 3D structure. It is assumed that this effect would 

be amplified in human culture methodology, as the tissue is not maintained within the 

connective tissue sheath that envelops entire lung lobes. The use of collagen as an 

adherent has been utilized whereby the membranes upon which the explants are 

cultured, is pre-coated with a liquid collagen mixture which is then allowed to gel.  

The culture of tissue in a semi-solid gel enriched with collagen has been previously 

used
137

, and provides a matrix into which the lung can migrate into, whilst limiting the 

spreading out of tissue sometimes seen in fetal lung cultured on membranes. This 

collagen may itself alter the growth characteristics of the lung tissue
165

, as it does in 

developing fetal lung in vivo.  

As there is no oxygen consumption by this gel, oxygen tensions are maintained 

between the closed gaseous environment and the tissue surface. To my knowledge, 

the gradient of oxygen tension within the tissue has not been elucidated, and is 

dependant on the density of the tissue and its oxygen consumption
166

. It was for this 

reason that I elected to analyse the periphery of the lung explants, thus enabling 
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comparisons of oxygen tension. It is likely that the centre of explants may be 

relatively hypoxic in both sets of conditions. The greater the oxygen consumption by 

the cells, the more steep the drop in oxygen gradient within the tissue. Gassman’s 

analysis of PO2 gradient within embryonic blastocysts did however demonstrate a 

surprisingly well maintained oxygen tension as the core of the blastocyst was 

approached as measured by advancing an oxygen microelectrode in 50 m steps from 

the periphery of bodies that measured approximately 70 m in diameter
166

 . Figure 

2.10 demonstrates that even at the centre of the embryonic body, PO2 is relatively 

well maintained when compared to the periphery. Oxygen consumption studies on 

bodies of varying sizes also indicate that the larger the body, the lower the oxygen 

consumption of each individual cell thus maintaining a reasonable oxygen tension 

towards the centre of even relatively large solid structures dependant purely on 

diffusion of oxygen for metabolic 

requirements.
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Figure 2.10: Measurement of oxygen tensions at varying depths within a solid embryonic sphere 

displays relatively well maintained tensions as far as the centre of the structure (A). In analysis of 

oxygen consumption of embryonic bodies of various diameters, it is apparent that as the size of the 

body increases, the relative oxygen consumption per unit mass decreases preventing excessive 

tissue hypoxia. Diagrams reproduced from Gassman M et al
166

. 
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Summary 

I have demonstrated that the fetal human lung explants can be placed into culture 

using a collagen based semi-solid gel medium to maintain structural characteristics 

and aid harvesting of tissue. The additional use of serum supplemented feeding 

medium enabled tissue to be maintained in culture for up to 96 hours. 

The use of modular gas chambers allowed explants to be grown under varying oxygen 

tensions reliably, once cultures had been established. 

I found that culture in hyperoxic conditions (95% oxygen content) produced visible 

structural differences when compared to explants maintained in normoxic conditions 

(21% oxygen). Hyperoxic tissue demonstrated relative dilatation of airways, an 

increase in the proportion of tissue occupied by airway lumen, and thinning of 

epithelium in dilated airways. 

These findings could be due to a number of mechanisms which include an increase in 

fluid secretion in the lung, loss of mesenchyme by increased cell death and/or reduced 

proliferation, of relative expansion of epithelium by opposite alterations in cell 

death/proliferation. 

Applying the observations of increased airway dilation, loss of mesenchyme and 

thinning of epithelium to the developing human could have a number of possible 

parallels in vivo. 

As suggested by many of the explant model research thus far carried out, this could 
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represent an acceleration of lung development as a physiological response to prepare 

the lung for the extrauterine oxygen rich environment. The changes thus represent 

movement of pseudoglandular lung into the saccular phase and has previously been 

supported by demonstration of flattening of epithelial cells and expression of 

surfactant proteins at a precocious stage of lung development. 

Alternatively, these findings could be related to the acute effects of oxygen toxicity 

whereby it is via tissue damage and increased vascular permeability that I noted my 

observations, making this a model of lung injury in the preterm infant. 

Finally, I may be witnessing dysregulated lung development in response to hyperoxia 

that has its closest equivalence in CLD. This may rely in part on the accelerated lung 

development mentioned above, but in a disordered non-physiological manner. 

I shall investigate these alternate hypotheses in the following sections by examining 

the changes in the vascular components of the explant model, and investigating the 

processes involved in the remodelling of the lung I have reported. 
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Effect of hyperoxia on the 
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Introduction 

The exposure of the preterm infant to hyperoxic conditions results in an acute lung 

injury, the earliest component of which includes the destruction of the pulmonary 

vascular endothelium. Direct toxicity by the generation of ROS is believed to 

contribute to this process. It appears however, that secondary to hyperoxia there is 

loss of blood vessels from tissue as part of a physiological response. This is 

exemplified in preterm infants by the pruning of blood vessels in the retina by 

prolonged high blood oxygen tensions. This obliteration of small blood vessels in 

response to hyperoxia is believed to be mediated in part by suppression of the 

angiogenic factor Vascular Endothelial Growth Factor (VEGF) 
167

. 

In contrast, regional tissue hypoxia is known to promote the proliferation of blood 

vessels within the tissue- again in response to VEGF
168

. In the developing fetus, it is 

likely that this process regulates the growth and proliferation of blood vessels 

throughout the body. 

I have demonstrated that exposure of fetal human lung explants to hyperoxic culture 

conditions results in a regression of the mesenchyme compartment relative to 

epithelium. 

I hypothesise that the regression of mesenchyme is accompanied by a reduction of 

blood vessels in the tissue, in response to hyperoxia. 
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Methods 

Tissue culture 

Tissue culture and section preparation was carried out as described earlier in detail 

(Chapter 2, p75). Briefly, pseudoglandular human fetal lungs were minced and placed 

in culture within a collagen based serum supplemented semi-solid culture medium. 

Initially, explants were maintained at 37
o
C in an air/5%CO2 gas mixture. Samples 

were harvested 24 hours after establishment of culture (Day 1), and at 72 hours after 

placement in normoxic (air/5% CO2) or hyperoxic (95% O2/5% CO2) conditions (N72 

and H72 respectively). After harvesting, explants were paraffin embedded in blocks 

and were cut into 4um sections using a microtome, onto glass microscope slides. 

Immunostaining 

Paraffin tissue sections were immunostained for CD-31 for vascular endothelial cells. 

(Sigma-Aldrich,Poole,UK C-2931). Methodology used was as described in Chapter 2. 

Briefly, sections were deparaffinised before antigen retrieval was carried out with 

buffered citric acid under high pressure. Slides were incubated overnight at 4
o
C with 

the primary antibody diluted in 0.05% bovine serum albumin/PBS at optimal dilution 

(mouse anti-human CD-31 1:30). Thereafter the slides were washed and incubated for 

30min in goat anti-mouse biotinylated secondary antibody (Sigma-Aldrich,Poole,UK 

B9904) diluted 1:250. Avidin-peroxidase reagent (Vector laboratories) followed by 

diaminobenzidine produces a colour response, before sections were lightly 

counterstained with Ehlich’s haematoxylin. 
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Image analysis 

Analysis was carried out to express the proportion of tissue that stained positive for 

CD-31 relative to total mesenchyme. As my interest was to compare the effect of 

similar oxygen tensions on blood vessels, I standardised analysis to tissue at the 

periphery of my specimens. Sections were analysed for Day 1 specimens, and 

matched normoxic and hyperoxic samples at 72 hours (N72/H72). 

For each specimen, eight pictures were taken at x100 magnification. These were taken 

in a standardised fashion to prevent biased sampling. The centre of the tissue was 

approximated, and then the photo would be acquired by moving from this point 

outwards in eight directions as denoted (Figure 3.1). 

I wrote a macro program using the image analysis software package QWin. For each 

image, the software detected any brown staining and produced a binary overlay from 

this. I then drew a separate binary overlay utilising a graphic tablet and pen (Wacom 

plc) denoting airway lumen. Inverting this image onto an overlay of the sample and 

withdrawing its edges by the epithelial thickness obtained a representation of 

mesenchyme. The QWin package was able to calculate the size of each area of brown 

staining (termed a ‘vessel body’), and the total areas of brown staining and of 

mesenchyme. The ratio of vessel staining to mesenchyme could then be calculated by 

transferring the results of the analysis to Excel (Microsoft, WA, USA). 

Additional information was then obtained regarding the average distance from blood 

vessel to the nearest airway lumen. This was carried out using specialised properties 

in the image analysis package. The following steps were processed:- the airway 

lumen) is used as the template. 
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Tissue Section 

Centre of tissue 

Selected fields for 

photography 

Figure 3.1: Representation of tissue sample. Eight areas are photographed using set directions from a 

central point. This enables periphery of the explants to be sampled in an unbiased fashion, allowing 

comparison between tissue specimens 
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1) The binary image depicting the section previously produced (excluding the 

airway lumen) is used as the template. 

2) A process known as geodesic distance binary transformation was applied 

whereby every pixel within the image is given a value denoted by its relative 

distance from an edge. By restricting the process to an area within the centre 

of the image, it is ensured that the pixels analysed are measuring distance from 

airway lumen rather than from the edge of the tissue. 

3) In order to test how far the vessels are from the lumen, I overlay the 

previously obtained binary image denoting blood vessels onto the ‘distance 

map’. 

4) A specialist measure function was applied where the values of the labelled 

pixels were collected, but with the blood vessel image used as a mask. As a 

result, the average value of the pixels represents the average distance of the 

blood vessel from the airway lumen. 

This data was also transferred to Excel for analysis. 

The program macro written to carry out these functions is provided in Appendix I. 

Statistical analysis 

Comparisons between Day1, normoxia and hyperoxia exposed matched lung sections 

were made with the SPSS software package using paired-t-test analysis for normally 

distributed data, and Wilcoxon signed rank paired analysis for non-parametric data. 

Significance for two-tailed tests were set at p<0.05. 
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Results 

Descriptive 

On inspection of whole sections, it could be seen that Day 1 tissue and normoxia 

cultured tissue (N72) had similar distributions of vasculature i.e. combinations of 

linear blood vessels between airways, and small bundles of cells staining positive for 

CD31 arranged in close proximity to terminal airway buds (Figure 3.2 A and B 

respectively). 

Inspection of hyperoxic tissue revealed a relative paucity of endothelial cell bundles, 

particularly in the periphery of the tissue (Figure 3.3). The collection of vessels in 

these areas altered from clusters or rounded collections of vessels, to long, thin vessels 

(Figure 3.2C).  

Morphometry 

When comparing the proportion of mesenchyme occupied by vessels, it could be seen 

that there was an increase in percent coverage in 5 out of 6 samples. The median 

coverage was 3% (IQ 3-7%) in Day 1 tissue, rising to 7 % (5-8%) after a further 72 

hours in culture under normoxic conditions. Hyperoxic culture samples had less 

vasculature in mesenchyme (4% (IQR 2-5%)) than paired normoxic samples 7 % (5-

8%) (p<0.05). Thus CD31 occupied a greater proportion of the interstitium in 

normoxic cultured tissue when compared to hyperoxic cultured tissue (Figure 3.4). 

Measurement of distance of vessels from the nearest airway lumen showed little 

change after 72hrs of normoxic culture from Day1 samples. Culture in hyperoxic 

conditions resulted in less distance between vessels and airways, which could only  
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A 

B C 

Figure 3.2:  Immunohistochemical staining of cultured lung for CD-31 (brown) with haematoxylin 

background. Airways on Day 1 of culture (A) are surrounded by blood vessels that exist mainly as 

capillary plexus. There is little alteration in this appearance after subsequent culture in normoxic 

conditions for 72hrs (B). By culturing in hyperoxic conditions instead, there is a ‘pruning’ of 

vasculature. There are fewer capillary plexi seen, and more continuous bands of vessels (C). These 

denote vascular lakes around airways. Bar=100 m. 

 

A 

B C 
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Figure 3.3: Culture of tissue under hyperoxic conditions leads to regression of vasculature from the 

periphery of the lung. Comparing Day 1 tissue (a) with H72 tissue (b) demonstrates the change in 

appearance with culture in oxygen. Bar =1mm 

A 

B 
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Figure 3.4: Culture under normoxic conditions resulted in an increased proportion of blood 

vessels within mesenchyme after 72hrs. Alternative culture in hyperoxic conditions resulted in 

less vasculature in mesenchyme when compared to normoxic controls.(Median 4 vs. 7%) Error 

bars=IQ ranges. N=6,p<0.05 
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Figure 3.5: Distance between blood vessels and nearest airway lumen do not alter with culture under 

normoxic conditions. (Day 1=37 m, N72=35 m medians). Hyperoxia results in less distance 

between the two compartments (25 m,). Error bars=IQ ranges. N=6 
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partly be explained by thinner epithelium in hyperoxic airways. Median distance from 

vessel to nearest airway lumen was 37 m (IQR 34-39 m) in Day1 tissue. In 

normoxic cultured tissue (N72) the distance was 35 m (IQR 32-38 m), and in 

hyperoxic-cultured tissue (H72), the distance was 25 m (IQR 21-30 m) (Figure 3.5).  

Discussion 

My initial work using this model has demonstrated that the exposure of fetal human 

lung explants to culture in 21% oxygen (normoxia) results in the maintenance of the 

overall structure and relative proportions of epithelium and interstitium. The exposure 

of tissue instead to a 95% oxygen (hyperoxia) environment produced a decrease in the 

amount of interstitial tissue by processes that I shall investigate later(see Chapter 4). 

The interstitium is comprised of a number of different cell types which may exist in 

varying degrees of differentiation or specialisation. Thus in the earliest embryonic 

lung, the mesenchyme is an amorphous collection of cells that most closely resemble 

fibroblasts. With time, groups of cells within this compartment mature into more 

specialised cell types. Thus, endothelial cells condense de novo to form blood vessels, 

smooth muscle cells form the sheath coverings of both airways and larger blood 

vessels, isolated myofibroblasts form within the maturing alveolar saccule enabling 

secondary septal formation, and fibroblasts functionally mature to produce the 

extracellular matrix components such as collagen and elastin. 

The developing vasculature is specifically of interest as there is recognition of damage 

in the preterm infant exposed to a hyperoxic environment, and chronic remodelling of 

blood vessels in the chronic hyperoxic environment. 
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A brief description of the normal development of the pulmonary vasculature has been 

set out in Chapter 1. However, I shall outline key features to emphasise potential 

mechanisms driving these processes and thus help provide explanations for the 

pathophysiological changes seen in my experimental model. 

The earliest demonstration of development of pulmonary vasculature occurs in 

embryonic lung. Two differing processes appear to occur leading to vessel 

development, these are angiogenesis and vasculogenesis. Angiogenesis is the 

formation of vessels by the sprouting of endothelial channels from pre-existing 

vessels. This process is believed to predominate in the proximal pulmonary vascular 

tree where as early as weeks 5-7, pulmonary vessels branch from the 6
th

 pair of cranial 

ventral aortic arches to form the pulmonary arteries
3 15

. It is unclear how far along the 

pulmonary tree the process of angiogenesis continues. 

Vasculogenesis is the de novo creation of blood vessels by condensation of 

angioblasts within the mesoderm which subsequently migrate to form minute 

capillary leashes. These are arranged in the form of plexi initially and tend to form in 

geographical association with terminal lung buds (Figure 3.6A). This process is 

believed to predominate in the distal vasculature and therefore probably becomes 

established later than angiogenesis within the pseudoglandular stage of lung 

development. 

During the canalicular phase of lung development, the capillary plexi become 

arranged around and closely apposed to the dilating terminal airways (Figure 3.6B). 

With the marked dilatation of the airsacs during the saccular stage of development, 
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Figure 3.6:  During the pseudoglandular stage, , capillaries form a loose network between the airways (A). 

During the canalicular stage (B), capillaries grow and form a more dense network, whilst becoming 

closely apposed to the airways.  During the saccular stage, the vessels appear to form a sleeve around each 

airspace (C). At this stage, primary septae possess a capillary bilayer. In the alveolar stage (D), secondary 

septae form with up-folding of one of the capillary layers into the septum. Reproduced from Lung 

development and pulmonary angiogenesis, Peter Burri. 
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 the squeezed capillary meshes organise into a capillary sleeve around the 

circumference of each saccule (Figure 3.6C). With the formation of alveoli by 

invagination of tissue into the saccules, there is a migration of an accompanying 

capillary double layer into the newly forming septum (Figure 3.6D). 

Capillary plexi surrounding terminal lung buds have an absence of muscle sheaths and 

are therefore constructed for potential gaseous exchange and should allow a degree of 

capillary filtration. However, although the associated airway structures are initially 

distal structures, with time and the formation of subsequent airway branches, these 

capillary plexi become associated with relatively proximal air conduction tubules, 

rather than gas exchanging acinar structures. In the mature organism, these vessels 

would be expected to be arteries and arterioles with an associated muscle sheath. An 

explanation for this transformation is proposed by Hall et al 
9
 who studied serial 

reconstructions of human lung, stained specifically for markers of smooth muscle and 

endothelium. Their interpretation of these constructs was that there is de novo 

capillary plexi formation initially (vasculogenesis). These vessels then organised and 

coalesced with similarly formed vessels both proximally and subsequently, those 

created more distally. With this conglomeration, there is loss of mesenchyme 

interspersed within the plexi resulting in formation of larger bore vessels, primitive 

arteries. Simultaneously, there is believed to be migration of smooth muscle cells 

from the associated airways. These muscle cells which are rich in both actin and 

myosin and therefore capable of contraction even at this early stage. Migration of 

smooth muscle cells (SMC’s) towards the blood vessels is followed by the formation 

of a muscular sheath and thus the vasculature is finally transformed from capillary 

plexus to arteriole. 
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The mechanisms that control both angiogenesis and vasculogenesis provide 

understanding of normal lung development, but more importantly, provide 

explanations for the abnormal vascular development seen in my lung model and the 

vascular maldevelopment seen in CLD. Vessel formation depends on the interaction 

of endothelial cells with their environment, namely other endothelial cells, the 

components of the extracellular matrix, and with diffusible growth factors. 

I have demonstrated that culture of human fetal lung explants in relatively hyperoxic 

conditions results in a loss of pulmonary vasculature, over and above the regression of 

mesenchyme previously described under these conditions. In addition, I determined 

that these vessels became structurally apposed to the epithelium as occurs in the 

maturing canalicular lung as seen after 18 weeks gestation. I consider each of these 

observations separately, whilst relating them to normal and abnormal human lung 

development. 

Loss of vasculature 

The excess loss of vasculature in the presence of a diminishing mesenchyme implies 

either that there is a reduction in proliferation of endothelial cells or, more likely, that 

there is pruning of vessels due to cell death. This process may be mediated by direct 

toxicity as occurs in cell necrosis or in a programmed fashion by apoptosis either in 

response to non-lethal cell injury or via the initiation of specific cell signalling 

pathways. These processes are investigated and discussed further in Chapter 4. 

Lung vascularity during normal lung development 

Although there is relatively little vasculature in the pseudoglandular lung when 
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compared to the total parenchymal tissue, the canalicular period is characterised by a 

massive proliferation of blood vessels in an environment of interstitial regression
3
. 

The saccular and alveolar phases maintain the proliferative capillarisation of the lung 

but to a lesser degree and occurs in conjunction with new alveolar formation (Figure 

3.6). It is not until the postnatal period that a degree of regression of capillary loading 

occurs. This is not as such due to a loss of vascularity of the lung, but by the merging 

of double layers of capillaries in alveolae septae into more efficient single layer 

capillary loops. Thus my findings of regression of interstitium in conjunction with a 

greater degree of vascular regression do not fit in with a simple picture of accelerated 

lung maturation. The only caveat to this would be to hypothesise that the changes in 

vasculature represent an early jump to the adult type maturation of vascularity. This 

would correspond to a jump of lung maturity from pseudoglandular stage lung (6-16 

weeks) through to a post-40 week gestation equivalent lung. The morphological 

appearance of pruning however does appear in some respects to resemble the sheaths 

of capillary meshes that organise around the saccules during the saccular phase. Thus 

the appearances of the explant vasculature may represent maturation. 

