
EXPERIMENTAL EMPHYSEMA IN THE BLOTCHY MOUSE. 
A MORPHOMETRIC STUDY USING IMAGE ANALYSIS

BY

ALISON CAROLINE ELLIOTT McCARTNEY M.A., M.B., B.Chir,
F.R.C.Path, F.C.Ophth.

Thesis submitted for the degree of 
DOCTOR OF MEDICINE (M.D.)

FACULTY OF MEDICINE, UNIVERSITY OF LONDON

1993

THE INSTITUTE OF OPHTHALMOLOGY 
Department of Pathology, 

Bath Street,

London EClV 9EL



ProQuest Number: U066213

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U066213

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract.
Smoking remains the major aetiological factor in emphysema 

but it is paradoxical that most smokers do not appear to 
develop the disease. Inheritable abnormalities in lung 
scleroproteins may underlie a propensity to develop emphyse
ma.

This hypothesis was tested in two animal models. 
Experiments were first performed on an animal model, the 
Wistar rat, which does not exhibit any genetically 
determined lung disease. Instillation of elastase and saline 
caused increase in airspace transects in the rat. A 
sensitive and rapid morphological technique was used to 
evaluate the light microscopic appearances of the induced 
lung disease.
The second model was the blotchy mouse, which has an X- 
linked deficiency of lysyl oxidase, leading to faulty cross 
linkage of elastin.[ Hemizygous male animals have abnormal 
lungs, aortic aneurysms and curly whiskers.] This thesis 
documents the effects on the lungs of increasing age and 
manipulation of the elastase- antielastase balance in all 
phenotypes and genotypes of these mice, which were estab
lished as the first outbred colony in the U.K. Scanning 
electron microscopy was performed on the blotchy mice and 
their sibling controls.

In the blotchy mice statistically significant differences 
in airspace transects were demonstrable in the untreated 
hemizygous and homozygous mice compared to control mice. The 
heterozygous female mice showed the effects of lyonisation 
of the gene, their lung transects lying in a band between 
those of the hemi or homozygous animals compared to con
trols. Animals with mild or severe damage remained vulner



able to instilled elastase, showing that it is possible to 
augment genetically determined lung disease although the 
effects due aging alone were greatest in the control ani
mals. The biochemical results suggest that the interdepen
dence and plasticity of lung structural proteins other than 
elastin are also important factors in the regulation and 
expression of both induced and naturally occurring disease.
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AIMS
To evaluate two experimental animal models of elastase- 
induced emphysema: the first in the Wistar rat, which does 
not have any genetic predisposition to lung disease and the 
second the Blotchy mouse, an animal not previously bred in 
this country for investigation of lung disease, but known to 
have connective tissue abnormalities as a result of lysyl 
oxidase deficiency.

Aims of experiment 1 on the rat model described in chapter 2

la. To determine whether instillation of relatively small 
amounts of an exogenous purified porcine pancreatic elastase 
produces destruction and enlargement of airspaces within a 
Wistar rat model, using young rats, unlikely to have sponta
neous emphysema.

lb. To determine whether this change is produced by single 
or repeated doses of elastase and whether there is evidence 
of similar damage when saline, without intrinsic enzyme 
activity, is used.

Ic. To document change in airspace size by measuring tran
sect length across airspaces; the data to be obtained by 
computerised image analysis of fixed lung sections, plotted 
using ogives of cumulative frequency and subsequently analy
sed using a non parametric method to assess significance.

Id. To compare this morphological data to biochemical data 
obtained in a parallel study in our laboratories assessing 
evidence of elastolysis and changes in other connective 
tissue moieties.
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Aims of experiment 2 on the Blotchy mouse, an animal known 
to have an X linked deficiency of the cross linking enzyme, 
lysyl oxidase.(chapter 3.)

2a. To breed a colony of Blotchy mice, using inbreeding and 
outbreeding to obtain all phenotypes and genotypes of ani
mals, including the homozygous Blo\Blo female.

2b. To record whether there were morphometric, including 
scanning electron microscopic (chapter 3.b), differences in 
the lungs of these mice by comparing them with their non 
affected littermates at different ages and to compare this
data to the results of biochemical analyses obtained in a
parallel study in the younger mice.