Loss of vessels seen in oxygen mediated acute lung injury 

With the acute exposure of preterm lung to high oxygen tensions, rapid alterations in 

the structure of the vascular bed are noted. James Crapo summarised the 

morphological changes during pulmonary toxicity comprehensively in 1986
153

 with 

reference to endothelial changes. The first morphological change within the lung 

exposed to lethal doses of oxygen (100%), was noted in the endothelium, and was 

denoted by subtle ultrastructural changes in these cells. With the inflammatory 

response recruiting a variety of cells to the vascular bed, soon neutrophils and 
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platelets are found to adhere to the endothelium wall, a precursor to migration of these 

cells into the perivascular compartment where damage and inflammation of the 

surrounding lung tissue ensues. This process is assisted by the increased expression of 

CD31 during hyperoxic lung injury
169

. Soon after the inflammatory phase 

commences, overt destruction of the endothelial compartment begins. This damage is 

wholesale and widespread with a demonstration of loss of 50% of endothelial cells in 

rats in the hours before death. Remaining cells display cell membrane injury, oedema 

and frank necrosis. Exposure to sublethal doses of oxygen (approximately 60%) does 

not produce an obvious destructive effect on the adult in the cell types other than 

endothelium. Again, upto 50% of endothelial cells may be destroyed over a longer 

period than in lethal oxygen toxicity. The difference is that the remaining cells tend to 

be relatively normal and are able to recover over the following days. 

What must be taken into account however is that these changes are described in great 

detail in adult animals and term newborn animals most comprehensively. The preterm 

organism has a greater susceptibility to oxygen toxicity however, and thus the changes 

described can occur more acutely than in these more mature specimens
54

. 

These acute changes are generally ascribed to the direct effects of oxygen toxicity as 

has previously been discussed. This includes the removal of damaged cells by 

apoptosis and proliferation.  

These features would correspond well with those observations I have made with my 

explant hyperoxic model, namely a loss of vascularity in lung interstitium in response 

to a hyperoxic stress. Obviously, the in vivo inflammatory responses are not seen with 

my lung model as these cells are not present within my explant tissue at this early 
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gestation. 

Lung vascularity in Chronic Lung Disease of Prematurity 

In CLD, the pulmonary vasculature displays a well characterised appearance as 

demonstrated by both experimental animal models and from the analysis of human 

preterm infant post-mortem tissue. In the human autopsy studies however, very little 

work has been carried out to demonstrate the degree of capillary vascularity in the 

lung parenchyma. All description of capillary histology have been morphological 

rather than morphometric. Hislop et al
170

 in their examination of 17 premature infants 

of gestational ages 25 to 24 weeks who had died with CLD demonstrated that there 

was a reduced number of alveoli in the subjects, a reduced number of arteries whilst 

alveolar/arterial ratio was maintained. This implied a vascular arrest either as a 

consequence of failed alveolarisation of the lung, or alternatively raises the possibility 

that vascular arrest itself can impair alveolar development. 

The use of the preterm baboon model by Coalson’s group
171

 has given more detailed 

analysis of vascular development with this model of CLD that as become accepted as 

the closest correlate to human infant CLD. They demonstrated a significant degree of 

capillary hypoplasia, again associated with impaired alveolar development. These 

findings of reduced capillary vascularity in the lung mirrors the changes I have 

demonstrated within my hyperoxic explant lung model. I believe that the vascular 

regression noted results from the loss of capillaries from the parenchyma by cell death 

over and above the loss of interstitium seen in my model. I believe that this may be 

due to a combination of factors, principally the direct toxic effects of hyperoxia on 

endothelium, but also indirectly by the loss of angiogenic factors from the lung such 

as VEGF. I postulated that hyperoxia suppresses these oxygen-sensitive growth 
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factors and will discuss the role of VEGF in vascular growth and vascular ‘pruning’ 

both in normal lung development and CLD subsequently in this chapter. 

Decreased gap between pulmonary vasculature and airway lumen 

My experiments included the analysis of distance of blood vessel to the nearest lumen 

under the conditions of hyperoxic and normoxic culture and related these findings to 

the baseline conditions after initiation of culture. I noted that culture in normoxic 

conditions maintained a similar vessel – lumen distance to the baseline Day 1 tissue 

with measurements of 37 m and 35 m respectively. It was the culture of lung 

explants in hyperoxic conditions that appeared to result in a reduction in this distance 

to a mean of 25 m. This distance was a measure of vessel from its closest point to the 

nearest airway, to the nearest luminal aspect of the adjacent airway. As this distance is 

inclusive of epithelial distance it could be postulated that part of this decrease was 

secondary to the thinner epithelium layer noted in hyperoxic tissue. However, this 

could only partially explain the differences as this difference in epithelial thickness 

was no more that 2-3 m (8.7 m in normoxia vs. 6.4 m in hyperoxia). Thus the 

remaining reduction in distance must be accounted for by alternative processes. The 

options available are migration of blood vessels towards airways through interstitium, 

growth of vasculature towards airways, loss of intervening interstitium by cell death 

or by loss of extracellular matrix. 

Our observation of the structure of the vessels that were stained does not support the 

growth of vessels as a likely mechanism as I noted a simplification of the vasculature 

near airways resembling a pruning of the structure to a straight line. This ‘pruning’ of 

vasculature is observed during vascular development of certain organs when exposed 
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to varying degrees of oxygen tension in vivo, namely the retinal vessels
167

. 

Our supposition is that a loss of mesenchyme between the vessels and the airways 

provides the most likely mechanism and is further explored in the following chapter. 

Vessel-airway distance during normal lung development 

During the development of the human lung in vivo, the pulmonary vasculature 

becomes intimately associated with the airway epithelium during the canalicular 

phase of morphogenesis. At 14 weeks gestation, developing vessels lay within the 

mesenchyme with tissue separating these vessels clearly form the nearest airways. 

Between 16 and 22 weeks gestation, the vessels gradually near these airways until 23 

weeks of gestation where the endothelium manages to become so closely involved 

with the airway that endothelial cells are found in between airway epithelial cells on 

inspection with electron microscopy. The apposition of airway and vasculature is a 

prerequisite for the survival of the prematurely delivered human infant. I have 

demonstrated that culture of lung in hyperoxic conditions has an effect on vessel-

airway distance that resembles a maturing of lung to the canalicular stage rather than 

the pseudoglandular stage at which culture began. 

Vessel-airway distance in acute lung injury  

As previously described earlier in relation to Crapo’s description of the morphology 

of oxygen toxicity to the lung, the main process that may influence the distance 

between vessel and airway in acute lung injury is secondary to accumulation of fluid 

exudate and cellular infiltrates into the interstitium
172

. This is not associated with an 

acute loss of fibroblasts acutely, thus there is a potential increase in distance from 

airway lumen to vasculature thus impeding gaseous exchange. In newborn preterm 
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infants, this effect on gaseous exchange is exaggerated by the movement of this fluid 

and cellular infiltrate into the airway lumen and alveoli, thus the gap to air is 

transferred beyond the epithelial surface to well within the alveolus. 

This increase in distance is in contrast to my findings implying that at least in regard 

to vessel-airway distance, my hyperoxic model does not fit with the changes seen in 

acute lung injury secondary to oxygen toxicity. 

Vessel-airway distance in Chronic Lung Disease 

The histological description of intervening gap between vessel and epithelium is not 

clearly defined for infants with CLD. Findings are somewhat dependant on the type of 

CLD i.e. old vs. new. The ‘old’ CLD found in babies ventilated particularly in the 

1970’s finds an increased gap in areas as a result of extensive fibroproliferation within 

the lung parenchyma, but that these pathological changes had a more pronounced 

effect on the arterioles of the pulmonary circulation with medial hypertrophy and 

adventitial fibrosis. Extension of these muscular vessels appear to occur beyond their 

normal positions and further into the lung parenchyma thus further impeding gaseous 

exchange whilst providing increased vascular bed resistance which in itself is a 

contributor to right ventricular hypertrophy and finally cor pulmonale
170 173

. 

With the ‘new’ CLD seen in more immature infants born in the canalicular phase 

(rather than canalicular-saccular border of old BPD), the vascular changes are far less 

pronounced. An increased gap between vessel and lumen has however been described 

by the demonstration of subepithelial and centrally placed capillaries in focal 

locations within the lung
174

. These changes were also able to be demonstrated in 

baboon models of extremely preterm chronic lung injury adding credence to this 
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description
171

. 

Once again, neither of these descriptions fits the findings that I demonstrated within 

my hyperoxic lung explant model. 

Role of VEGF in regulation of vascularity 

Vascular endothelial growth factor (VEGF) is a potent angiogenic factor promoting 

vascular development in the newborn infant and exists in four isoforms: VEGF -121, -

165 (diffusible), -189 and –206 (bound almost exclusively to the extracellular matrix) 

160
 

161
. The -165 isoform appears to be the predominant member.  Many cell types 

including epithelial cells, fibroblasts, glial cells, macrophages, smooth muscle cells, 

osteocytes and tumour cells produce VEGF
168 175 176

 which binds to its receptors 

VEGF-R1 and R2 (tyrosine kinase proteins previously termed flt-1 and KDR 

respectively) 
177-179

 resulting in proliferation of endothelial cells, increased vascular 

permeability and increased production of enzymes to assist breakdown of surrounding 

extracellular matrix e.g. collagenases.  

In hypoxia, VEGF has consistently been shown to be increased and in raised oxygen 

tension environments its production is decreased
144 180 181

. A study of preterm infants 

showed increasing amounts of VEGF in tracheal aspirates during the first postnatal 

week, a finding that was less marked in infants destined to develop CLD
182

.  

The effect of VEGF in tissues is to stimulate vascular growth (angiogenesis) by the 

sprouting of new branches from existing vessels. The grafting of heparin-bound 

VEGF beads onto whole mouse fetal lung explants has been shown to stimulate a 

neovascular response within 48 hours in culture. Although the oversecretion of VEGF 
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can have local complications, there are also consequences from an absence of this 

angiogenic factor. A number of factors have now been deemed ‘survival factors’ 

whereby the absence of their signal to a cell results in a programmed cell death by the 

target cell
183

. VEGF is classed as such a factor, thus where there is a lack of VEGF, 

susceptible endothelial cells simply ‘disappear’ by a process of apoptosis.  

The question has thus been raised whether these potent effects of VEGF have a role to 

play in the normal and abnormal development of the immature lung. Certainly, the 

developing lung expresses both VEGF and its receptor in the blood vessels of fetal 

lung during vascularisation
144 184

. Healy looked at the immunolocalisation of VEGF in 

developing murine lung
185

 and identified a gestation related distribution. During early 

gestation, VEGF was located uniformly throughout the airway epithelium. At later 

time-points, VEGF became localised to the branching tips of airways in the distal 

lung, specifically in the subepithelial matrix. It is this localisation that may well prove 

to be the stimulant for formation of capillary plexi associated with the forming airway 

terminal buds during late pseudoglandular and canalicular lung development. 

The loss of endothelial cells and vasculature seen in acute lung injury secondary to 

hyperoxia may not only be due to the direct toxic effects of oxygen as earlier implied. 

Animal studies have demonstrated that hyperoxic lung injury is associated with a 

decreased expression of VEGF mRNA and decreased production of VEGF in lung
186 

187
. 

The recovery of lung after hyperoxic lung damage may result in CLD if the 

subsequent development of the lung is in any way disordered. Again, VEGF may play 

a part in this by affecting the revascularisation of this lung. In animal models of 
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hyperoxic lung injury, recovery was associated with an upregulation of VEGF 

expression
187

. In preterm infants, again recovering from the acute phase of lung 

disease, lavage from lungs demonstrates that infants who go on to develop CLD have 

lower concentrations of VEGF when compared to those who go on to recover 

completely
182

. Thus the ability to mount a response during recovery from acute lung 

injury with VEGF appears to be associated with normal growth of the lung and 

avoidance of CLD. Thus VEGF does not appear to have an effect limited to vascular 

growth in the lung, but also general growth and alveolarisation. 

The role of VEGF in alveolar and vascular development of fetal lung has made this 

protein a target for investigation within this model. Using the model I have developed 

within this thesis, our group have subsequently analysed the changes in expression of 

VEGF mRNA caused by hyperoxic culture. VEGF mRNA was detected using 

standard RT-PCR techniques
188

 and using primers to all isoforms of VEGF mRNA in 

three fetal lung explants cultured in normoxia and hyperoxia for 24 hours. To enable 

comparison between experiments, normoxia was designated 100% in each experiment 

and the relative intensity is shown for VEGF mRNA detected in explants exposed to 

hyperoxia. -actin mRNA was shown to be similar expressed in all experiments (data 

not shown).  

We detected VEGF mRNA by RT-PCR in the explants exposed to hyperoxia and 

normoxia and noted a decrease in VEGF mRNA in explants exposed to hyperoxia 

when compared to normoxic exposed lung tissues (Figure 3.7). These results provided 

biological evidence for changes associated with increased tensions of oxygen within 

our hyperoxia exposed tissues.  
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Figure 3.7: Significant decrease in VEGF mRNA was noted when explants were exposed to hyperoxia 

for 72 hours (H72) when compared to those explants exposed to normoxia for 72 hours (N72), p<0.05. 

The results are from three separate experiments. The inset shows a representative explants amplified 

for VEGF mRNA by RT-PCR.  
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Role of angiogenesis in alveolarisation 

The evidence appears to support a mechanism whereby angiogenesis itself promotes 

normal development of alveoli. A combination of anti-angiogenic drugs acted to 

prevent normal alveoli formation in developing rat lung. One of these drugs acted by 

inhibition of VEGF receptors, but the others had a VEGF independent mechanism
189

. 

Certainly this supports the observation that secondary alveolar septae develop at sites 

of capillary up-folding and thus these capillaries are the driving force for the 

development of mature alveoli (Figure 3.6d).  

Summary 

Culture of human lung explants in hyperoxic conditions results in morphological 

changes in the vasculature characterised by pruning of the blood vessels and 

apposition of these vessels towards the airways. The apposition of vessels to airway 

most resembles the accelerated lung development seen with other aspects of the 

explant model i.e. saccular dilatation, epithelial thinning and surfactant expression. 

The pruning of blood vessels appears to more resemble the loss of vasculature seen in 

both acute lung injury and CLD as a result of direct oxygen toxicity and loss of 

angiogenic factors such as VEGF. However aspects of this pruning produce an 

appearance of maturation of the vasculature rather than frank destruction. Overall 

therefore, I hypothesise that hyperoxia leads to removal of blood vessels due to 

pruning, representing a maldevelopmental maturation of lung as seen in CLD after 

initial Acute Lung Injury. 
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Introduction 

The elucidation of the role of oxygen in altering lung development requires not only 

an observation of its effects on tissue structure, but also an investigation of the 

underlying processes that result in the ensuing structural changes. This investigative 

process applies equally to in vivo and in vitro experiments, however the in vitro 

environment provides the optimal scenario to analyse these mechanisms. 

The work carried out so far in my investigations have revealed that by maintaining 

pieces of human fetal lung explants in culture in a semi-solid collagen base, tissue 

viability can be maintained over a 96 hour period. The exposure of this lung tissue to 

a relatively hyperoxic environment results in remodelling of the lung tissue. This 

remodelling is histologically characterised by regression of the interstitium, expansion 

of the airway compartment and pruning of the vasculature within the interstitium. In 

addition, the epithelium of hyperoxic tissue alters from a columnar appearance, to a 

more flattened morphology, resembling maturation into cuboidal Type II cells, and 

approaching the appearance of Type I cells. 

The changes in histology noted can be explained potentially by a relatively limited 

number of processes. These are the addition of new cells to the tissue (proliferation), 

the removal of cells (cell death), changes in the size of the cell (hypertrophy or 

atrophy), change in the shape of the cell as part of a maturational process 

(differentiation) or by functional changes to the cells (e.g. fluid production, surfactant 

production, intercellular matrix formation). Within these categories exist specific 

subsets, in particular, cell death is known to occur by two potential processes- 
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apoptosis and necrosis. 

Evidence for active proliferation and apoptosis in cells can be sought in a variety of 

ways. An attractive methodology is by the labelling of specific cells during 

immunohistochemistry with antibodies raised to Ki67 and activated caspase 3. These 

nuclear proteins are markers of proliferation and apoptosis respectively. 

I proposed that high oxygen tensions in my human fetal lung explant model lead to 

alterations in structure determined partly by alterations in the rate of apoptosis and 

proliferation in the epithelium and mesenchyme. 

Methods 

Tissue culture was carried out as described earlier (see Chapter 2, page 75). Samples 

were harvested 24 hours after establishment of culture (Day 1), and at 24, 48 and 72 

hours after placement in normoxic or hyperoxic conditions (N24, N48, N72 and H24, 

H48 and H72 respectively). 

Harvesting of samples 

For immunohistochemistry, samples were dissected from the collagen gel, and then 

dropped into 10% formaldehyde at 4
o
C for 24hrs. Subsequent to this, tissue was kept 

in 70% IMS until processing was possible. Paraffin embedding was carried out on my 

behalf by the Pathology Department at the Leicester Royal Infirmary. I cut paraffin 

embedded specimens into 4um sections using a microtome, as previously described 

(Chapter 2, page 80) 
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Immunostaining 

Paraffin tissue sections were immunostained with mouse anti-human Ki67 antibody 

(Pharmingen), and rabbit anti-human activated-caspase-3 antibody (R and D systems, 

UK). Methodology was as set out previously (page 80). Briefly, sections were 

deparaffinised in xylene, then rehydrated. Antigens were exposed using heated citric 

acid retrieval. Endogenous peroxidase was inhibited and non-specific binding sites 

were blocked with non-serum protein block. Slides were incubated overnight at 4
o
C 

with the primary antibody diluted in 0.05% bovine serum albumin/PBS at optimal 

dilution (Ki67 1:200 dilution, activated caspase-3 1:500). Thereafter the slides were 

washed and incubated for 30min in goat anti-mouse biotinylated secondary antibody 

(Sigma-Aldrich,Poole,UK B9904) diluted 1:250 (anti-rabbit secondary at 1:400 

dilution for activated-caspse-3). Sections were developed using avidin-biotin 

peroxidase (Vector ABC) and DAB chromagen (DAKO). Counterstain was with 

Ehlich’s haematoxylin. 

Image analysis 

Analysis of Ki67 and act-caspase-3 were both carried out in the same manner. All 

slides were blinded to the investigator by coded labelling. Each section had 8 

peripheral fields photographed digitally as previously described (see page 106) at 

x400 magnification. These images were then analysed using the QWIN imaging 

analysis program (Leica). 

For Ki67, a macro was written which initially detected all cells in the field of interest. 

The user was then invited to isolate those cells that were epithelial using a graphic 

tablet (airway map). The routine was thus able to count numbers of epithelial and 



 
134 

mesenchymal cells respectively. The program then detected all positively 

immunostained cells by detecting all brown-labelled cells. These were counted by the 

program and separated into epithelial and mesenchymal components using the 

previously laid out airway maps. This routine is provided in the appendix. 

For activated caspase-3, a similar routine was written for QWIN. This differed in that 

manual detection of positively labelled cells was conducted. This was performed so 

that cells that appeared to have lost normal cellular morphology were excluded, as 

were positive cells extruded from epithelium into the airway lumen. Lumen extruded 

cells and degraded cells were assumed to be cells that had undergone apoptosis, and 

not been cleared by phagocytic mechanisms. Thus selected cells were those assumed 

to be undergoing apoptosis. Again, this routine is provided in the appendix. 

Statistical analysis 

Comparisons between Day1, normoxia and hyperoxia exposed matched lung sections 

were made with the SPSS software package using Wilcoxon signed rank paired 

analysis for non-parametric data. Significance for two-tailed tests were set at p<0.05. 

Results 

Cell types 

The relative contribution by epithelial cells was similar in the day 1 [median 30% 

(IQR: 25-31%)] and normoxic tissues at 72 hours [29% (IQR: 26-34%)]. In contrast, 

the hyperoxic-exposed tissues were comprised of a higher percentage of epithelial 

cells [38% (IQR: 33-46%); p<0.05 when compared to day 1 and N72 conditions] (See  
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Figure 4.1: Analysis of the proportion of epithelial cells to total cells (epithelial + 

mesenchyme) shows in the fields analysed, a relative increase in epithelial cell numbers in 

tissue cultured in hyperoxic conditions. 
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Figure 4.1). 

Proliferation indices 

Inspection of tissue for Ki67 immunostaining inferred high rates of proliferation in 

both mesenchyme and epithelium in Day 1 tissue (Figure 4.2).  Normoxic and 

hyperoxic cultured tissue appeared to lose Ki67 reactivity in mesenchyme, although 

epithelium staining was maintained. Dilated airways in particular, had high rates of 

proliferation. 

The proportion of Ki67 immuno-reactive cells was higher in day 1 explants [12% 

(IQR: 9-15)] than in fetal lung explants maintained in culture for a further 72 hours in 

either normoxia [5% (IQR: 4.5-8)] or hyperoxia [8% (IQR: 5-11). These differences 

were not statistically significant however (n=6). 

Epithelial cells 

Analysis of epithelial cells showed that at Day 1 in culture, 13% (IQR: 9-16) of cells 

were positive for Ki67 (Figure 4.3). After a further 72 hours in culture in normoxic 

conditions, the median Ki67 index was 10% (IQR: 4-16). Culture in hyperoxic 

conditions for 72 hours maintained a median Ki67 index at 13% (IQR: 10-16%). 

These differences were small, and were not statistically significant. Thus culture in 

normoxia or hyperoxia had no discernible effect on epithelial cell proliferation in 

human lung explants.  

Mesenchyme cell 

At Day 1 in culture, 12% (IQR: 9-13%) of mesenchyme cells were positive for Ki67  
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Figure 4.2: Tissue stained for Ki67 shows Day 1 tissue (A) has proliferating cells in both 

epithelium and interstitium. In contrast, normoxia (B) and hyperoxia (C) cultured tissue has 

positively staining cells predominantly in the epithelium only. Bars represent 20 m 
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median values for n=6 sets of lungs). Culture in normoxia led to a reduction in Ki67 

index in all six pairs with a median value of 4% (IQR 2-5%) (p<0.05). Median 

proliferation index in hyperoxic tissue was 3% (IQR: 2-4), again statistically less than 

Day 1 proliferation results. There were no significant differences between normoxic 

and hyperoxic cultured rates of proliferation in mesenchyme tissues (Figure 4.3). 

Combined analysis 

Individual cell type proliferation indices were combined with cell type predominance 

to formulate a cell type specific proliferation graph (Figure 4.4). In this it can be seen 

that culture in normoxic conditions results in a decrease in overall proliferation over a 

72 hour period (12% to 5%). The predominant contributor to this decrease was in 

mesenchyme due to a reduction in proliferation in this cell compartment. The 

reduction in hyperoxic culture proliferation was less marked compared to Day 1 

cultured tissue, with an overall decrease from 12% to 8%. Mesenchyme proliferation 

was reduced; however, a relative reduction in mesenchyme cells in tissue reduced the 

overall effect. There was a relative increase in proliferating epithelial cells in tissue. 

This was due to a maintained epithelial proliferation index combined with a greater 

relative epithelial contribution to tissue.  

Overall, culture results in maintained epithelial proliferation, but reduction in 

mesenchyme proliferation. Culture in hyperoxia has a similar effect on proliferation, 

thus the relative changes in cell type under hyperoxic conditions are not due to 

differences in proliferation. 
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Figure 4.4: Overall rates of proliferation (epithelium and mesenchyme) tend to be lower in 

normoxic (N72) and hyperoxic (H72) tissue when compared to Day 1 tissue, however these 

differences are not significant (n=6). 

Figure 4.3: Culture in normoxic or hyperoxic conditions produces no significant change in proliferation 

rates in epithelial cells. However mesenchyme cells in both normoxia and hyperoxia explants display 

reduced proliferation when compared to Day 1 tissue (n=6). 
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Apoptotic indices 

General 

Inspection of tissue for activated caspase-3 staining shows obvious differences 

between normoxic and hyperoxic cultured tissue with significant staining present in 

the mesenchyme of hyperoxic cultured tissue (Figure 4.5). 

After 24 hours in culture, there was a relatively low level of apoptosis in the explant. 

Median number of cells that stained positively for activated-caspase-3 was 2% 

(IQR:1.6-4.8%) . Further culture in normoxic conditions for 72 hours, results in 4% 

median apoptotic index (IQR:4-4.6%) , however this result was not statistically 

significant. Alternative culture in hyperoxic conditions for 72 hours led to a greater 

increase in apoptosis to 9% (IQR: 5-12%). This was a statistically significant rise 

when compared to Day 1 samples (p<0.05) (n=6) (Figure 4.7). 

Epithelium 

Analysis of epithelial cells in culture show that at 24 hours in culture, 1% of cells 

were positive for activated-caspase-3 on immunocytochemistry (IQR:0.5-2.7%). 

Culture for a subsequent 72 hours in normoxia resulted in an increase in apoptotic 

index in 5 out of 6 tissue specimens. The median apoptotic index was 4.8% (IQR: 3.9-

5.6%) however, due to small numbers, this value was not statistically significant 

(Figure 4.6). 

Culture in hyperoxia for 72 hours resulted in a median apoptotic index of 2% 

(IQR:1.3-2.9%), not significantly different from Day 1 culture. Hyperoxic samples 
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Figure 4.5 : Tissue stained for activated caspase-3 showed occaisional apoptotic cells in the interstitium 

and epithelium in normoxic cultured tissue (N72) (A). Hyperoxia cultured tissue (H72) had numerous 

apoptotic cells within the interstitium (B). Bars represent 20mm  
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Figure 4.6: Epithelial apoptosis was unaffected by culture in normoxia (N72) or hyperoxia (H72). 

Interstitial apoptosis was increased in N72 tissue when compared to Day 1 tissue. H72 interstitium 

demonstrated a further increase in apoptosis (p<0.05). (n=6) 

 

Figure 4.7: Combined epithelial and mesenchyme indices demonstrate that apoptosis rates are 

highest in hyperoxic cultured lung (H72). This is mainly due to increased activated caspase-3 

activity in the mesenchyme (n=6)  

P<0.05 



 
143 

 

had fewer apoptotic cells than normoxic tissue in 5 out of 6 specimens. The difference 

between normoxia and hyperoxia was, again, not statistically different. 

Mesenchyme 

Apoptotic indices were similar in Day 1 cultured lung and 72 hours normoxic cultured 

lung (Medians 3% (IQR:2-5.5%) vs. 4.3% (IQR:4-4.6%) respectively, p=NS). Culture 

in hyperoxic conditions resulted in significantly higher apoptotic indices than both 

Day 1 tissue and normoxic 72 hours tissue, with a median of 11% (IQR: 7-15%) of 

cells undergoing active apoptosis (p<0.05) (n=6) (Figure 4.6). 

Combined apoptotic results 

It can be seen from the above results together with the graph derived from individual 

cell type proliferation indices combined with cell type predominance that explant 

culture results in an increase in apoptosis. This is contributed by slight increases in 

both epithelial and mesenchyme apoptosis.  

Hyperoxic culture apoptosis was significantly increased compared to both Day 1 

tissue and normoxic 72 hour cultured tissue (9% vs. 2% and 4% respectively). This 

was due to hyperoxia mediated mesenchyme apoptosis. Epithelial apoptosis was 

similar to normoxic culture conditions (Figure 4.7). 

Discussion 

My previous observations of dilatation of airway structures and regression of 

mesenchyme may reflect changes in the relative numbers of cells in each 
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compartment. The increased proportion of lung occupied by airway lumen in 

hyperoxic conditions may reflect excess epithelial proliferation relative to 

mesenchyme. In contrast an excess of mesenchyme cell loss may also result in this 

remodelling. My analysis provides evidence of both. 

Proliferation 

Using Ki67 as a marker of proliferation, I was able to demonstrate the effect of 

culture and hyperoxic conditions on proliferative rates in both epithelial cells and 

mesenchyme cells. There was an overall decrease in proliferating cells during explant 

culture from Day 1 samples. The effects of normoxic culture where analysed 

according to cell type demonstrating that there was a significant decrease in 

proliferation in the mesenchyme compartment, but that epithelial proliferation was 

preserved. The addition of hyperoxic conditions to culture had no discernible effect on 

proliferation indices in either compartment. In discussing this I shall relate these 

findings to those from related studies whilst considering the overall role of 

proliferation in lung development and attempt to justify my methodology of 

assessment of proliferation. 

The presence of Ki67, was used to denote cell proliferation. This nuclear antigen is 

expressed in cycling cells outside the G0 phase
190

 and its presence is necessary for 

proliferation to proceed
191

. Its short half-life means that arrest of the cell cycle at the 

G1/S interface, described under hyperoxic conditions
147

, would result in loss of signal. 

The use of Ki67 to denote proliferating cells is but one of a number of techniques 

available to this end. Alternative methods such as PCNA staining and thymidine 

uptake have been discussed in the Introduction (page 26). The use of Ki67 or PCNA 
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have the advantage that they do not require addition during the culture process, thus 

enabling post-hoc analysis of tissue. They are also independent of timing artefact. 

Hence, delay of harvesting of explants after addition of thymidine, leads to an 

increased prevalence of positive staining cells; whereas Ki67 staining reflect 

proliferation rates at the point of tissue harvesting and fixation. A strength of 

thymidine uptake staining is that that the marker is not specific to particular aspects of 

the cell cycle, and therefore will not miss cells about to commence or just completing 

mitosis. I chose not to use this technique however as I was unsure of the ability of 

thymidine to diffuse freely through the collagen based gel culture medium into the 

tissue. Similarly, diffusion of the markers throughout the tissue evenly could not be 

guaranteed making proliferation rate comparisons between the centre of the tissue and 

the periphery unreliable should that become a proposed outcome. The use of Ki67 

over PCNA was preferred after trial staining for both antibodies on samples tissue 

specimens. I determined a very low positive staining of cells using PCNA on paraffin 

embedded, fixed tissue. Using Ki67 staining revealed specific cell staining with low 

background noise and reproducible results. 

Effect of cell and tissue culture on proliferation 

I found in my experiments that rates of proliferation appeared to alter from baseline 

within my control environment (normoxia). In determining the effect of oxygen 

tension on proliferation rates in culture material, I need first to recognise that other 

factors inherent in culture methodology may alter the tendency of cells to undergo 

division. I noted earlier that May
24

 used stillborn fetuses as controls for the 

assessment of proliferation in ventilated preterm infants. Approximately 2/1000 cells 

stained positive for Ki67 between 22 and 36 weeks gestation, although no comment 
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was made regarding the location of these cells. This is far lower than the baseline 

proliferative rate in my pseudoglandular explant lung (12% of all cells at Day 1 

culture). Although the data is not provided in this thesis, staining of preculture 

pseudoglandular tissue was carried out a part of control immunohistochemical 

evaluation. Rates of proliferation appeared at least as high as at Day 1 culture, 

supporting the premise that proliferation is most active in the early stages of lung 

development, then reduces during the saccular and subsequent stages. 

Although epithelial cells in my lung tissue did not demonstrate altered rates of 

proliferation after 3 days of culture when compared to after overnight culture had 

been established, I found that mesenchyme tissue showed a significant reduction in 

proliferation when compared to baseline conditions (4% and 12% percent of total 

mesenchyme cells positive for Ki67 respectively). 

A number of factors inherent to the culture environment may be responsible for this 

decrease. 

Jyonouchi’s experiment with small airway epithelial cells
18

 showed that degree of cell 

density in cell culture could affect proliferation rates as demonstrated by thymidine 

incorporation. Confluence of cells resulted in proliferation rates to approximately one 

third that found in subconfluent cultures. My culture methodology did not result in 

increased cell density when compared to baseline conditions and thus I do not believe 

this was a major contributor to my observations. 

The use of a gel matrix as opposed to standard plate culture enables a 3D cell culture 

environment rather than the traditional 2D model. Mio
165

 looked at proliferation rates 

of fibroblasts in either methodology and found significant reduction in proliferation in 
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the 3D matrix with reduced responses to a number of mitogens, although not to all. It 

is unclear whether this effect is due to the immersion of the cells in a collagen based 

solution
192 193

. In my model however, the 3d environment is a continuation of the in 

vivo state of the tissue and only the surface of the tissue is in contact with the collagen 

based semi-solid gel. It is thus unlikely that this itself leads to the reduced 

mesenchyme proliferation seen. 

Use of growth factors or serum in culture experiments has been extensively 

investigated to determine effects on proliferation response. In the majority of the time, 

the aim of the experiment is to indicate the effect of the hormone/factor on cell 

responses, however at times differing use of factors are utilised to improve culture 

methodology. The use of serum, particularly from fetal animals, is often used to 

promote proliferation in cells within a culture system as it is believed to be replete in 

all the major growth factors
194-196

. Where individual factors are the subject of interest 

pertaining to their role in maintaining cultured cells or inducing proliferation, these 

factors can then be added to serum-free media and their effect analysed. Those factors 

that have been determined to be most important in cell culture include growth factors 

such as insulin like growth factors (IGF) and fibroblast growth factors
197 198

, 

hormones such as corticosteroids
199

, and cytokines such as TGF-beta
200 201

. 

Effect of lung injury and hyperoxia on proliferation 

Our research concluded that hyperoxia had no additional effect on proliferation rates 

in fetal lung explant cultures when compared to normoxic conditions. This pertained 

both to the epithelial and mesenchyme cell compartments. These findings contrast 

with and should be interpreted alongside a number of conflicting results in the 
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literature. 

Studies in historical human subjects looking at proliferative responses in hyperoxia 

exposure are scant. May et al
24

 examined post-mortem specimens from stillborn 

infants and compared these with infants born prematurely who succumbed after 

ventilation in supplemental oxygen. Using Ki67 to identify proliferating cells, and 

double labelling with cytokeratin to subgroup cells into epithelium and mesenchyme, 

there was found to be a doubling of proliferation rates in lungs from ventilated babies 

when compared to stillborn controls. This effect appeared to be time-dependant with a 

greater increase in proliferation in those lungs where ventilation was prolonged before 

death. The alterations appeared to be distributed between both epithelium and 

parenchyma, although data is not provided to support this observation.  This therefore 

contrasts with my findings where I could not demonstrate an oxygen effect. 

Animal studies provide a relatively controllable environment when compared to 

retrospective human studies. Warner et al
68

 examined the effect of prolonged 

hyperoxia (85% oxygen for upto 28 days) on proliferative responses assessed using 

BrdU incorporation. Cell type was not identified in this study, but it was noted that 

when compared to controls, there was an acute depression of proliferation rates, but 

that this normalised over the 4 weeks of exposure. Maniscalco et al
202

 carried out 

similar experiments but utilised premature baboons. These animals have become 

accepted as the gold standard for animal models of ‘human CLD’, but are seldom 

used due to their difficulty in acquisition and maintenance in experimental 

laboratories, together with the significant expense associated with their use. Exposure 

of preterm baboons to oxygen concentrations of approximately 40% for prolonged 

periods (upto 21 days). Once again, as seen in the Warner paper, proliferative 
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responses were time dependant. Over the first two weeks of exposure, marked 

increase in proliferation was noted in the epithelial compartment. Continued exposure 

however results in suppression of proliferation of epithelium with concurrent 

increased proliferation in the mesenchyme. Thus in these two species there was a very 

different response to hyperoxia where one had a depressed rate of cell division 

whereas the other had a marked increase. Although this might represent differing 

species specific responses, it may well be that this represents responses to differing 

oxygen tensions. 

Pandya
17

 demonstrated, as if to illustrate this point, that degree of oxygen tension can 

influence proliferative responses in cultured smooth muscle cells. Using a series of 

oxygen tensions ranging from 5 to 50kPa, they assessed proliferation by a number of 

methods including direct cell counts, assessment of DNA synthesis and the 

mitochondrial mediated reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium
 

bromide). A bell shaped curve was demonstrated with 

proliferation of cells being most prolific at approximately 10kPa, and with a gradual 

tapering away of rates as oxygen tensions either increased or decreased in each 

direction. Hence, it could be postulated that differences in proliferation in the varying 

experiments may reflect differing degrees of hyperoxia, and potentially differing 

sensitivities to these tensions in the various species. An additional finding of this 

paper was the demonstration that these oxygen related proliferative responses were 

dependant on the presence of certain growth factors, namely fibroblast growth factor, 

platelet derived growth factor and fetal bovine serum. This last point had been 

discussed in the previous section, but reminds us that the degree of maturity of the 

experimental subject may influence the outcome of a study in that growth factors are 
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highly abundant in the fetus when compared to the full term of adult animal. 

In contrast to Pandya’s experiments with cells of mesenchymal origin (smooth muscle 

cells), Jyonouchi’s
18

 exposure of small airway epithelial cells to hyperoxic conditions 

(95% oxygen) demonstrated a suppression effect of hyperoxia on proliferation when 

compared to 21% oxygen when assessed by thymidine uptake. 

Finally, work with rat explant cultures by Chetty and Nielsen
203

 also analysed the 

effect of hyperoxia on cell proliferation. Utilising whole lung explants from neonatal, 

rats it was determined that the observed increase in cell proliferation was in part 

mediated by the increased expression of Insulin-like Growth Factor-1 within the 

airway epithelial cells. This was corroborated by the addition of anti-IGF antibody to 

the feeding medium, which reduced the uptake of thymidine when hyperoxic 

conditions were introduced. 

It can this be seen that proliferative responses of lung tissue to hyperoxia is not 

entirely straightforward. The literature has demonstrated that epithelium and 

mesenchyme have potentially independent responses to this stimulus; however these 

responses are inconsistent and appear to be dependant on secondary factors. These 

include the nature of the model i.e. cell culture, explant culture or in vivo studies. 

Presence of serum or growth factors may have a permissible effect of oxygen tension 

within a lung model, and by inference, the maturity of the subject thus becomes an 

important factor due to the gestation dependant presence of growth factors within 

serum. Of particular interest is the observation that oxygen tension does not have a 

linear response as shown by Pandya, but more a bell-shaped response, at least when 

studies in airway smooth muscle cells. Linked to this is the knowledge that even my 
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and others’ definitions of a ‘normoxic’ model, do in fact constitute another less-

extreme form of hyperoxia when compared to the fetal hypoxic environment. This 

may go some of the way to explain why I was able to demonstrate a suppression of 

proliferation in mesenchyme both in normoxia and hyperoxia branches of my 

experiments. 

Apoptosis 

Our analysis of apoptosis was performed using immunodetection of activated caspase-

3. Using this technique, I demonstrated that culture under normoxic conditions 

maintained rates of apoptosis both in epithelium and interstitium. Hyperoxia had no 

influence on apoptosis rates in epithelial cells, however there was a marked increase 

in mesenchyme apoptosis. I have therefore demonstrated that these two cell types 

have differing apoptotic responses to hyperoxia. In discussing this observation, I shall 

examine the role apoptosis has in normal lung development, abnormal lung 

development, and analyse the mechanisms by which oxygen may influence this 

process in cell populations. 

Evidence for a role for hyperoxia in regulation of apoptosis 

That hyperoxia per se can lead to cell death has long been recognized. Oxygen 

toxicity has a dose dependant effect, which is correlated to both duration of exposure 

and concentration of oxygen. Indeed, 21% oxygen itself has oxidizing properties that 

cells have evolved antioxidant defences to.  