Aims of experiment 3, instillation of human leucocyte elas
tase in the Blotchy mouse model.(chapter 4)

3a. To determine whether (human) leucocyte elastase, has 
an effect on transect length across airspaces, in instilled 
mice of all phenotypes compared to untreated control ani
mals .

3b. To compare the biochemical results, obtained in a
parallel study, to the morphometric data.
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Chapter 1. Introduction.

Naturally occurring emphysema is rare in animals. The 
blotchy mouse has an X-linked defect for the enzyme lysyl 
oxidase, which catalyses the cross linkage of structural 
proteins. Hemizygous male animals have abnormal lungs and 
phenotypically differ from their agouti coloured normal 
siblings and the heterozygous females who have coats flecked 
with the pale colour giving rise to the name blotchy. My 
hypothesis was that such animals would be 
vulnerable to the effects of exogenous events that mimic the 
effects of smoking.

The reasons for this hypothesis were that, although smoking 
remains the major aetiological factor associated with the 
development of emphysema, human emphysema differs from other 
smoking associated diseases. These diseases, manifested by 
abnormalities of respiratory and bronchial epithelial cells, 
are almost ubiquitous, are dose dependent and are to a 
certain extent reversible on cessation of the activity. 
Although emphysema is difficult to diagnose clinically, it 
is a rare disease compared to chronic bronchitis, lung 
cancer and ischaemic cardiovascular disease in smokers and 
less than one quarter of smokers will develop emphysema. 
Alpha-1 antitrypsin (alAT) deficiency was originally de
scribed because there was evolution of a 'premature' emphy
sema affecting one cluster of patients who increased the 

severity of their disease if they smoked. This discovery 
spawned a vast amount of research on the 'balance' between
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elastases and antielastases in the lungs of those who smoke. 
The elastase-antielastase hypothesis is that in smokers, 
the antielastase defence system of the lung cannot adequate
ly protect the alveolar walls and ducts from damage caused 
by proteolytic enzymes, particularly neutrophil derived 
elastase. The 'direct' evidence for this theory was largely 
accrued from work on the homozygous alAT deficient patients, 
but the theory is less well supported and the evidence is 
'indirect' in alAT nondeficient smokers with supposedly 
adequate levels of protease inhibitor.
The tissue substrate, primarily elastin, for these elasto- 
lytic enzymes has been less well investigated. Variation in 
the pattern of deposition and biochemical or structural 
anomalies in elastic tissue might also be inheritable and 
lead to a predisposition to emphysema.
My hypothesis that there may be a group of patients with 
inherent abnormalities of structural proteins who might also 
be at risk of developing this disease can be substantiated 
by demonstrating increased emphysema-like damage in the 
lungs of an animal model with such an underlying abnormali
ty, following challenge with elastase.
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1.1
A brief survey of the history of emphysema, its definitions 
and a survey of theories of pathogenesis.

Research into emphysema has varied from extensive epide
miological surveys to biochemical studies on a molecular 
scale. Although human studies are the most pertinent, the 
search for animal models of disease has widened to include 
genetically determined lung damage such as is seen in the 
Blotchy mouse . I wished to address questions of morphology 
in naturally occurring disease and after manipulation of the 
protease-antiprotease balance, especially with regard to the 
amount of elastic tissue present and the degree of lung 
destruction. Quantitative morphology and biochemical analy
sis were the two most powerful tools at our disposal coupled 
with investigation at the ultrastructural level to determine 
the importance of the fenestrae often observable in emphyse
matous lungs. This thesis represents one part of a combined 
and integrated study.
The thesis is arranged with an introductory chapter that 
encompasses the nature of the disease under consideration, 
and the type of research previously undertaken especially on 
animal models of the disease. Since the analysis is primari
ly quantitative rather than qualitative, methods of measure
ment of lung tissue are reviewed. This overview is followed 
by chapters reviewing and describing experimentation first 
on the rat and then on the blotchy mouse models. Before the 
instillation data on the mouse is examined, the range of 
naturally occurring lung disease in the blotchy mouse is 
evaluated by scanning microscopy. There is a final discus
sion on the interrelationship of the morphometric data and
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the biochemical results and the relevance of this type of 
experimental model to human disease (Figure 1.1).

The historical review will concentrate on the morphology of 
emphysema and the importance of the underlying connective 
tissue of the lungs.