In 1975, Bonikos
49

 investigated the effects of 100% oxygen on newborn mice. There 

was a survival of 75% of animals by 7 days of life after continuous exposure to the 
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oxygen. Death when it occurred was generally between days 3 and 4 with a clinical 

picture compatible with pulmonary oedema and pulmonary haemorrhage. Cell death 

was not characterised into either apoptosis or necrosis as detection of the former was 

not widespread in laboratory practice. 

The pathways to cell death were more closely characterised by Barazzone et al with 

the exposure of newborn mice to 100% oxygen for 4 days
20

. The awareness of cell 

death by both necrosis and apoptosis was closely analysed to define which of the two 

pathways were seen in the lung, and strategies to block aspects of apoptotic signalling 

were attempted. Apoptosis was identified using TUNEL staining, and indirect 

quantification obtained by electrophoretic DNA laddering. Necrosis was sought by the 

appearance of smearing in the electrophoretic DNA fields. Although hyperoxia 

resulted in increased frequency of apoptosis and necrosis, there were conflicting 

results when analysing the signalling pathways of apoptosis. The promotors of 

apoptosis p53 and bax were increased manifold, however the Fas pathway appeared 

not to be involved, as demonstrated by only a small increase in Fas mRNA levels, no 

alteration in Fas ligand, and the observation that Fas null mice had equivalent if not 

greater amounts of cell damage in response to hyperoxia. More unusually, the 

executioners of apoptosis i.e. the caspases (namely caspase 3) did not appear to be 

increased in hyperoxic subjects when protein extracts were assayed for these 

proteases. Thus although apoptosis could be demonstrated, the pathways remained 

obscure during these experiments. 

Thus, although in vivo experiments demonstrate evidence for apoptosis in response to 

hyperoxia, there is some difficulty elucidating the pathways involved, and the teasing 

out of apoptosis from necrosis. It is with in vitro studies that the mechanisms involved 



 
153 

in hyperoxic cell death become clearer. 

Cell culture with lung cell lines is established primarily with epithelial cells, 

fibroblasts and smooth muscle cells. Although the effects of hyperoxia on smooth 

muscle cells in culture have demonstrated altered rates of proliferation
17

, apoptosis in 

these cells have not been characterised clearly. 

Epithelium is difficult to culture, thus much of the work carried out with these cells 

has been performed with the easier to culture adenocarcinomatous cells such as the 

A549 cell line. Work with the A549 cell line has demonstrated cell death in response 

to hyperoxia via necrosis primarily. When used as a control cell line for experiments 

on human small airway epithelial cells (SAE’s) 
18

, it was noted that the SAE’s had a 

more pronounced apoptosis response. Necrosis in these epithelial cells was noted to 

be minimal despite environmental oxygen conditions. In these experiments, necrosis 

was assessed primarily by lactate dehydrogenase (LDH) levels in supernatant, and 

apoptosis by nuclear morphology on light microscopy or by TUNEL staining. In 

addition, it was found that the apoptosis induced by hyperoxia in these SAE cells 

could be reduced by the administration of either Vitamin C or Vitamin E. Both of 

these agents act as antioxidants, thus it is inferred that hyperoxia induces apoptosis via 

the generation of Reactive Oxidant Species (ROS), also known as Reactive Oxidant 

Intermediates dependant on the specific agent and the group describing them. 

It can thus be seen that exposure to increased oxygen concentrations can result in 

increased rates of apoptosis in lung independent of the effects of preterm delivery. 

This phenomenon is dependant on the type of cell being utilised and the specific 

source of the cell e.g. adenocarcinomatous epithelial cells versus small airway 
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epithelial cells. 

The pathways by which apoptosis is induced have been partially discussed here, 

however I now wish to consider the mechanisms by which hyperoxia or oxidant stress 

each effect apoptosis and whether they act independently or through each other. 

The role of oxidant stress in apoptosis 

I did not attempt to quantify the degree of oxidant stress within my model. However, I 

bore in mind that the role of ROS has in regulating cell death is extremely complex. 

The mechanism by which hyperoxia is believed to exert its toxic effects is by the 

generation of excess ROS in cells, which then act as the mediators of injury and 

intracellular signalling activation
69

. 

The specific role of these ROS have been examined in hyperoxic lung injury as there 

are many different species, and these may have differing modes of action. In 

particular, from a pharmaco-therapeutic standpoint, each may have its own specific 

intervention in an attempt to reduce the effects of this injury in humans. 

The finding of DNA fragmentation in cells exposed to hyperoxia can be explained by 

two mechanisms. The first is that the direct oxidative damage to cellular DNA can 

subsequently lead to cell death without apoptosis, but that the DNA nicking associated 

with this damage can be misinterpreted as apoptosis on TUNEL staining. 

Alternatively, the generation of ROS leads to oxidative damage to the mitochondria 

amongst other organelles, leading to intrinsic apoptotic pathways being activated. It is 

believed that the oxidation of mitochondrial pores by ROS contribute to cytochrome c 

release by disrupting the mitochondrial membrane potential
204

. This apoptotic 

pathway can be potentially exaggerated by upregulation of TNF expression as part of 
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an inflammatory response to hyperoxia, leading to signalling in the extrinsic apoptotic 

pathways. 

Auten et al
205

 in 2001 investigated these alternatives in their hyperoxia injury 

newborn rat lung model. By exposing these animals to 95% oxygen for the first 8 

days of life and comparing with controls, a basic comparison of hyperoxic lung injury 

was possible. This was taken further by the administration to some of these animals of 

anti-cytokine-induced neutrophil chemoattractant (CINC) in an attempt to block 

neutrophil recruitment. It is the recruitment of these cells that is a major player in the 

establishment of inflammation and these cells are a rich (and probably prime) source 

of ROS. Their finding that hyperoxia resulted in increased rates of TUNEL positive 

staining in tissue implied initially that apoptosis was being observed, and that 

administration of anti-CINC prevented this apoptotic response. Concomitant staining 

was carried out for other markers of apoptosis in particular bax, bcl-2, and M30. M30 

is a very specific marker looking for digestion of cytokeratin 18 that occurs by 

caspase 6 during epithelial cell apoptosis. The observation that these latter markers of 

apoptotic activity were unchanged during hyperoxic lung damage led them to believe 

that the change observed during TUNEL staining was secondary to oxidation damage 

of DNA rather than actual apoptosis. This therefore implies that the generation of 

ROS by hyperoxia is not the driving agent of in vivo apoptosis, and indeed that 

apoptosis has not been satisfactorily demonstrated in their model. 

Similar hypothesises were tested by Budinger et al
206

 on an in vitro model of 

hyperoxic injury of fibroblasts. They were able to demonstrate apoptosis in response 

to hyperoxia in a culture model of rat fibroblasts as determined by activation of 

caspase-9, nuclear fragmentation, and release of cytochrome c. These changes were 
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prevented by over-expression of bcl-xl (an antagonist of apoptosis), and by the use of 

bax or bak null rat fibroblasts (both of which are agonists in intrinsic apoptotic 

pathways).  A variety of antioxidants were unable to prevent the apoptotic response, 

however the use of human fibrosarcoma cells lacking mitochondrial DNA, and thus 

unable to generate ROS under hyperoxic exposure, did not undergo apoptosis.  

Thus I note contrasting findings in the investigation of the role of ROS in inducing 

hyperoxic mediated apoptosis. Some of this confusion may be explained by the 

differences noted between in vivo and in vitro apoptosis detection. The main evidence 

for apoptosis in cells where multiple agents have been used to identify this form of 

cell death have come in studies involving cell culture. Far greater difficulty has been 

encountered in the investigation of apoptosis in in vivo models. This has now led to 

greater support for the belief that apoptosis as a ‘pure’ mechanism for cell death does 

not exist in the in vivo environment. Instead, it is postulated that cell death is not 

either necrosis or apoptosis, but these are extremes on a spectrum of cell death and 

that most cells die somewhere along this spectrum by a process coined 

‘necroptosis’
207

. 

Also providing an explanation for these contrasts are the observations that ROS may 

have does dependant effects in governing apoptosis. Although they have a role in the 

signalling that enables apoptosis, they may also have an antiapoptotic effect
208

. 

To add even more confusion to this arena, is the alternative hypothesis that ROS are 

the prime instigators of apoptosis, and that hyperoxia, whilst in itself causing non-

apoptotic cell death, can inhibit subsequent ROS mediated cell death in cells. Franek 

et al
209

 pre-exposed lung epithelial cells (A549 adenocarcinoma) to 95% oxygen 
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before exposing the same cells to lethal doses of the oxidants hydrogen peroxide. The 

results demonstrated that hyperoxic pre-exposure protected the cells from apoptosis 

and was presumed to be secondary to a noted activation of NF B. This transcription 

factor has been shown to protect cells from apoptosis by regulating bcl-2 proteins and 

caspases themselves
210 211

.  

In considering antiapoptotic strategies, attention has focussed on antioxidants. 

Catalase is a potent antioxidant enzyme present in the cellular peroxisomes which acts 

to convert hydrogen peroxide to water and molecular oxygen without the formation of 

radicals. The addition of catalase to neutrophils reduced rates of spontaneous 

apoptosis, and reduced the apoptotic effects of supplementary hydrogen peroxide
212

. 

Glutathione is an intracellular antioxidant and has been to shown to prevent fas 

receptor mediated apoptosis in cells whose glutathione concentrations have been 

augmented by strategies such as exogenous supplementation or by the addition of N-

acetylcysteine
213

. 

In summary, excessive production of Reactive Oxygen Species is likely to be 

responsible for causing apoptosis in cells, either when administered or when produced 

endogenously by the injured mitochondria. These same species however have a role to 

play in normal intracellular signalling and can inhibit apoptosis under the tight 

circumstances, probably via activation of NF B. Whether hyperoxia causes cell death 

by causing increased generation of these ROS in cells, or by the oxidative damage to 

DNA it directly causes is dependant on the type of cells, whether the model is in vivo 

or in vitro and may not be of a clear-cut apoptotic process. 

Our attempts at detection of apoptosis had varying results. Initial attempts were made 
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using TUNEL staining on paraffin embedded histological sections. Although test 

specimens that were cytological rather than histological produced good results with 

differentiation of positive control cells from normal cells, I found that staining of my 

tissue was problematic in interpretation. The brown staining indicative of cleaved 

DNA was not only found in nuclei, but significant staining was found dispersed 

throughout the extracellular matrix, and some associated with damaged or smeared 

cells. my interpretation was that some necrotic cells were staining positively as has 

been described, and that cells that had undergone lysis has spilled contents into the 

surrounding area making differentiation of positive and negative cells difficult. 

Bax staining was again successful with positive control sections for which I utilised 

bowel carcinoma tissue. Here staining was discrete and easily identifiable, but was not 

reproducible on explant lung tissue sections. It is possible that bax staining was not 

positive as this was not the augmented pathway, however it would be surprising if the 

intrinsic pathway was not utilised in my model. The likelihood of mitochondrial 

damage as being the mechanism of cell damage is far more likely in the hyperoxic 

environment than the extracellular signalling that would be required for cell receptor 

induction of apoptosis. This is all the more likely in a model where signalling was 

restricted to cell-cell direct interactions as I did not have a functional circulation in my 

tissue.  

Other potential causes for apoptosis 

The assumption during my investigations was that the differences seen between the 

control specimens and the hyperoxia exposed specimens implicated oxygen tension as 

the culprit for apoptosis. However it must be bourn that I witnessed relatively high 

rates of apoptosis in my tissue when compared to reported in vivo lung from 
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stillborn infants. It may therefore be that the apoptotic rates were superimposed on an 

environment conducive to proapoptosis.  

Raff
183

 recognised that apoptosis was the default pathway taken by cells if specific 

survival factors were absent from their environment. I have already reported that 

previous work with organ culture has shown many of the morphological changes I 

have described in hyperoxic conditions have occurred but at relatively low oxygen 

tensions (21% oxygen).  What is noted is that all these experiments were carried out 

with culture media that was not supplemented with serum.
35 160 162 163

 

Serum has been recognised as possessing factors that impair apoptosis in culture, 

providing a rich source of various growth factors which may have specific effects on 

the maturation or differentiation of the various cell types within culture
214-218

. I 

believe my inclusion of serum within my culture medium enabled my explants to 

relatively maintain their preculture characteristics under normoxic conditions, and it is 

this that allowed us to examine the effects of hyperoxia independently of this serum 

effect.  

In summary, my work looking at the contribution of apoptosis to the changes seen 

within my hyperoxic lung culture model appear to confirm that hyperoxia induces a 

‘wave’ of apoptosis, limited to the mesenchyme compartment and that this is in part 

responsible for the regression of this compartment that I have noted. I have provided 

evidence that confirms that oxygen has been recognised as a factor that can induce 

apoptosis by a number of mechanisms. I have also explained that apoptosis can be 

found in a number of biological scenarios. This observation is found in acute lung 

injury
20

, as a prelude to chronic lung injury
36

, and is also recognised as a part of 
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normal
31

 and accelerated lung development after delivery
34 35

. 

I suggest that apoptosis induced during acute lung injury is reactive, and that the 

apoptosis seen in accelerated lung development is adaptive, enabling the preterm 

infant more effectively exchange gas via loss of mesenchyme. Both are contributors to 

the process of CLD where even in the absence of obvious acute lung injury, I note the 

development of maldeveloped lungs in extremely preterm infants. I believe my 

explant model of hyperoxia may represent aspects of both ALI and acceleration, 

particularly by reference to the findings in the vascular compartment in Chapter 3. 
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Chapter Five:  

Technical considerations 
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A number of difficulties were encountered whilst refining the methodologies for 

morphometric analysis of immunohistologically stained explant tissue sections. I shall 

consider the preparation of the stained sections and the analysis of these samples 

separately. In doing so I shall discuss the basis for these techniques and my choice of 

specific variants. 

Immunohistochemistry 

Specific difficulties 

During the development of my culture methodology, I decided that tissue samples 

should be frozen after harvesting for subsequent analysis. I had initially considered 

that immunohistochemistry of frozen tissues would be advantageous. Frozen tissue 

requires minimal antigen retrieval to locate the antigen of interest using commercial 

antibodies. The fixation of tissue for paraffin embedding, using formaldehyde, 

produces cross-linking between neighbouring proteins. While formaldehyde fixation 

of tissue provides structural stability over prolonged period of time, the treatment of 

this tissue to reveal these antigens may damage the cellular structure of the sections. 

Unfortunately, I encountered a number of difficulties with frozen specimens. 

Sectioning of tissue samples was particularly difficult. A cryotome was utilized for 

the purpose, a specialized apparatus for sectioning frozen specimens. These have a 

minimum section depth of 10 m to achieve a degree of reliability in sectioning. Any 

thinner than this resulted in the majority of sections tearing. This depth produced a 

high degree of cell overlap on microscopy making morphometric analysis of sections 



 
163 

more difficult. I generally found sectioning of tissue to be slow and unreliable and a 

significant percentage of harvested material was discarded due to poor quality. The 

quality of sections was far better with paraffin embedded tissue, and serial sections 

were more likely to be achieved using this methodology. 

The next difficulty arose with immunostaining. Although, in theory, 

immunocytochemistry of frozen tissue should be simpler than with paraffin-embedded 

tissue, many antibody manufacturers had developed antibodies to specifically work on 

these latter tissues. Cross reactivity with frozen specimens was sub optimal in these 

scenarios. Thus after some months utilizing frozen specimens, I changed my 

methodology to utilize fixed, paraffin embedded tissue. 

Theory of immunohistochemistry 

The procedure of immunohistochemistry (IHC) has become an invaluable technique 

for researchers interested in tissue structure. This process utilises antibodies raised to 

specific structural proteins, to denote their presence in histological specimens
219

. 

Basic histology has traditionally relied on histochemistry. This takes advantage of 

certain tissues or cellular structures to have differing affinities to various dyes. The 

widely used haematoxylin and eosin technique depends on the acidophilic properties 

of haematoxylin. This blue dye thus labels cellular nuclear structures. In contrast, the 

pink dye eosin has basophilic tendencies, staining cytoplasmic structures and, to a 

lesser extent, intercellular matrix. This enables histologists to examine the structure 

and organisation of tissues and still forms the basis of most clinical histology. 
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Primary antibody 

More detailed analysis of tissues became possible with the advent of labelled 

antibodies. These were made to bind to specific proteins to which they had been 

raised. Polyclonal antibodies are produced by the injecting of antigen into an animal 

differing from the species responsible for the antigen e.g. injecting fragments of 

recombinant human actin into mice. The blood from these mice is then removed and 

plasmapheresed to remove the large amount of anti-actin antibody produced as part of 

an immune response. 

Monoclonal antibodies bind to a very specific epitope on the chosen antigen. This is 

carried out by the use of recombinant technology to fuse plasma cells with tumour 

cells. These plasma cells are preselected for their production of specific antibodies, 

and injecting these rapidly dividing cells into the peritoneum of mice. These then 

rapidly divide producing large amounts of ascitic fluid rich in this antibody. 

The decision to use monoclonal or polyclonal antibodies is dependant on their 

individual advantages. Monoclonal antibodies compete for a single epitope on an 

antigen but are raised to predetermined polypeptides, which are highly specific, 

reducing non-specific binding. Polyclonal antibodies may bind to a number of sites on 

an antigen, thus amplifying the resultant signal. This increases the sensitivity of the 

antibody, but may reduce specificity. 

Specific antibody binding is carried out by a specialised end-portion of the molecule 

known as Fab (Fragment ab). Fragment c (Fc) provides the structural backbone of the 

antibody protein. Although affinity for binding is greatest between the Fab portion 

and the matched antigen, there is also a low affinity binding between Fab segments 
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and non-antigenic substances. This binding is known as non-specific binding, and 

impairs the localisation of antibody to the molecules of interest. 

Attempting to occupy the areas on a slide that have a protein affinity can decrease 

non-specific binding. Hence, before the addition of primary antibody to a section, a 

binding protein is applied. This may comprise a solution based on the casein protein. 

This is commercially available as a protein blocker. 

Experimentation has shown that further reduction in non-specific binding can be 

encouraged by bringing utilising antibody at cool temperatures (4
o
C) for long periods 

of time-usually overnight. I utilised this technique throughout my experiments. 

Antigen retrieval 

To be able to bind to antigen, there needs to be adequate exposure of the antigen to 

the environment. In frozen sections, this is rarely a problem, however, the fixation 

involved in formalin fixed, paraffin embedded tissue results in crosslinking of 

proteins. This effectively masks the antigen of interest preventing combination with 

antibody. 

The process of unmasking antigens is termed antigen retrieval, and a number of 

techniques are utilised, each being particularly suited to specific tissues and antigens. 

These include the use of proteases such as trypsin to partly digest proteins and break 

the disulphide bonds that crosslink differing proteins as part of the fixation process. 

Excessive digestion results in loss of antigenicity and may reduce specificity of 

antibody binding. I attempted the use of protease antigen retrieval early in my 

endeavours, and found that excessive degrees of background staining resulted 
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preventing us from clearly defining the tissues of interest. 

Heat has been found to unmask proteins by breaking crosslinks. This is optimally 

achieved with the use of a pressure cooker to reach temperatures above 100
o
C. 

Immersion of tissue sections in buffered citric acid acts synergistically for antigens 

that are particularly difficult to expose, often by nature of their intercellular location. 

It was by the use of a microwavable pressure cooker enabling us to achieve 

temperatures of 120
o
C whilst immersed in buffered citric acid that I was able to 

achieve optimal staining for CD31
139

. I first utilised this method after communicating 

with a number of different investigators in this field. I are grateful to Dr Alison Hislop 

and Dr Su Hall at the Institute for Child Health in London who permitted me to visit 

their laboratory and carry out test staining of my tissue with their protocol and 

equipment. After successfully carrying out this test run, I subsequently applied this 

method to all my immunohistochemical staining using similar equipment in my own 

laboratory. It must be emphasised that the pressure cooker utilised is of porcelain clay 

to allow its use in a microwave, as opposed to the traditional steel pressure cookers. 

Secondary antibody and substrate visualisation 

To be able to visualise bound antibodies, they need to possess a label, which can 

produce or induce a colour response. Primary antibodies are available which possess 

these properties; however the use of secondary antibodies is favoured. 

Secondary antibodies are polyclonal antibodies raised by the injection of 

immunoglobulin of one species into another. The host species thus produces an 

antibody pool that has a high affinity for the antibodies of the other species. By 
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injecting antibodies from the species responsible for the primary antibody, the 

resultant secondary antibody is produced. 

Commercial secondary antibodies are linked to a label, most commonly the biotin 

molecule. This protein is used for its recognised prodigious affinity for the avidin 

protein. Target substances can subsequently be directed to secondary antibodies by 

combining them with avidin. The target substances in question possess properties 

allowing visualise the protein-antibody complex. 

The combination of avidin with the enzyme peroxidase is the most commonly used 

enzymatic agent in immunohistochemistry. The peroxidase enzyme catalyses a colour 

change in the 3,3-diaminobenzidine (DAB) molecule. It is this substrate which, when 

finally added to the tissue section, is converted to a brown pigment which can then be 

seen by light microscopy.  

Counterstain 

In the majority of scenarios, the localisation of a protein by ‘DAB-brown’ reveals 

little information unless the background tissue can be seen for contrast. For this 

reason, a counterstain is used which identifies the tissue structure without masking the 

‘DAB-brown’. I have utilised the haematoxylin stain for this purpose, due to excellent 

differentiation from brown. 

Haematoxylin stains are available in a number of differing forms e.g. Ehrlichs’s, 

Mayer’s and Harris’. These are divided into two main groups, the progressive stains 

and the regressive stains. The progressive stains of which Mayer’s is one of the most 

popular have a high specificity for nuclear structures and not having a tendency to 



 
168 

over stain tissues, but have the disadvantage of requiring a long period of time before 

optimal staining is achieved. Regressive stains have a much more rapid action but in 

doing so may over stain tissue, and may not selectively stain the nuclei with blue 

staining occurring elsewhere
220

. For this reason, regressive stains such as Ehrlich’s, 

required differentiation where after briefly placing in the haematoxylin for a few 

seconds, the section is the briefly dipped in and acid alcohol solution which removes 

the excess stain from unwanted regions. This permits a much faster optimal result 

when compared to progressive stains. I utilised both techniques, but found that the 

regressive staining method achieved with Ehrlich’s solution produced a lighter more 

distinct result enabling easier cell counts to be carried out, and optimised computer 

differentiation of blue counterstain from brown immunolabelling. For optimal results 

with Ehlich’s stain, the process of blueing must be carried out at the end of the 

process by placing the slides in tap water for unto five minutes, changing the acid 

mediated reddening of the stain back to a blue.  

Controls 

The success of immunohistochemistry can be relatively easy to assess when a protein 

is searched for that has well defined spatial characteristics. For example, cytokeratin 

is known to reside exclusively within the cell structure of epithelial cells. One can 

therefore be assured that an immunohistochemical procedure has been successful 

when the cell lining of airway structures are exclusively dyed. If however, one is 

studying tissues where the cells of interest are not easily discernible from other cell 

types, it is more difficult to assess if the highlighted cells are indeed correct for 

example when looking for surfactant producing cells in tissue where they would not 

necessarily be expected to exist such as pseudoglandular lung. For this reason, 
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positive controls are included within studies. Positive control slides are sections of 

tissue where, in this example, the cell of interest is easily recognisable and expected to 

be found e.g. surfactant producing pneumocytes in adult lung. This provides 

confidence that the procedure has been successful, and the cells denoted brown in the 

study sample are those being sought out. The use of positive controls reduces the 

possibility of false negative staining in a tissue. 

A number of positive controls are available for each antibody type. Some may need to 

be generated by the investigator. For example, when staining tissue for markers of 

apoptosis, positive controls are generated by treating a tissue sample with agents that 

induce apoptotic change in large numbers of cells.  This is important since the study 

tissue may have infrequent cells of this nature. Thus, if the control tissue has 

numerous positively stained cells, but the study tissue has none, it is more likely the 

result is valid, rather than a particular step in the process having been omitted. 

Similarly, negative controls need to be generated to ensure the brown stain detected is 

not an artefact due to false positive staining. It is possible that a primary antibody may 

bind to a substrate that is not the protein of interest; this is investigated by utilising 

this primary antibody on tissue where this protein should not be present, once again 

by staining a control slide of human colon for surfactant, positive staining should not 

be seen at all. If present, this leads the researcher down an investigative pathway as 

the staining may be due to primary antibody cross reactivity, or due to non specific 

binding by other elements in the process such as the secondary antibody. I repeatedly 

used positive and negative controls in my work, in particular to optimise the 

concentration of the antibodies utilised. Excess concentration of an antibody would 

lead to false positive staining where a tissue could look universally brown, or where 
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too dilute a antibody concentration, too short an incubation time or inadequate antigen 

retrieval resulted in a false negative result. 

Overall, the process of immunohistochemistry proved to be initially easy to learn as a 

process when commencing with a protein easily detectable e.g. actin, but proved to be 

a major challenge with utilisation of excessive time and materials when the proteins of 

interest were more difficult to stain adequately. I have found the experience of the 

problem solving process itself invaluable however and am confident that I will be able 

to apply this process to future research with a determined, logical and analytical 

approach. 

Image analysis 

When carrying out investigations that produce a visual result, in contrast to a numeric 

value, it must be decided how this result is best reported. Investigations that fall 

within this category are numerous and include tissue histology, cytology and gel 

electrophoresis. The method employed is dependant on the investigation, and the 

nature of the question posed. This discussion shall be limited to tissue histology as 

that is the analysis performed in my studies. 

General approach to morphometry 

The earliest means of assessing tissue histology was that of qualitative inspection. 

Experienced histologists inspect stained tissue sections under light microscopy. The 

appearance of these is compared with other examples available to the investigator. 

Thus, for example, a study looking at the effect of a toxin on the development of 

desquamation of the villous lining of the ileum in mice would involve looking at this 
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tissue in a number of exposed animals and commenting on the presence or absence of 

these structures. To make a reasonable assessment, a reference is required for 

comparison. In this circumstance, control mice are utilised, enabling a comparison to 

be made. Investigator bias may become an issue due to the subjective nature of this 

analysis. For this reason, investigators are blinded to the study or control status of the 

subject. This method of comparison requires expertise in pathology, and is best 

reserved for gross changes in histological appearance. 

A more rigorous approach to histological comparisons is that of morphometry. This 

refers to the quantitative analysis of tissue specimens. Much of the work carried out in 

morphometry has been applied to respiratory diseases, due to the complex branching 

patterns of the human lung. 

The nature of the analysis is determined by the clinical question posed, and a range of 

tools are available to assist the researcher answer these questions. 

In my experiments, the major questions I was interested in fell into the following 

categories: 

1) Comparison of cell counts where two identifiable populations exist. 

I used these techniques to assess the proportion of cells in the explant tissue were 

epithelial, and what percentage of explant cells were apoptotic or proliferating. 

2) Comparison of relative surface areas of sections occupied by various tissue 

types. 

I used this to determine the percentage of tissue occupied by airway lumen in my 

explant sections, and the percentage of mesenchyme occupied by vasculature. I 
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also determined the percentage of tissue from infants which was occupied by 

smooth muscle. 

3) Determination of distance. 

This was undertaken when calculating the epithelial cell thickness in explant 

tissues and calculating the distance of vasculature from airway lumen in these 

same samples. 

I shall discuss the various methods applied to morphometry and relate these to the 

methods I chose to utilise in answering the above questions. 

Morphometry has moved beyond the simple process of measuring lengths of objects 

and became rationalised into a collection of tools collectively termed ‘stereology’
138

. 

These tools are linked in their formation of geometric inferences of three-dimensional 

structures based upon two-dimensional images. 

Initially, the methods used were carried out under the assumptions that by the 

sampling of certain images, these would equate as being representative of the whole 

organ being sampled. However, over recent years, it has become realised that for 

prevention of bias, certain rules needed to be followed to ensure that it was not 

necessary to assume the overall structure of the object was behaving as the 

investigator hoped. This led to a move from ‘classical stereology’ to ‘design-based 

stereology’ where the nature of the sampling followed strict predetermined criteria. I 

shall discuss the approaches of ‘design-based stereology’ subsequently in justifying 

the rationale for my own approach to morphometry employed. 
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Cell counts 

In classical stereology, the method employed to identify the number of cells of one 

particular population within a tissue would be to examine a field of known size and 

count the cells manually in that field. This at its most basic could be by overlaying a 

grid onto an image, either by computer or by having a specially adapted lens graticule. 

If the grid is of known surface area, the density of cells per unit area can be provided. 

This is demonstrated in figure 5.1 where a simple overlay with 4 grids of known size 

are placed over the random section.  

The problem with this approach is that even though there may no bias in selecting the 

image, there is an assumption that this tissue sampled represents the whole tissue. 

With my work, cell counting was integral to my methodology. Not only was I 

counting cells, but I was subdividing these into subgroups e.g. epithelial, interstitial, 

apoptotic, proliferating etc. I was interested in only the periphery of the explant lungs 

and wished to compare like for like. For this reason I set out stringent sampling 

techniques i.e. 8 fields at the periphery of the sections taken at equal angles of 45
o
 

from a central point in the section. Having collected comparable pictures from each 

tissue, I then set about maximising the volume of grid area utilised for sampling for 

each section. With manual counting, it is necessary to select random small areas to 

analyse to make this process feasible. I however used computer assisted image 

analysis and so were able to cast my ‘net wider’. For each picture, the computer 

detected each cell and by altering the colour definitions for the image detection 

software, I could instruct the program to either detect blue cells, brown cells, or all 

cells visible. 
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Figure 7.1: Performing a cell count manually within the 4 grids of known surface area enable a 

calculation of cell density that can be assumed for the tissue. With low microscopic 

magnification, this can be seen to be technically difficult due to high cell density. 

 

Figure 7.2: In this grid, counting the 25 intersections (5x5), I determine that 18 lie in the 

parenchyma and 7 lay in the airway compartment. Airway intersections are denoted with a 

yellow circle for clarity. 
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Structure proportional assessments 

In determining which percentage of explant tissue was lumen vs. mesenchyme I chose 

to analyse the entire section of the tissue as much of this work was carried out at low 

power magnification. 

In classical stereology, the process that would be utilised for manual work would be to 

overlay a grid over each picture. Each intersection could then be observed and 

recorded whether it occupied an airway structure (epithelium or lumen) or 

mesenchyme. The numbers of each could then be divided by the total quantity to give 

a percentage for both. An example of this is given in figure 5.2. Here there are 25 

points of intersection on the grid of which 18 lay in parenchymal tissue, whilst 7 are 

overlaying airway structures. By this I can infer that 72% (18/25x100) of the tissue is 

parenchyma. This could then be repeated on multiple section fields to give a more 

representative average. 

Again, I chose not to use the sampling approach. Having the facilities to examine the 

entire field was expected to yield more representative data than extrapolating data 

from limited areas. I used the Qwin image analysis package to manually draw on the 

screen all airways, inclusive of epithelium. These areas were automatically filled by 

the computer providing an airway map. A second digital image was produced 

encircling the tissue to provide denominator, and thus a proportion of the tissue that 

was airway could be calculated. The additional benefits of the image analysis package 

are that the individual characteristics of the airways can also be calculated; thus I was 

able to obtain the average cross sectional diameter of the airway and the number of 

airways per unit area of tissue. 
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Once again, the use of manual labelling would have proved time consuming, thus I 

utilised the abilities of the Qwin package to detect pixels of particular colour settings 

as determined by the user. I was thus able to automatically detect the brown pixels of 

the epithelium in cytokeratin stained tissue, then manually fine-edit these images to 

mirror the underlying airways (Figure 5.3). This facility made the ability to sample the 

individual bodies represented by vasculature or actin bodies feasible. Under normal 

circumstances these bodies are too numerous, irregular and small to accurately be able 

to draw around to enable the computer to calculate the area covered and average size 

of each. 

Distance 

The measurement of a distance manually in an image is fairly simple to do, even in 

the absence of a computer. For the photo or image of interest, another image is taken 

at exactly the same microscope magnification settings. The slide being photographed 

is a graticule which provides a microscopic ruler to act as a calibrator. Thus any 

distances measured can be converted using this technique.  

Measurements of perimeters are far more difficult however and use of stereology for 

this purpose is beyond the scope of this thesis. Fortunately, my software rendered 

these techniques obsolete, thus any object detected could automatically have its 

perimeter calculated. 

More challenging however was the calculation of average distances of one group of 

objects from another. I wished to calculate the distance from my blood vessels to the 

nearest airway lumen. As set out in chapter 3, I devised my own ‘macro’ program to  



 
177 

Figure 7.3: In calculating percentage of tissue characteristics, two binary overlays are generated. 

The first (A) denotes the total area of tissue within the visual field. The second (B) denotes the 

individual airways- four such airways have been filled for clarity. 

 

A 
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enable this.  

Overall, the use of computer assisted image analysis together with a rigorous 

relatively unbiased methodology to sampling has enabled us to perform quantitative 

analysis on a large number of specimens and on relatively large areas of tissue from 

each section. Rather than having to provide a descriptive interpretation of the 

abnormal morphology seen, I was able to generate numerical results and thus 

determine whether my experiments proved statistically significant or not. 

However, a thorough understanding of the tools available need to be attained before 

usage, as when incorrectly applied the results may not be valid. As with all other data 

analysis systems, the expression ‘Garbage In, Garbage Out’ is particularly applicable 

to image analysis. 
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Chapter Six:  

Conclusions 
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The delivery of human infants prematurely into the extrauterine environment exposes 

these vulnerable patients to relatively high oxygen tensions when compared to in 

utero conditions. It is believed that these high oxygen tensions contribute to the 

development of Chronic Lung Disease of Prematurity (CLD, also known as 

Bronchopulmonary Dysplasia). 

The work carried out in this thesis aimed to investigate the processes involved in the 

development of CLD, and the role that oxygen plays in the underlying processes that 

are associated with this pathological diagnosis. 

I hypothesised that high oxygen tensions can lead to remodelling of the developing 

lung by causing specific and distinct effects in the epithelial and mesenchyme 

compartments. I was particularly interested in the effect of oxygen on the vascular and 

airway smooth muscle within the mesenchyme. I was also interested in determining 

the role that proliferation and apoptotic cell death had in mediating these changes. 

To be able to carry out this work, I developed or utilised a number of methodologies, 

some specific to this thesis. 

Much of the work was carried out on human fetal lung. In adapting the methods of 

McCray
137

, my group developed a culture methodology that enabled maintenance of 

lung from fetuses from the pseudoglandular stage of lung development for 4 days 

after dissection into small pieces, and submersion into a collagen based semisolid 

culture medium. By exposure of these explants to high (95%) and normal (21%) 

oxygen concentrations for up to 72 hours after establishment of culture, I was able to 
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harvest these explants and then proceed with analysis. The aim with these experiments 

was to analyse the acute effects of oxygen on fetal lung development. 

Histological processing of the lungs was carried out by myself with staining of the 

tissue by immunohistochemistry for a number of proteins including cytokeratin 

(epithelium), CD31 (endothelium), Ki67 (proliferating cells), and activated caspase-3 

(apoptosis). For each, multiple experiments were carried out to determine optimal 

tissue preparation and optimal antibody concentrations and exposure times. 

Finally, analysis of these tissues was carried out by the development of original 

morphometric image processing techniques for which I employed specialist image 

analysis software. 

Technical difficulties were encountered at all stages of the experimental development, 

requiring development in expertise in culture methodology, experimentation with 

harvesting techniques, and attempts at numerous ‘recipes’ for immunohistochemistry 

for each antigen of interest.  

After a comprehensive review of the literature regarding the pathology and 

pathogenesis of CLD, I recognised that oxygen could act on lung via a number of 

mechanisms. This could be by the regulation of intracellular processes resulting in 

increased or decreased expression of growth factors such as VEGF and KGF, each 

with a distinct effect of cell growth and function. Alternatively, oxygen could be 

acutely toxic to lung either via the generation of Reactive Oxygen Species or via 

upregulation of transcription factors such as NF B which induce an inflammatory 

response in the host. 
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My initial work concentrated on the development of the fetal explant model, and the 

characterisation of the changes attributable to oxygen as opposed to the effects of 

culture. 

I found that culture in hyperoxic conditions (95% oxygen content) produced visible 

structural differences when compared to explants maintained in normoxic conditions 

(21% oxygen). Hyperoxic tissue demonstrated relative dilatation of airways with a 

median cross sectional area of 14000 m
2
 (IQR:10500-22000) compared to 5800 m  

(IQR:3300-8800) for normoxia cultured controls. Additionally there was an increase 

in the proportion of tissue occupied by airway lumen after 72 hours culture under 

hyperoxic conditions [43% (IQR: 24-48%)] when compared to normoxia [15%, (IQR: 

12-23%) , and thinning of epithelium in dilated airways with a mean epithelial 

thickness [6.4 m (IQR: 6-7)] relative to the corresponding normoxic tissue [8.7 m 

(IQR: 8-10)]. 

These changes have been previously described in other explant models, however these 

were not in response to the hyperoxic environment I utilised. I discussed in Chapter 2 

that these changes are seen in experiments utilising serum free culture media and have 

suggested an acceleration of lung development as a physiological response to prepare 

the lung for the extrauterine oxygen rich environment. The changes thus represent 

movement of pseudoglandular lung into the saccular phase and have previously been 

supported by demonstration of flattening of epithelial cells and expression of 

surfactant proteins at a critical stage of lung development.  

Although this acceleration of lung development may appear to be a rapid but normal 

maturation, this might represent a dysregulated lung development in response to 
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hyperoxia that has its closest equivalence in CLD. This implies a disordered, non-

physiological developmental response. Alternatively, these findings could be related 

to the acute effects of oxygen toxicity whereby it is via tissue damage and increased 

vascular permeability that I note my observations, making this a model of acute lung 

injury in the preterm infant. 

To assist determining which of these three processes is most likely to be occurring in 

response to hyperoxia, I proceeded to analyse the changes in the vascular 

compartment. The culture of human lung explants in hyperoxic conditions resulted in 

morphological changes in the vasculature characterised by pruning of the blood 

vessels and apposition of these vessels towards the airways. Hyperoxic culture 

samples had less vasculature in mesenchyme [4% (IQR: 2-5)] than paired normoxic 

samples [7% (IQR: 5-8)] and had reduced vessel to airway lumen distance [35 m (32-

38 m) vs. 25 m (21-30 m) for normoxic and hyperoxic conditions respectively]. The 

apposition of vessels to airway most resembles the accelerated lung development seen 

with other aspects of the explant model i.e. saccular dilatation, epithelial thinning and 

surfactant expression. The pruning of blood vessels more resembled the loss of 

vasculature seen in both acute lung injury and CLD as a result of direct oxygen 

toxicity and loss of angiogenic factors such as VEGF. However aspects of this 

pruning produced an appearance of maturation of the vasculature rather than frank 

destruction. Overall therefore, I hypothesised in Chapter 3 that hyperoxia leads to 

removal of blood vessels due to pruning, representing a maldevelopmental maturation 

of lung as seen in CLD. 

The underlying processes causing these changes within the explant model could be 

categorised into changes in cell differentiation or cell numbers. These cell numbers 
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are altered in response to the balance between proliferation and cell death, principally 

by apoptosis. I proceeded to analyse these two phenomena in Chapter 4. 

Using Ki67 staining as a marker for active cell proliferation, I noted there was an 

overall decrease in proliferating cells during explant culture from baseline. The effects 

of normoxic culture were analysed according to cell type demonstrating that there was 

a significant decrease in proliferation in the mesenchyme compartment [12% (IQR: 9-

13) on Day1, reducing to 4% (IQR: 2-5) for N72], but that epithelial proliferation was 

preserved [13% (IQR: 9-16) on Day 1 and 10% (IQR 4-16) for N72]. The addition of 

hyperoxic conditions to culture had no discernible effect on proliferation indices in 

either compartment when compared to normoxia [3% (IQR: 2-4) for mesenchyme and 

13% (IQR: 10-16) for epithelium in H72 tissue]. 