1. la
The history of pulmonary emphysema.

Clinical and morphological studies 1721-1948.

Emphysema is derived from the Greek word
emphysan, to inflate and was originally used to
describe the presence of air within the tissues and as such 
is still used today in the expression 'surgical (sub
cutaneous) emphysema'. Thurlbeck in his review of early work 
on emphysema (1976) cites the description of Watson (1764), 
who described a young man who had aspirated vomit. Watson 
implies that there was air present within the parenchyma of 
the lung, which had ' burst through the bronchi and vesicu
lar substance,' rather than within the airspaces, with 'air 
getting loose within the substance of the lungs (which) 
cannot be parted with on expiration' as well as 'bladders' 
which 'no pressure on the surface of the lungs could force 
back' . Rosenblatt (1972) quotes from the earlier work of 
the Swiss physician Bonet who described in Sepulchretum, in 
1679, the correlation of dyspnoea and orthopnoea in cases 
where there was overdistension of the lungs with air.

Ruysch (1691 and 1721) illustrated enlarged airspaces and 
these pictures together with the clear illustration by

Matthew Baillie are reproduced by Thurlbeck. This latter
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Figure 1.1 
Flow chart to show interrelation of topics 
discussed in chapter 1 and experiments in 
chapters 2-4.
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plate, traditionally thought to illustrate the lung of 
Samuel Johnson, who died several years after a bout of 
pneumonia, carries the legend that 'the air cells are much 
enlarged beyond their normal size and resemble those of 
amphibians'. In his textbook published eight years later 
Baillie predates the observations of Laennec by stating that 
the lungs did not collapse at post mortem. He describes air 
cells that were large enough to hold a small gooseberry 
(1799 and 1807). Baillie also recognised the importance of 
destruction in this disease.

Morgagni (1769) also described two cases of emphysema, 
likening the distended airspaces to filberts (hazelnuts).

Laennec (1819), working amongst others, on the victims of 
the cholera epidemic in Paris, is usually credited as the 
first author to describe pulmonary emphysema correctly and 
to identify the underlying anatomical basis of production of 
abnormal air spaces; 'elle consiste dans la simple dilata
tion des vésicules ou cellules dont elle compose'. His work, 
although widely quoted, is difficult to obtain in the origi
nal, a manuscript which described the appearances of lungs 
which in an 'anatomical state of hypertrophy go out of the 
thoracic cavity to the mediastinum instead of collapsing'.

Laennec distinguished between vesicular emphysema, 
distending air confined to the air spaces of the lungs, and 
interstitial emphysema. He described hypertrophy linked to 
an abnormal dilatation of the air spaces, which were 
'grossly visible and sometimes confluent in bullous 
formation'. The work appeared in a treatise on auscultation 
and was translated and quoted from by Forbes of London in 
1834: it is to these references, which are much more readily
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available in the English language, that most subsequent 
authors refer. He was aware of the close association of 
chronic bronchitis with emphysema and emphasised that it was 
the chief cause of the disease as well as recognising the 
difference between true emphysema and the enlargement of air 
spaces associated with increasing senescence. Laennec pre
pared his specimens by inflating them and leaving them to 
dry out, thus recognising the importance of prevention of 
collapse in fixed specimens. He hypothesised that loss of 
recoil was an important factor in the genesis of the disease 
resulting in slower flow and in translation the words 
'diminished elasticity of air cells' have been used (Thurl
beck 1976).

The association of chronic bronchitis and emphysema was 
noted by Louis (1835) in his monograph but he denied the 
importance of this observation, (as did Waters, see below).

Forbes (1824) also gives credit to Avenbrugger, working in 
Vienna, for the description of right ventricular hypertrophy 
accompanying lung disease. Rainey in 1848 gives the first 
description of the microscopy of dilated alveoli and widened 
meshes of the capillary net, with subsequent pores or gaps 
in the alveolar walls and the progressive enlargement of 
these fenestrations, with destruction of the alveolar walls 
finally leading to bullae. This work was carried out using 
unstained thick sections.
Rokitansky writing in 1861, observed that 'much labour has 
been devoted to the affectation' and that conditions giving 
rise to it are 'still far from clear'(a sentiment that many 
workers might still echo). He thought that the process was 
primarily due to atrophy and also observed senile (or scar )
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emphysema; he called obstructive emphysema 'substantive'.