Although hyperoxia did not appear to influence the rate of proliferation in these 

experiments, my discussion covered a number of points of interest. 

1) Epithelium and mesenchyme appeared to have differing proliferative 

responses to culture. I reviewed the literature and noted previous work that 

demonstrated that epithelium and mesenchyme have potentially independent 

responses to culture; however these responses are inconsistent and appear to 

be dependant on secondary factors such as presence of serum, growth factors, 

maturity of the subject and nature of the model i.e. cell culture, explant culture 

or in vivo studies.  

2) Oxygen related effects on proliferation may not follow a linear association. Of 

particular interest is was the observation by Pandya
10

 that a bell-shaped 

response  was noted when oxygen tension was linked to proliferation rates in 
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airway smooth muscle cells. 

3) That compared to in utero conditions, both the normoxic and hyperoxic 

environments used (21% and 95% respectively) were in fact relatively 

hyperoxic. This may go some of the way to explain why I was able to 

demonstrate a suppression of proliferation in mesenchyme both in normoxia 

and hyperoxia branches of my experiments. 

My work looking at the contribution of apoptosis to the changes seen within my 

hyperoxic lung culture model appeared to confirm that hyperoxia induced apoptosis 

limited to the mesenchyme was in part responsible for the regression of this 

compartment that I have noted. Within the mesenchyme, apoptotic indices were 

similar in Day 1 cultured lung and 72 hours normoxic cultured lung (Medians 3% 

(IQR:2-5.5%) vs. 4.3% (IQR:4-4.6%) respectively). Culture in hyperoxic conditions 

resulted in significantly higher apoptotic indices than both Day 1 tissue and normoxic 

72 hours tissue, with a median of 11% (IQR: 7-15%). Epithelial cell apoptosis was 

relatively unaffected by culture in either normoxia or hyperoxia [Median apoptosis 

rate: 1% (IQR: 0.5-2.7) for Day 1, 4.8% (IQR: 3.9-5.6) for N72 and 2% (IQR: 1.3-

2.9) for H72]. 

I reviewed the literature to confirm the role that oxygen has via a number of 

mechanisms in inducing apoptosis. I then demonstrated the role that apoptosis plays in 

a number of biological scenarios. These scenarios include acute lung injury, as a 

prelude to chronic lung injury, and are also recognised within normal and accelerated 

lung development after delivery. 

I suggested in the discussion of Chapter 4 that apoptosis induced during acute lung 
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injury is reactive, whereas the apoptosis seen in accelerated lung development is 

adaptive, enabling the preterm infant to more effectively exchange gas via loss of 

mesenchyme. Both are these processes contribute to the development of CLD where 

even in the absence of obvious acute lung injury, I note the development of 

maldeveloped lungs in extremely preterm infants. I believe my explant model of 

hyperoxia may represent aspects of both acute lung injury and acceleration, 

particularly by reference to the findings in the vascular compartment in Chapter 3. 

I have therefore shown from my work, that high concentrations of oxygen can prove 

detrimental to the development of the lung. Both epithelium and mesenchyme respond 

differently to hyperoxia. A spectrum of responses exist which span ‘Acute Lung 

Injury’ through to lung maldevelopment. This latter maldevelopment may arise via 

adaptive processes which may in the short term serve to assist respiration in the 

preterm infants, and is primarily an apoptotic response in the mesenchyme. These 

various interactions are summarised in Figure 6.1. 

The work carried out provides a basis for future experiments utilising the explant 

culture model with hyperoxic exposure. The strength of the model is that by exposure 

of the lung to differing oxygen tensions, an array of mechanistic investigations can 

shed light on the effect of hyperoxia on epithelium and mesenchyme. Members of my 

laboratory have already characterised the responses of the lung explants in altered 

expression of VEGF, implying a hyperoxia mediated suppression of this angiogenic 

factor. With the characterisation of the effects of hyperoxia on the explants, we can 

also now investigate the potential for pharmacological interventions to ameliorate 

these changes. Specifically, we are now pre-treating the explants with dexamethasone 

to determine the effects of this commonly used therapy on developing fetal lung. 
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Although these experiments attempt to provide a model with which to investigate the 

effects of oxygen on lung development in the premature infant both via toxic and 

accelerative processes, we need to be mindful that in the preterm infant, oxygen is not 

a factor that acts in isolation. As reported in the Introduction to this thesis, there are a 

concert of factors influencing the responses of lung to oxygen and which each may 

have a detrimental effect on the lung independently
221 222

. Exposure of the lung to 

inflammation as a response to infection in the uterus or after delivery can cause acute 

lung injury or chronically, an accelerated maldevelopment resulting in Chronic Lung 

Disease
57

. Iatrogenic factors such as the use of assisted ventilation also produce acute 

and chronic lung changes via the inflammation that results from atalectotrauma and 

volutrauma
223 224

. Despite the use of these modalities for three decades, we are little 

further in finding alternatives to these damaging treatment modalities. 

In summary, I hypothesise that these acute injuries and accelerated attempts at lung 

development combine to produce some of the varying clinical pictures of CLD. 

Although these changes provide ability in the short term for the preterm infant to 

adapt to extra-uterine environment, the cost over the longer term is the disabling 

disease that characterises these survivors of extreme prematurity. 
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Figure 6.1: Scheme showing potential effects of hyperoxia on lung development. Initial responses of 

epithelium maturation and regression of interstitium by hyperoxia induced apoptosis may assist gaseous 

exchange by reducing distance between airway and vasculature and by increasing lung compliance. The 

trade off however is that reduced interstitium and loss of vasculature acutely and with time lead to 

reduced potential for alveolar formation and both impair gaseous exchange chronically. 
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Appendices: 

Appendix 1 

Routine to calculate the properties of FLOCM tissue vasculature. 

Input variables for filename and number of slides 

 PauseText   ( "input file name" ) 

 Input   ( FILLY$ ) 

 PauseText   ( "Input number of pictures" ) 

 Input   ( NO ) 

 Open output files 

 Open File   ( C:\Porus\MD\FLOCM\cd31\cdfield.Q5D, channel #1 ) 

 Open File   ( C:\Porus\MD\FLOCM\cd31\tissuefield.Q5D, channel #2 ) 

 Open File   ( C:\Porus\MD\FLOCM\cd31\airwaydistance.Q5D, channel #3 ) 

 Loop commence 

 For   ( X = 1 to NO, step 1 ) 

   Grey Util   ( Clear All ) 

   Image frame   ( x 0,  y 0,  Width 1024,  Height 1024 ) 

   Measure frame   ( x 256,  y 256,  Width 512,  Height 512 ) 

   Open file 

   FILENAME$ = "c:\porus\md\flocm\cd31\" 



 
190 

   X$ = STR$(X) 

   If   ( X<10 ) 

     ACQFILE$ = FILENAME$+FILLY$+"\dscf000"+X$+".jpg" 

   Else 

     ACQFILE$ = FILENAME$+FILLY$+"\dscf00"+X$+".jpg" 

   Endif 

   ACQOUTPUT = 0 

   Read image   ( from file ACQFILE$ into ACQOUTPUT, import calibration ) 

   Analyse image 

   Detect vessels into binary 0 and adjust with edit, final skeleton binary 1 

   PauseText   ( "Detect vessels" ) 

   Colour Detect  [PAUSE]  ( RGB: 15-216, 0-212, 0-120, from Colour0 into Binary0 

) 

   Binary Amend   ( Open from Binary0 to Binary0, cycles 1, operator Disc, edge 

erode off ) 

   Binary Amend   ( Close from Binary0 to Binary0, cycles 2, operator Disc, edge 

erode off ) 

   Binary Edit  [PAUSE]  ( Delete from Binary0 to Binary0, nib Fill, width 2 ) 

   Binary Amend   ( Skeleton from Binary0 to Binary1, cycles 5, operator Disc, edge 

erode off ) 

   Binary Amend   ( Prune from Binary1 to Binary1, cycles 5, operator Disc, edge 

erode off ) 

   Draw airways into binary 3, with tissue as binary 4 
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   PauseText   ( "Outline airway lumen" ) 

   Binary Edit  [PAUSE]  ( Draw from Binary3 to Binary3, nib Fill, width 2 ) 

   Detect tissue into 2 

   Colour Detect  [PAUSE]  ( RGB: 15-165, 0-172, 0-212, from Colour0 into Binary2 

) 

   Binary Amend   ( Close from Binary2 to Binary2, cycles 10, operator Disc, edge 

erode off ) 

   Measure field   ( plane Binary2 ) 

       Selected parameters:     Area 

   Measurements 

   Vessels-field 

   Measure field   ( plane Binary0 ) 

       Selected parameters:     Area,    Count 

   File Field Results   ( channel #1 ) 

   Vessels features-seperate files 

   Measure feature   ( plane Binary1, 32 ferets, minimum area: 4, grey image: Colour0 

) 

       Selected parameters: Area, Length, Breadth, Roundness, XCentroid,  

       YCentroid 

   OPENFILE$ = "C:\Porus\MD\FLOCM\cd31\cdfeat"+X$ 

   CHAN = 5 

   Open File   ( OPENFILE$, channel #CHAN ) 
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   File Feature Results   ( channel #5 ) 

   Close File   ( channel #5 ) 

   Calculate grey readings 

   Binary Logical   ( copy Binary3, inverted to Binary4  ) 

   Binary to Grey   ( Distance from Binary4 to Colour1, operator Octagon ) 

   Measure frame   ( x 276,  y 276,  Width 472,  Height 472 ) 

   Measure Grey   ( plane Colour1, mask Binary1 ) 

       Selected parameters: Mean Red 

   File Grey Results   ( channel #3 ) 

   Measure frame   ( x 256,  y 256,  Width 512,  Height 512 ) 

   Tissue-field 

   Binary Amend   ( Erode from Binary4 to Binary4, cycles 1, operator Disc, edge 

erode off ) 

   Binary Logical   ( C = A AND B :  C Binary4, A Binary4, B Binary2 ) 

   Measure field   ( plane Binary4 ) 

       Selected parameters:     Area 

   File Field Results   ( channel #2 ) 

 Next   ( X ) 
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Appendix 2 

Routine to calculate contribution of apoptotic cells in tissue: 

Open File   ( C:\Documents and Settings\Porus Bustani\My 

Documents\MD\babies\caspgest\cells.Q5D, channel #1 ) 

 Open File   ( C:\Documents and Settings\Porus Bustani\My 

Documents\MD\babies\caspgest\caspase.Q5D, channel #2 ) 

 For   ( X = 1 to 100, step 1 ) 

   Grey Util   ( Clear All ) 

   Measure frame   ( x 31,  y 61,  Width 962,  Height 838 ) 

   FILE$ = "c:\documents and settings\porus bustani\my 

documents\md\babies\caspgest\" 

   X$ = STR$(X) 

   If   ( X<10 ) 

     ACQFILE$ = FILE$+"\DSCF000"+X$+".jpg" 

   Else 

     ACQFILE$ = FILE$+"\DSCF00"+X$+".jpg" 

   Endif 

   ACQOUTPUT = 0 

   Read image   ( from file ACQFILE$ into ACQOUTPUT, import calibration ) 

   Colour Detect  [PAUSE]  ( RGB: 0-172, 0-167, 0-182, from Colour0 into Binary0 ) 

   Binary Amend   ( Open from Binary0 to Binary0, cycles 1, operator Octagon, edge 
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erode off ) 

   Binary Segment   ( Ult Erode from Binary0 to Binary1, stepsize 1, max cycles 30, 

operator Disc ) 

   Colour Detect   ( RGB: 0-209, 0-204, 0-110, from Colour0 into Binary2 ) 

   Measure field   ( plane Binary1 ) 

       Selected parameters:    Count 

   File Field Results   ( channel #1 ) 

   Measure field   ( plane Binary2 ) 

       Selected parameters:    Count 

   File Field Results   ( channel #2 ) 

   Measure field   ( plane Binary2 ) 

       Selected parameters:    Count 

 Next   ( X )  



 
195 

 

 

Bibliography 

 



 
196 

 

1. Kotecha SM, Silverman. Mosby, 1999. 

2. Pandya HC, Kotecha S. Chronic lung disease of prematurity: clinical and 

pathophysiological correlates. Monaldi Arch Chest Dis 2001;56:270-5. 

3. Burri PH. Lung development and pulmonary angiogenesis. 1999. 

4. P J. The development of large and small airways. Am J Respir Crit Care Med 

1998;157:S174-80. 

5. Kotecha S. Lung growth: implications for the newborn infant. Arch Dis Child Fetal 

Neonatal Ed 2000;82:F69-74. 

6. Thurlbeck WM. Postnatal growth and development of the lung. Am Rev Respir Dis 

1975;111:803-44. 

7. Hislop A, Muir DC, Jacobsen M, Simon G, Reid L. Postnatal growth and function 

of the pre-acinar airways. Thorax 1972;27:265-74. 

8. Snyder JM, Johnston JM, Mendelson CR. Differentiation of type II cells of human 

fetal lung in vitro. Cell Tissue Res 1981;220:17-25. 

9. Shannon JM, Gebb SA, Nielsen LD. Induction of alveolar type II cell 

differentiation in embryonic tracheal epithelium in mesenchyme-free culture. 

Development 1999;126:1675-88. 

10. Masters JR. Epithelial-mesenchymal interaction during lung development: the 

effect of mesenchymal mass. Dev Biol 1976;51:98-108. 

11. Moses HL, Yang EY, Pietenpol JA. Regulation of epithelial proliferation by TGF-

beta. Ciba Found Symp 1991;157:66-74; discussion 75-80. 

12. Heine UI, Munoz EF, Flanders KC, Roberts AB, Sporn MB. Colocalization of 

TGF-beta 1 and collagen I and III, fibronectin and glycosaminoglycans during 

lung branching morphogenesis. Development 1990;109:29-36. 

13. Post M, Souza P, Liu J, Tseu I, Wang J, Kuliszewski M  et al. . Keratinocyte 

growth factor and its receptor are involved in regulating early lung branching. 

Development 1996;122:3107-15. 

14. Keyzer R PM. Lung branching morphogenesis: Role of growth factors and 

extracellular matrix. 1999. 

15. Hall SM, Hislop AA, Pierce CM, Haworth SG. Prenatal origins of human 



 
197 

intrapulmonary arteries: formation and smooth muscle maturation. Am J Respir 

Cell Mol Biol 2000;23:194-203. 

16. Clement A. Mechanisms of cell growth and tissue repair. 1999. 

17. Pandya HC, Snetkov VA, Twort CH, Ward JP, Hirst SJ. Oxygen regulates 

mitogen-stimulated proliferation of fetal human airway smooth muscle cells. Am 

J Physiol Lung Cell Mol Physiol 2002;283:L1220-30. 

18. Jyonouchi H, Sun S, Abiru T, Chareancholvanich S, Ingbar DH. The effects of 

hyperoxic injury and antioxidant vitamins on death and proliferation of human 

small airway epithelial cells. Am J Respir Cell Mol Biol 1998;19:426-36. 

19. Auten RL, Whorton MH, Nicholas Mason S. Blocking neutrophil influx reduces 

DNA damage in hyperoxia-exposed newborn rat lung. Am J Respir Cell Mol 

Biol 2002;26:391-7. 

20. Barazzone C, Horowitz S, Donati YR, Rodriguez I, Piguet PF. Oxygen toxicity in 

mouse lung: pathways to cell death. Am J Respir Cell Mol Biol 1998;19:573-81. 

21. Cooper GM. The cell : a molecular approach / Geoffrey M. Cooper, Robert E. 

Hausman. Edition Information:3rd ed. Washington, D.C.: ASM Press ; 

Sunderland, . 

22. Hilfer SR. Morphogenesis of the lung: control of embryonic and fetal branching. 

Annu Rev Physiol 1996;58:93-113. 

23. Stiles AD, Chrysis D, Jarvis HW, Brighton B, Moats-Staats BM. Programmed cell 

death in normal fetal rat lung development. Exp Lung Res 2001;27:569-87. 

24. May M, Strobel P, Preisshofen T, Seidenspinner S, Marx A, Speer CP. Apoptosis 

and proliferation in lungs of ventilated and oxygen-treated preterm infants. Eur 

Respir J 2004;23:113-21. 

25. R C. Cell injury and adaptation. Philadelphia: Saunders, 1987. 

26. Warner TF. Apoptosis. Lancet 1972;2:1252. 

27. D M. Programmed cell death. 4th editioned. New York: Garland Science, 2002. 

28. Ibelgaufts PD. Cytokines Online Pathfinder Encyclopaedia. 2004. 

29. DosReis GA, Borges VM. Role of Fas-ligand induced apoptosis in pulmonary 

inflammation and injury. Curr Drug Targets Inflamm Allergy 2003;2:161-7. 

30. De Paepe ME, Mao Q, Embree-Ku M, Rubin LP, Luks FI. Fas/FasL-mediated 



 
198 

apoptosis in perinatal murine lungs. Am J Physiol Lung Cell Mol Physiol 

2004;287:L730-42. 

31. Del Riccio V, van Tuyl M, Post M. Apoptosis in lung development and neonatal 

lung injury. Pediatr Res 2004;55:183-9. 

32. Bruce MC, Honaker CE, Cross RJ. Lung fibroblasts undergo apoptosis following 

alveolarization. Am J Respir Cell Mol Biol 1999;20:228-36. 

33. Schittny JC, Djonov V, Fine A, Burri PH. Programmed cell death contributes to 

postnatal lung development. Am J Respir Cell Mol Biol 1998;18:786-93. 

34. Kresch MJ, Christian C, Wu F, Hussain N. Ontogeny of apoptosis during lung 

development. Pediatr Res 1998;43:426-31. 

35. Scavo LM, Ertsey R, Chapin CJ, Allen L, Kitterman JA. Apoptosis in the 

development of rat and human fetal lungs. Am J Respir Cell Mol Biol 

1998;18:21-31. 

36. Hargitai B, Szabo V, Hajdu J, Harmath A, Pataki M, Farid P  et al. . Apoptosis in 

various organs of preterm infants: histopathologic study of lung, kidney, liver, 

and brain of ventilated infants. Pediatr Res 2001;50:110-4. 

37. Hetts SW. To die or not to die: an overview of apoptosis and its role in disease. 

JAMA 1998;279:300-7. 

38. Saraste A, Pulkki K. Morphologic and biochemical hallmarks of apoptosis. 

Cardiovasc Res 2000;45:528-37. 

39. Wang X, Ryter SW, Dai C, Tang ZL, Watkins SC, Yin XM  et al. . Necrotic cell 

death in response to oxidant stress involves the activation of the apoptogenic 

caspase-8/bid pathway. J Biol Chem 2003;278:29184-91. 

40. Krepela E, Prochazka J, Liul X, Fiala P, Kinkor Z. Increased expression of Apaf-1 

and procaspase-3 and the functionality of intrinsic apoptosis apparatus in non-

small cell lung carcinoma. Biol Chem 2004;385:153-68. 

41. Shearwin-Whyatt LM, Kumar S. Caspases in developmental cell death. IUBMB 

Life 1999;48:143-50. 

42. Miura M, Hisahara S, Araki T, Okano H. Execution mechanisms of programmed 

cell death by caspase (ICE/CED-3) family proteases. Heart Vessels 1997;Suppl 

12:66-70. 



 
199 

43. Franek WR, Chowdary YC, Lin X, Hu M, Miller EJ, Kazzaz JA  et al. . 

Suppression of nuclear factor-kappa B activity by nitric oxide and hyperoxia in 

oxygen-resistant cells. J Biol Chem 2002;277:42694-700. 

44. Sanchez-Esteban J, Wang Y, Cicchiello LA, Rubin LP. Cyclic mechanical stretch 

inhibits cell proliferation and induces apoptosis in fetal rat lung fibroblasts. Am J 

Physiol Lung Cell Mol Physiol 2002;282:L448-56. 

45. Howlett CE, Hutchison JS, Veinot JP, Chiu A, Merchant P, Fliss H. Inhaled nitric 

oxide protects against hyperoxia-induced apoptosis in rat lungs. Am J Physiol 

1999;277:L596-605. 

46. Newton ER. Preterm labor, preterm premature rupture of membranes, and 

chorioamnionitis. Clin Perinatol 2005;32:571-600. 

47. Draper ES, Manktelow B, Field DJ, James D. Prediction of survival for preterm 

births by weight and gestational age: retrospective population based study. BMJ 

1999;319:1093-7. 

48. Jackson RM. Pulmonary oxygen toxicity. Chest 1985;88:900-5. 

49. Bonikos DS, Bensch KG, Ludwin SK, Northway WH Jr. Oxygen toxicity in the 

newborn. The effect of prolonged 100 per cent O2 exposure on the lungs of 

newborn mice. Lab Invest 1975;32:619-35. 

50. Asikainen TM, Raivio KO, Saksela M, Kinnula VL. Expression and 

developmental profile of antioxidant enzymes in human lung and liver. Am J 

Respir Cell Mol Biol 1998;19:942-9. 

51. Frank L. Developmental aspects of experimental pulmonary oxygen toxicity. Free 

Radic Biol Med JT  - Free radical biology & medicine 1991;11:463-94. 

52. Frank L. Prenatal dexamethasone treatment improves survival of newborn rats 

during prolonged high O2 exposure. Pediatr Res 1992;32:215-21. 

53. Coursin DB, Cihla HP, Will JA, McCreary JL. Adaptation to chronic hyperoxia. 

Biochemical effects and the response to subsequent lethal hyperoxia. Am Rev 

Respir Dis 1987;135:1002-6. 

54. Frank L, Sosenko IR. Failure of premature rabbits to increase antioxidant enzymes 

during hyperoxic exposure: increased susceptibility to pulmonary oxygen 

toxicity compared with term rabbits. Pediatr Res 1991;29:292-6. 



 
200 

55. Northway WH Jr, Rosan RC, Porter DY. Pulmonary disease following respirator 

therapy of hyaline-membrane disease. Bronchopulmonary dysplasia. N Engl J 

Med 1967;276:357-68. 

56. Adamson TM, Collins LM, Dehan M, Hawker JM, Reynolds EO, Strang LB. 

Mechanical ventilation in newborn infants with respiratory railure. Lancet JT  - 

Lancet. 1968;2:227-31. 

57. Jobe AH, Ikegami M. Antenatal infection/inflammation and postnatal lung 

maturation and injury. Respir Res JID - 101090633 2001;2:27-32. 

58. Merritt TA, Northway W Jr, Boynton BR, Edwards DK, Hallman M, Berry C. 

The BPD problem. Pediatrics 1991;88:189-91. 

59. Savani R, Zaman A, Pooler P, Cui Z, Cao G, Arguiri E  et al. . Angiogenesis 

driving alveolisation: the role of PECAM-1 in alveolar septation. American 

Journal of Respiratory and Critical Care Medicine 2000;161:522-522. 

60. De Dooy JJ, Mahieu LM, Van Bever HP. The role of inflammation in the 

development of chronic lung disease in neonates. Eur J Pediatr 2001;160:457-

63. 

61. Keane MP, Strieter RM. Chemokine signaling in inflammation. Crit Care Med 

2000;28:N13-26. 

62. Old LJ. Tumor necrosis factor. Clin Bull JT  - Clinical bulletin 1976;6:118-20. 

63. anonymous. The cytokine handbook / edited by Angus W. Thomson. Edition 

Information:3rd ed. San Diego: Academic Press, 1998. 

64. Carswell EA, Old LJ, Kassel RL, Green S, Fiore N, Williamson B. An endotoxin-

induced serum factor that causes necrosis of tumors. Proc Natl Acad Sci U S A 

JT  - Proceedings of the National Academy of Sciences of the United States of 

America 1975;72:3666-70. 

65. Baggiolini M, F Dewald B, Moser B. Human chemokines: an update. Annu Rev 

Immunol 1997;15:675-705. 

66. Rocker GM. Ischaemia/reperfusion, inflammatory responses and acute lung 

injury. Thorax 1997;52:841-2. 

67. Martin TR. Lung cytokines and ARDS: Roger S. Mitchell Lecture. Chest 

1999;116:2S-8S. 



 
201 

68. Warner BB, Stuart LA, Papes RA, Wispe JR. Functional and pathological effects 

of prolonged hyperoxia in neonatal mice. Am J Physiol 1998;275:L110-7. 

69. Saugstad OD. Bronchopulmonary dysplasia and oxidative stress: are we closer to 

an understanding of the pathogenesis of BPD? Acta Paediatr 1997;86:1277-82. 

70. Granger DN. Role of xanthine oxidase and granulocytes in ischemia-reperfusion 

injury. Am J Physiol 1988;255:H1269-75. 

71. Pitkanen OM, Hallman M, Andersson SM. Correlation of free oxygen radical-

induced lipid peroxidation with outcome in very low birth weight infants. J 

Pediatr 1990;116:760-4. 

72. Palluy O, Morliere L, Gris JC, Bonne C, Modat G. Hypoxia/reoxygenation 

stimulates endothelium to promote neutrophil adhesion. Free Radic Biol Med 

1992;13:21-30. 

73. Patel KD, Zimmerman GA, Prescott SM, McEver RP, McIntyre TM. Oxygen 

radicals induce human endothelial cells to express GMP-140 and bind 

neutrophils. J Cell Biol 1991;112:749-59. 

74. Lander HM. An essential role for free radicals and derived species in signal 

transduction. FASEB J 1997;11:118-24. 

75. Abraham E. NF-kappaB activation. Crit Care Med 2000;28:N100-4. 

76. Abraham E. What role does neutrophil apoptosis play in acute respiratory distress 

syndrome? Crit Care Med 2000;28:253-4. 

77. Watts JL, Milner R, Zipursky A, Paes B, Ling E, Gill G  et al. . Failure of 

supplementation with vitamin E to prevent bronchopulmonary dysplasia in 

infants less than 1,500 g birth weight. Eur Respir J 1991;4:188-90. 

78. Shenai JP, Kennedy KA, Chytil F, Stahlman MT. Clinical trial of vitamin A 

supplementation in infants susceptible to bronchopulmonary dysplasia. J Pediatr 

1987;111:269-77. 

79. Darlow BA, Graham PJ. Vitamin A supplementation for preventing morbidity and 

mortality in very low birthweight infants. Cochrane Database Syst Rev 2000;. 

80. Davis JM, Rosenfeld WN, Sanders RJ, Gonenne A. Prophylactic effects of 

recombinant human superoxide dismutase in neonatal lung injury. J Appl 

Physiol 1993;74:2234-41. 



 
202 

81. Fan J, Shek PN, Suntres ZE, Li YH, Oreopoulos GD, Rotstein OD. Liposomal 

antioxidants provide prolonged protection against acute respiratory distress 

syndrome. Surgery 2000;128:332-8. 

82. Suresh GK, Davis JM, Soll RF. Superoxide dismutase for preventing chronic lung 

disease in mechanically ventilated preterm infants. Cochrane Database Syst Rev 

2001;. 

83. Rosenfeld W, Evans H, Concepcion L, haveri R, Schaeffer H, Friedman A. 

Prevention of bronchopulmonary dysplasia by administration of bovine 

superoxide dismutase in preterm infants with respiratory distress syndrome. J 

Pediatr 1984;105:781-5. 

84. Davis J, Rosenfeld W, Parad R. Improved pulmonary outcome at one year 

corrected age in premature neonates treated with recombinant human superoxide 

dismutase. Pediatr Res 2000;47:395A. 

85. Nieves-Cruz B, Rivera A, Cifuentes J, Pataki G, Matalon S, Carlo WA  et al. . 

Clinical surfactant preparations mediate SOD and catalase uptake by type II 

cells and lung tissue. Am J Physiol 1996;270:L659-67. 

86. Davis JM, Richter SE, Biswas S, Rosenfeld WN, Parton L, Gewolb IH  et al. . 

Long-term follow-up of premature infants treated with prophylactic, 

intratracheal recombinant human CuZn superoxide dismutase. J Perinatol 

2000;20:213-6. 

87. Kenyon SL, Taylor DJ, Tarnow-Mordi W, Group.. OC. Broad-spectrum 

antibiotics for preterm, prelabour rupture of fetal membranes: the ORACLE I 

randomised trial. ORACLE Collaborative Group. Lancet 2001;357:979-88. 

88. Kenyon SL, Taylor DJ, Tarnow-Mordi W, Group.. OC. Broad-spectrum 

antibiotics for spontaneous preterm labour: the ORACLE II randomised trial. 

ORACLE Collaborative Group. Lancet 2001;357:989-4. 

89. Lyon AJ, McColm J, iddlemist L,  Fergusson S,  McIntosh N,  Ross PW. 

Randomised trial of erythromycin on the development of chronic lung disease in 

preterm infants. Arch Dis Child Fetal Neonatal Ed 1998;78:F10-4. 

90. Mabanta CG, Pryhuber GS, Weinberg GA, Phelps DL. Erythromycin for the 

prevention of chronic lung disease in intubated preterm infants at risk for, or 

colonized or infected with Ureaplasma urealyticum. Cochrane Database Syst 



 
203 

Rev JT  - Cochrane database of systematic reviews (Online) 2003;. 

91. Bloom J. Molecular pharmacology of glucocorticoids. Clin Asthma Rev 

1997;1:99-107. 

92. Crowley PA. Antenatal corticosteroid therapy: a meta-analysis of the randomized 

trials, 1972 to 1994. Am J Obstet Gynecol 1995;173:322-5. 

93. Vyas J, Kotecha S. Effects of antenatal and postnatal corticosteroids on the 

preterm lung. Arch Dis Child Fetal Neonatal Ed 1997;77:F147-50. 

94. Cummings JJ, D'Eugenio DB, Gross SJ. A controlled trial of dexamethasone in 

preterm infants at high risk for bronchopulmonary dysplasia. N Engl J Med 

1989;320:1505-0. 

95. Halliday HL, Ehrenkranz RA. Delayed (>3 weeks) postnatal corticosteroids for 

chronic lung disease in preterm infants. Cochrane Database Syst Rev 2001;. 

96. Halliday HL, Ehrenkranz RA. Moderately early (7-14 days) postnatal 

corticosteroids for preventing chronic lung disease in preterm infants. Cochrane 

Database Syst Rev 2000;. 

97. Halliday HL, Ehrenkranz RA. Early postnatal (<96 hours) corticosteroids for 

preventing chronic lung disease in preterm infants. Cochrane Database Syst Rev 

2000;. 

98. Massaro GD,  Massaro D. Formation of alveoli in rats: postnatal effect of prenatal 

dexamethasone. Am J Physiol 1992;263:L37-41. 

99. Gupta GK, Cole CH, Abbasi S, Demissie S, Njinimbam C, Nielsen HC  et al. . 

Effects of early inhaled beclomethasone therapy on tracheal aspirate 

inflammatory mediators IL-8 and IL-1ra in ventilated preterm infants at risk for 

bronchopulmonary dysplasia. Pediatr Pulmonol 2000;30:275-81. 

100. Shah V, Ohlsson A, Halliday HL, Dunn MS. Early administration of inhaled 

corticosteroids for preventing chronic lung disease in ventilated very low birth 

weight preterm neonates. Cochrane Database Syst Rev 2000;. 

101. Sirota L, Shacham D, Punsky I, Bessler H. Ibuprofen affects pro- and anti-

inflammatory cytokine production by mononuclear cells of preterm newborns. 

Biol Neonate 2001;79:103-8. 

102. Raju NV, Bharadwaj RA, Thomas R, Konduri GG. Ibuprofen use to reduce the 



 
204 

incidence and severity of bronchopulmonary dysplasia: a pilot study. J Perinatol 

2000;20:13-6. 

103. Bruijnzeel PL, Warringa RA, Kok PT, Kreukniet J. Inhibition of neutrophil and 

eosinophil induced chemotaxis by nedocromil sodium and sodium 

cromoglycate. Br J Pharmacol 1990;99:798-802. 

104. Kilpatrick LE, Jakabovics E, McCawley LJ, Kane LH, Korchak HM. Cromolyn 

inhibits assembly of the NADPH oxidase and superoxide anion generation by 

human neutrophils. J Immunol 1995;154:3429-6. 

105. Watterberg KL, Murphy S. Failure of cromolyn sodium to reduce the incidence 

of bronchopulmonary dysplasia: a pilot study. The Neonatal Cromolyn Study 

Group. Pediatrics 1993;91:803-6. 

106. Viscardi RM, Hasday JD, Gumpper KF, Taciak V, Campbell AB, Palmer TW. 

Cromolyn sodium prophylaxis inhibits pulmonary proinflammatory cytokines in 

infants at high risk for bronchopulmonary dysplasia. Am J Respir Crit Care Med 

1997;156:1523-9. 

107. Kwong KY, Jones CA, Cayabyab R, Lecart C, Khuu N, Rhandhawa I  et al. . The 

effects of IL-10 on proinflammatory cytokine expression (IL-1beta and IL-8) in 

hyaline membrane disease (HMD). Clin Immunol Immunopathol 1998;88:105-3. 

108. Li YH, Brauner A, Jonsson B, Van der PlI, Soder O, Holst M  et al. . Inhibition 

of macrophage proinflammatory cytokine expression by steroids and 

recombinant IL-10. Biol Neonate 2001;80:124-32. 

109. Sawa T, Corry DB, Gropper MA, Ohara M, Kurahashi K, Wiener-Kronish JP. 

IL-10 improves lung injury and survival in Pseudomonas aeruginosa pneumonia. 

J Immunol 1997;159:2858-66. 

110. Corne J, Chupp G, Lee CG, Homer RJ, Zhu Z, Chen Q  et al. . IL-13 stimulates 

vascular endothelial cell growth factor and protects against hyperoxic acute lung 

injury. J Clin Invest 2000;106:783-91. 

111. Kuhn C, Homer RJ, Ward N, Elias JA. Morphometry explains variation in 

airway responsiveness in transgenic mice overexpressing interleukin-6 and 

interleukin-11 in the lung. Chest 2000;117:260S-S. 

112. Deng H, Mason SN, Auten RL Jr. Lung inflammation in hyperoxia can be 

prevented by antichemokine treatment in newborn rats. Am J Respir Crit Care 



 
205 

Med 2000;162:2316-. 

113. Auten RL Jr, Mason SN, Tanaka DT, Welty-Wolf K, Whorton MH. Anti-

neutrophil chemokine preserves alveolar development in hyperoxia-exposed 

newborn rats. Am J Physiol Lung Cell Mol Physiol 2001;281:L336-44. 

114. Mulligan MS, Jones ML, Bolanowski MA, Baganoff MP, Deppeler CL, Meyers 

DM  et al. . Inhibition of lung inflammatory reactions in rats by an anti-human 

IL-8 antibody. J Immunol 1993;150:5585-95. 

115. Narimanbekov IO, Rozycki HJ. Effect of IL-1 blockade on inflammatory 

manifestations of acute ventilator-induced lung injury in a rabbit model. Exp 

Lung Res 1995;21:239-54. 

116. KINSEY VE. Retrolental fibroplasia; cooperative study of retrolental fibroplasia 

and the use of oxygen. AMA Arch Ophthalmol JT  - A.M.A. archives of 

ophthalmology. 1956;56:481-543. 

117. AVERY ME. Recent increase in mortality from hyaline membrane disease. J 

Pediatr JT  - The Journal of pediatrics. 1960;57:553-9. 

118. MCDONALD AD. CEREBRAL PALSY IN CHILDREN OF VERY LOW 

BIRTH WEIGHT. Arch Dis Child JT  - Archives of disease in childhood. 

1963;38:579-88. 

119. anonymous. Supplemental Therapeutic Oxygen for Prethreshold Retinopathy Of 

Prematurity (STOP-ROP), a randomized, controlled trial. I: primary outcomes. 

Pediatrics 2000;105:295-310. 

120. Tin W, Milligan DW, Pennefather P, Hey E. Pulse oximetry, severe retinopathy, 

and outcome at one year in babies of less than 28 weeks gestation. Arch Dis 

Child Fetal Neonatal Ed 2001;84:F106-10. 

121. Askie LM, Henderson-Smart DJ, Irwig L, Simpson JM. Oxygen-saturation 

targets and outcomes in extremely preterm infants. N Engl J Med 2003;349:959-

67. 

122. Poets CF. When do infants need additional inspired oxygen? A review of the 

current literature. Pediatr Pulmonol JT  - Pediatric pulmonology. 1998;26:424-

8. 

123. Koch G, Wendel H. Adjustment of arterial blood gases and acid base balance in 



 
206 

the normal newborn infant during the first week of life. Biol Neonat JT  - 

Biologia neonatorum. Neo-natal studies. 1968;12:136-61. 

124. Werthammer J, Brown ER, Neff RK, Taeusch HW Jr. Sudden infant death 

syndrome in infants with bronchopulmonary dysplasia. Pediatrics JT  - 

Pediatrics. 1982;69:301-4. 

125. Groothuis JR, Rosenberg AA. Home oxygen promotes weight gain in infants 

with bronchopulmonary dysplasia. Am J Dis Child JT  - American journal of 

diseases of children (1960) 1987;141:992-5. 

126. Moyer-Mileur LJ, Nielson DW, Pfeffer KD, Witte MK, Chapman DL. 

Eliminating sleep-associated hypoxemia improves growth in infants with 

bronchopulmonary dysplasia. Pediatrics JT  - Pediatrics. 1996;98:779-83. 

127. Abman SH, Wolfe RR, Accurso FJ, Koops BL, Bowman CM, Wiggins JW Jr. 

Pulmonary vascular response to oxygen in infants with severe 

bronchopulmonary dysplasia. Pediatrics JT  - Pediatrics. 1985;75:80-4. 

128. Halliday HL, Dumpit FM, Brady JP. Effects of inspired oxygen on 

echocardiographic assessment of pulmonary vascular resistance and myocardial 

contractility in bronchopulmonary dysplasia. Pediatrics JT  - Pediatrics. 

1980;65:536-40. 

129. Coalson JJ. Experimental models of bronchopulmonary dysplasia. Biol Neonate 

1997;71 Suppl 1:35-8. 

130. Bucher JR, Roberts RJ. The development of the newborn rat lung in hyperoxia: a 

dose-response study of lung growth, maturation, and changes in antioxidant 

enzyme activities. Pediatr Res 1981;15:999-1008. 

131. Li Y, Zhang W, Mantell LL, Kazzaz JA, Fein AM, Horowitz S. Nuclear factor-

kappaB is activated by hyperoxia but does not protect from cell death. J Biol 

Chem 1997;272:20646-9. 

132. Iwai K, Hieda Y, Nakanishi Y. Effects of mesenchyme on epithelial tissue 

architecture revealed by tissue recombination experiments between the 

submandibular gland and lung of embryonic mice. Dev Growth Differ 

1998;40:327-34. 

133. Hieda Y, Nakanishi Y. Epithelial morphogenesis in mouse embryonic 

submandibular gland: its relationships to the tissue organization of epithelium 



 
207 

and mesenchyme. Dev Growth Differ 1997;39:1-8. 

134. Hussain MZ, Belton JC, Bhatnagar RS. Macromolecular synthesis in organ 

cultures of neonatal rat lung. In Vitro 1978;14:740-5. 

135. McCray PB Jr, Bettencourt JD, Bastacky J. Developing bronchopulmonary 

epithelium of the human fetus secretes fluid. Am J Physiol 1992;262:L270-9. 

136. Graeff RW, Wang G, McCray PB Jr. KGF and FGF-10 stimulate liquid secretion 

in human fetal lung. Pediatr Res 1999;46:523-9. 

137. McCray PB Jr. Spontaneous contractility of human fetal airway smooth muscle. 

Am J Respir Cell Mol Biol 1993;8:573-80. 

138. Underwood EE. Stereology, or the quantitative evaluation of microstructures. J 

Microsc 1969;89:161-80. 

139. Brown RW, Chirala R. Utility of microwave-citrate antigen retrieval in 

diagnostic immunohistochemistry. Mod Pathol 1995;8:515-20. 

140. Shannon JM, Mason RJ, Jennings SD. Functional differentiation of alveolar type 

II epithelial cells in vitro: effects of cell shape, cell-matrix interactions and cell-

cell interactions. Biochim Biophys Acta 1987;931:143-56. 

141. Adamson TM, Brodecky V, Lambert TF, Maloney JE, Ritchie BC, Walker AM. 

Lung liquid production and composition in the "in utero" foetal lamb. Aust J Exp 

Biol Med Sci 1975;53:65-75. 

142. Olver RE. Ion transport and water flow in the mammalian lung. Ciba Found 

Symp 1976;199-200. 

143. Brown MJ, Olver RE, Ramsden CA, Strang LB, Walters DV. Effects of 

adrenaline and of spontaneous labour on the secretion and absorption of lung 

liquid in the fetal lamb. J Physiol 1983;344:137-52. 

144. Acarregui MJ, Penisten ST, Goss KL, Ramirez K, Snyder JM. Vascular 

endothelial growth factor gene expression in human fetal lung in vitro. Am J 

Respir Cell Mol Biol 1999;20:14-23. 

145. Acarregui MJ, Kumar AR, Penisten ST, Snyder JM. O2 regulates surfactant 

protein A mRNA transcription and stability in human fetal lung in vitro. Am J 

Physiol 1998;274:L343-50. 

146. Horowitz S, Shapiro DL, Finkelstein JN, Notter RH, Johnston CJ, Quible DJ. 



 
208 

Changes in gene expression in hyperoxia-induced neonatal lung injury. Am J 

Physiol 1990;258:L107-11. 

147. McGrath SA. Induction of p21WAF/CIP1 during hyperoxia. Am J Respir Cell 

Mol Biol 1998;18:179-87. 

148. O'Reilly MA, Watkins RH, Staversky RJ, Maniscalco WM. Induced p21Cip1 in 

premature baboons with CLD: implications for alveolar hypoplasia. Am J 

Physiol Lung Cell Mol Physiol 2003;285:L964-71. 

149. Rafii B, Tanswell AK, Otulakowski G, Pitkanen O, Belcastro-Taylor R, 

O'Brodovich H. O2-induced ENaC expression is associated with NF-kappaB 

activation and blocked by superoxide scavenger. Am J Physiol 1998;275:L764-

70. 

150. Fanburg BL, Massaro DJ, Gerutti PA, Gail DB, Berberich MA. Regulation of 

gene expression by O2 tension. Am J Physiol 1992;262:L235-41. 

151. Plate KH, Breier G, Weich HA, Risau W. Vascular endothelial growth factor is a 

potential tumour angiogenesis factor in human gliomas in vivo. Nature 

1992;359:845-8. 

152. Stout AU, Stout JT. Retinopathy of prematurity. Pediatr Clin North Am 

2003;50:77-87, vi. 

153. Chelly N, Mouhieddine-Gueddiche OB, Barlier-Mur AM, Chailley-Heu B, 

Bourbon JR. Keratinocyte growth factor enhances maturation of fetal rat lung 

type II cells. Am J Respir Cell Mol Biol 1999;20:423-32. 

154. Ulich TR, Yi ES, Longmuir K, Yin S, Biltz R, Morris CF  et al. . Keratinocyte 

growth factor is a growth factor for type II pneumocytes in vivo. J Clin Invest 

1994;93:1298-306. 

155. Charafeddine L, D'Angio CT, Richards JL, Stripp BR, Finkelstein JN, Orlowski 

CC  et al. . Hyperoxia increases keratinocyte growth factor mRNA expression in 

neonatal rabbit lung. Am J Physiol 1999;276:L105-13. 

156. Miura T, Shiota K. Time-lapse observation of branching morphogenesis of the 

lung bud epithelium in mesenchyme-free culture and its relationship with the 

localization of actin filaments. Int J Dev Biol 2000;44:899-902. 

157. Ohtsuka N, Urase K, Momoi T, Nogawa H. Induction of bud formation of 



 
209 

embryonic mouse tracheal epithelium by fibroblast growth factor plus 

transferrin in mesenchyme-free culture. Dev Dyn 2001;222:263-72. 

158. Young SL, Evans K, Eu JP. Nitric oxide modulates branching morphogenesis in 

fetal rat lung explants. Am J Physiol Lung Cell Mol Physiol 2002;282:L379-85. 

159. Kling DE, Lorenzo HK, Trbovich AM, Kinane TB, Donahoe PK, Schnitzer JJ. 

MEK-1/2 inhibition reduces branching morphogenesis and causes mesenchymal 

cell apoptosis in fetal rat lungs. Am J Physiol Lung Cell Mol Physiol 

2002;282:L370-8. 

160. Cossar D, Bell J, Lang M, Hume R. Development of human fetal lung in organ 

culture compared with in utero ontogeny. In Vitro Cell Dev Biol Anim 

1993;29A:319-24. 

161. Acarregui MJ, Snyder JM, Mendelson CR. Oxygen modulates the differentiation 

of human fetal lung in vitro and its responsiveness to cAMP. Am J Physiol 

1993;264:L465-74. 

162. Acarregui MJ, Brown JJ, Mallampalli RK. Oxygen modulates surfactant protein 

mRNA expression and phospholipid production in human fetal lung in vitro. Am 

J Physiol 1995;268:L818-25. 

163. Hume R, Bell J, Cossar D, Giles M, Hallas A, Kelly R. Differential release of 

prostaglandins by organ cultures of human fetal trachea and lung. In Vitro Cell 

Dev Biol Anim 1996;32:24-9. 

164. Tanswell AK, Joneja MG, Possmayer F, Harding P. Differentiation-arrested rat 

fetal lung in primary monolayer cell culture. IV. Paradoxical effect of a "fetal" 

pO2 on precursor incorporation into phospholipids and hormone responsiveness. 

In Vitro 1984;20:635-41. 

165. Mio T, Adachi Y, Romberger DJ, Ertl RF, Rennard SI. Regulation of fibroblast 

proliferation in three-dimensional collagen gel matrix. In Vitro Cell Dev Biol 

Anim 1996;32:427-33. 

166. Gassmann M, Fandrey J, Bichet S, Wartenberg M, Marti HH, Bauer C  et al. . 

Oxygen supply and oxygen-dependent gene expression in differentiating 

embryonic stem cells. Proc Natl Acad Sci U S A 1996;93:2867-72. 

167. Alon T, Hemo I, Itin A, Pe'er J, Stone J, Keshet E. Vascular endothelial growth 

factor acts as a survival factor for newly formed retinal vessels and has 



 
210 

implications for retinopathy of prematurity. Nat Med 1995;1:1024-8. 

168. Ferrara N, Houck K, Jakeman L, Leung DW. Molecular and biological properties 

of the vascular endothelial growth factor family of proteins. Endocr Rev 

1992;13:18-32. 

169. Piedboeuf B, Gamache M, Frenette J, Horowitz S, Baldwin HS, Petrov P. 

Increased endothelial cell expression of platelet-endothelial cell adhesion 

molecule-1 during hyperoxic lung injury. Am J Respir Cell Mol Biol 

1998;19:543-53. 

170. Hislop AA, Haworth SG. Pulmonary vascular damage and the development of 

cor pulmonale following hyaline membrane disease. Pediatr Pulmonol 

1990;9:152-61. 

171. Coalson JJ, Winter VT, Siler-Khodr T, Yoder BA. Neonatal chronic lung disease 

in extremely immature baboons. Am J Respir Crit Care Med 1999;160:1333-46. 

172. Crapo JD. Morphologic changes in pulmonary oxygen toxicity. Annu Rev 

Physiol 1986;48:721-31. 

173. Tomashefski JF Jr, Oppermann HC, Vawter GF, Reid LM. Bronchopulmonary 

dysplasia: a morphometric study with emphasis on the pulmonary vasculature. 

Pediatr Pathol 1984;2:469-87. 

174. Coalson JJ. Pathology of Chronic lung disease in early infancy. New York: M. 

Dekker, 2000. 

175. Connolly DT, Olander JV, Heuvelman D, Nelson R, Monsell R, Siegel N  et al. . 

Human vascular permeability factor. Isolation from U937 cells. J Biol Chem 

1989;264:20017-24. 

176. Dvorak HF, Brown LF, Detmar M, Dvorak AM. Vascular permeability 

factor/vascular endothelial growth factor, microvascular hyperpermeability, and 

angiogenesis. Am J Pathol 1995;146:1029-39. 

177. Waltenberger J, Claesson-Welsh L, Siegbahn A, Shibuya M, Heldin CH. 

Different signal transduction properties of KDR and Flt1, two receptors for 

vascular endothelial growth factor. J Biol Chem 1994;269:26988-95. 

178. Terman BI, Dougher-Vermazen M, Carrion ME, Dimitrov D, Armellino DC, 

Gospodarowicz D  et al. . Identification of the KDR tyrosine kinase as a receptor 



 
211 

for vascular endothelial cell growth factor. Biochem Biophys Res Commun 

1992;187:1579-86. 

179. Fong GH, Rossant J, Gertsenstein M, Breitman ML. Role of the Flt-1 receptor 

tyrosine kinase in regulating the assembly of vascular endothelium. Nature 

1995;376:66-70. 

180. Maniscalco WM, Watkins RH, Finkelstein JN, Campbell MH. Vascular 

endothelial growth factor mRNA increases in alveolar epithelial cells during 

recovery from oxygen injury. Am J Respir Cell Mol Biol 1995;13:377-86. 

181. Minchenko A, Bauer T, Salceda S, Caro J. Hypoxic stimulation of vascular 

endothelial growth factor expression in vitro and in vivo. Lab Invest 

1994;71:374-9. 

182. Lassus P, Ristimaki A, Ylikorkala O, Viinikka L, Andersson S. Vascular 

endothelial growth factor in human preterm lung. Am J Respir Crit Care Med 

1999;159:1429-33. 

183. Raff MC. Social controls on cell survival and cell death. Nature 1992;356:397-

400. 

184. Millauer B, Wizigmann-Voos S, Schnurch H, Martinez R, Moller NP, Risau W  

et al. . High affinity VEGF binding and developmental expression suggest Flk-1 

as a major regulator of vasculogenesis and angiogenesis. Cell 1993;72:835-46. 

185. Healy AM, Morgenthau L, Zhu X, Farber HW, Cardoso WV. VEGF is deposited 

in the subepithelial matrix at the leading edge of branching airways and 

stimulates neovascularization in the murine embryonic lung. Dev Dyn 

2000;219:341-52. 

186. Hosford GE, Olson DM. Effects of hyperoxia on VEGF, its receptors and HIF-

2alpha in the newborn rat lung. Am J Physiol Lung Cell Mol Physiol 2003;. 

187. D'Angio CT, Maniscalco WM. The role of vascular growth factors in hyperoxia-

induced injury to the developing lung. Front Biosci 2002;7:d1609-23. 

188. Machelon V NF. Cellular distribution and relative amounts of vascular 

endothelium growth factor mRNA in granulosa cells from human preovulatory 

follicles. Eur Cytokine Netw 1999;10:393-402. 

189. Jakkula M, Le Cras TD, Gebb S, Hirth KP, Tuder RM, Voelkel NF  et al. . 



 
212 

Inhibition of angiogenesis decreases alveolarization in the developing rat lung. 

Am J Physiol Lung Cell Mol Physiol 2000;279:L600-7. 

190. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, Stein H. Cell cycle 

analysis of a cell proliferation-associated human nuclear antigen defined by the 

monoclonal antibody Ki-67. J Immunol 1984;133:1710-5. 

191. Schluter C, Duchrow M, Wohlenberg C, Becker MH, Key G, Flad HD  et al. . 

The cell proliferation-associated antigen of antibody Ki-67: a very large, 

ubiquitous nuclear protein with numerous repeated elements, representing a new 

kind of cell cycle-maintaining proteins. J Cell Biol 1993;123:513-22. 

192. Atkinson JC, Ruhl M, Becker J, Ackermann R, Schuppan D. Collagen VI 

regulates normal and transformed mesenchymal cell proliferation in vitro. Exp 

Cell Res 1996;228:283-91. 

193. Liu G, Hu YY, Zhao JN, Wu SJ, Xiong Z, Lu R. Effect of type I collagen on the 

adhesion, proliferation, and osteoblastic gene expression of bone marrow-

derived mesenchymal stem cells. Chin J Traumatol 2004;7:358-62. 

194. Kitamura H, Shibagaki T, Inayama Y, Ito T, Kanisawa M. Growth and 

differentiation of human distal airway epithelial cells in culture. Effects of small 

amounts of serum in defined medium. Lab Invest 1990;63:420-8. 

195. Kumar RK, O'Grady R, Li W, Smith LW, Rhodes GC. Primary culture of adult 

mouse lung fibroblasts in serum-free medium: responses to growth factors. Exp 

Cell Res 1991;193:398-404. 

196. Orbo A, Jaeger R, Sager G. Effect of serum and cell density on transmembrane 

distribution of cAMP and cGMP in transformed (C4-I) and non-transformed 

(WI-38) human cells. Int J Cancer 1993;55:957-62. 

197. Choy M, Oltjen SL, Otani YS, Armstrong MT, Armstrong PB. Fibroblast growth 

factor-2 stimulates embryonic cardiac mesenchymal cell proliferation. Dev Dyn 

1996;206:193-200. 

198. Watanabe S, Wang XE, Hirose M, Oide H, Kitamura T, Miyazaki A  et al. . 

Basic fibroblast growth factor accelerates gastric mucosal restoration in vitro by 

promoting mesenchymal cell migration and proliferation. J Gastroenterol 

Hepatol 1995;10:627-32. 

199. Muglia LJ, Bae DS, Brown TT, Vogt SK, Alvarez JG, Sunday ME  et al. . 



 
213 

Proliferation and differentiation defects during lung development in 

corticotropin-releasing hormone-deficient mice. Am J Respir Cell Mol Biol 

1999;20:181-8. 

200. Lee SC, Kim SH, Koh HJ, Kwon OW. TGF-betas synthesized by RPE cells have 

autocrine activity on mesenchymal transformation and cell proliferation. Yonsei 

Med J 2001;42:271-7. 

201. Krein PM, Winston BW. Roles for insulin-like growth factor I and transforming 

growth factor-beta in fibrotic lung disease. Chest 2002;122:289S-93S. 

202. Maniscalco WM, Watkins RH, O'Reilly MA, Shea CP. Increased epithelial cell 

proliferation in very premature baboons with chronic lung disease. Am J Physiol 

Lung Cell Mol Physiol 2002;283:L991-1001. 

203. Chetty A, Nielsen HC. Regulation of cell proliferation by insulin-like growth 

factor 1 in hyperoxia-exposed neonatal rat lung. Mol Genet Metab 2002;75:265-

75. 

204. Zamzami N, Marchetti P, Castedo M, Decaudin D, Macho A, Hirsch T  et al. . 

Sequential reduction of mitochondrial transmembrane potential and generation 

of reactive oxygen species in early programmed cell death. J Exp Med 

1995;182:367-77. 

205. Auten RL, Richardson RM, White JR, Mason SN, Vozzelli MA, Whorton MH. 

Nonpeptide CXCR2 antagonist prevents neutrophil accumulation in hyperoxia-

exposed newborn rats. J Pharmacol Exp Ther 2001;299:90-5. 

206. Budinger GR, Sznajder JI. To live or die: a critical decision for the lung. J Clin 

Invest 2005;115:828-30. 

207. Teng X, Degterev A, Jagtap P, Xing X, Choi S, Denu R  et al. . Structure-activity 

relationship study of novel necroptosis inhibitors. Bioorg Med Chem Lett 

2005;15:5039-44. 

208. Simon HU, Haj-Yehia A, Levi-Schaffer F. Role of reactive oxygen species 

(ROS) in apoptosis induction. Apoptosis 2000;5:415-8. 

209. Franek WR, Horowitz S, Stansberry L, Kazzaz JA, Koo HC, Li Y  et al. . 

Hyperoxia inhibits oxidant-induced apoptosis in lung epithelial cells. J Biol 

Chem 2001;276:569-75. 



 
214 

210. Wang CY, Guttridge DC, Mayo MW, Baldwin AS Jr. NF-kappaB induces 

expression of the Bcl-2 homologue A1/Bfl-1 to preferentially suppress 

chemotherapy-induced apoptosis. Mol Cell Biol 1999;19:5923-9. 

211. Mustapha S, Kirshner A, De Moissac D, Kirshenbaum LA. A direct requirement 

of nuclear factor-kappa B for suppression of apoptosis in ventricular myocytes. 

Am J Physiol Heart Circ Physiol 2000;279:H939-45. 

212. Kasahara Y, Iwai K, Yachie A, Ohta K, Konno A, Seki H  et al. . Involvement of 

reactive oxygen intermediates in spontaneous and CD95 (Fas/APO-1)-mediated 

apoptosis of neutrophils. Blood 1997;89:1748-53. 

213. Watson RW, Rotstein OD, Jimenez M, Parodo J, Marshall JC. Augmented 

intracellular glutathione inhibits Fas-triggered apoptosis of activated human 

neutrophils. Blood 1997;89:4175-81. 

214. Simpson LL, Tanswell AK, Joneja MG. Epithelial cell differentiation in 

organotypic cultures of fetal rat lung. Am J Anat 1985;172:31-40. 

215. Makarevich AV, Markkula M. Apoptosis and cell proliferation potential of 

bovine embryos stimulated with insulin-like growth factor I during in vitro 

maturation and culture. Biol Reprod 2002;66:386-92. 

216. Gil-Ad I, Shtaif B, Luria D, Karp L, Fridman Y, Weizman A. Insulin-like-

growth-factor-I (IGF-I) antagonizes apoptosis induced by serum deficiency and 

doxorubicin in neuronal cell culture. Growth Horm IGF Res 1999;9:458-64. 

217. Liesveld JL, Harbol AW, Abboud CN. Stem cell factor and stromal cell co-

culture prevent apoptosis in a subculture of the megakaryoblastic cell line, UT-

7. Leuk Res 1996;20:591-600. 

218. Fabregat I, Sanchez A, Alvarez AM, Nakamura T, Benito M. Epidermal growth 

factor, but not hepatocyte growth factor, suppresses the apoptosis induced by 

transforming growth factor-beta in fetal hepatocytes in primary culture. FEBS 

Lett 1996;384:14-8. 

219. Polak JM. Introduction to immunocytochemistry / J.M. Polak, S. Van Noorden. 

Edition Information:2nd ed. Oxford, OX, UK: BIOS Scientific Publishers ; New 

York : Springer, 1997. 

220. Hrapchak BB. Selective staining with hematoxylin, applications and theory: a 

review. Am J Med Technol 1976;42:371-9. 



 
215 

221. Clark RH, Gerstmann DR, Jobe AH, Moffitt ST, Slutsky AS, Yoder BA. Lung 

injury in neonates: Causes, strategies for prevention, and long-term 

consequences. J Pediatr 2001;139:478-84. 

222. Jobe AH, Ikegami M. Mechanisms initiating lung injury in the preterm. Early 

Hum Dev 1998;53:81-94. 

223. Hislop AA, Wigglesworth JS, Desai R, Aber V. The effects of preterm delivery 

and mechanical ventilation on human lung growth. Early Hum Dev 

1987;15:147-64. 

224. Tullus K, Noack GW, Burman LG, Nilsson R, Wretlind B, Brauner A. Elevated 

cytokine levels in tracheobronchial aspirate fluids from ventilator treated 

neonates with bronchopulmonary dysplasia. Eur J Pediatr 1996;155:112-6. 