Waters (1862) reviewed the previously held predominating 
theories about this disease citing the work of Bonet, 
Morgagni, Floyer (1726), Ruscke (1691) and Baillie (1799). 
He refers anatomically to air spaces which he describes as 
air sacs, lobulettes and lobules, painstakingly recording 
them, (Frontispiece) and documents six to twelve air spaces 
communicating with the 'dilated extremity of a bronchial 
tube by a circular opening, smaller than the sac itself, 
which became polygonal when the lung was properly inflated. 
He also details the 'point de réunion' of all the air sacs, 
the common centre of the lobulette and describes the alveoli 
as 'cyst-like depressions', eight to twenty to an air sac, 
with circular openings, 'smaller than the cavity to which it 
leads'.
Waters predates other observers when he describes the 

walls of the sacs or alveoli as being composed of 'yellow 
elastic fibrous tissue' with fibres arranged in bundles and 
singly encircling the mouths of the air sac and in the wall 
notes a basement membrane and an epithelium together with 
'the capillary vessels of the pulmonary plexus'.
He divides pulmonary emphysema, which he believed was due to 
infiltration of air into the alveolar wall, into vesicular 
and interlobular, which he remarks is 'never seen as an 
independent affectation' and he also describes surgical 
emphysema. He further subdivides vesicular emphysema into a 
variety which affects but 'a few air sacs or a single lobul
ette' and a type affecting a whole lobule which he observed 
in most post-mortem specimens including those with phthisis 
(tuberculosis) or consolidated pneumonia. (A confusion with 
honey-comb lung type of pulmonary fibrosis seems possible
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here. Interestingly it has been postulated that fibrosis 
and emphysema represent divergent responses to a common 
insult (Niewoehner and Hoidal 1982), and some forms of 
experimental emphysema are associated with fibrosis (Snider 
et al 1991). Thirdly he details the emphysematous change 
extending to the whole lobe or lung.

He was therefore describing dilatation of alveolar ducts and 
sacs, with fenestration leading to a cribriform appearance 
and progression to destruction of septa by distension of the 
existing air sacs , tallying with modern descriptions of the 
disease.

Strawbridge (1960a) in reviewing the nineteenth century 
German literature, emphasises the work of Eppinger which 
detailed the loss of fine elastic fibres, with fraying of 
the elastic fibres at the edge of recent fenestrations, as 
well as distinguishing between acute emphysema due to over
inflation and chronic emphysema.

Orsos in 1907, as well as describing the atrophy of elastic 
tissue in the aged lung also describes branching and 
intermeshing elastic fibres and the pathological appearances 
in emphysematous lungs where the fibres were torn, retracted 
and undulating, eventually becoming degenerate stumps which 
stained poorly. This change was thought to originate in the 
intercapillary fibres. This observation was probably the 
most germane to current ideas of the induction of emphysema 
and underpins much of the research directed at understanding 
the role of elastases and their effect on elastic tissue 
within the lung. Even then not all authors agreed with his
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observations. Loeschke (1922) conceded that fenestration led 
to destruction but did not see pre-existent alterations in 
elastic fibres, averring that it was the tissue most 
resistant to the essential atrophy of emphysema. Using 
corrosion casting he also demonstrated, without recognising 
its significance, the first illustration of centrilobular 
emphysema.
Orsos (1907), also observed and described the almost 
avascular appearance of the connective tissue septa in 
emphysema associated with defects thought to be enlarged 
pores of Kohn (see 1.4) . This loss of vessels, especially 
capillaries, was central to Liebow's concept of emphysema 
(1959) but he also reiterated the importance of the 
structural integrity of interlacing sheets of elastic fibres 
around the mouths of alveoli. Casting studies of capillaries 
in experimental elastase-induced emphysema (see 1.7) have 
shown a qualitative change in the distribution of 
capillaries in the alveolar capillary 'baskets', which 
become larger in the affected animals, but loss of elastic 
recoil, signifying the onset of the disease, occurs before 
any diffuse loss of capillaries (Schraufnagel 1988).
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1.2
Modern morphological studies and measurements.
The essentially different natures of panlobular and 
centrilobular disease awaited discovery until 1952 and the 
work of Gough and the descriptions of McLean (1956, 1957 and
1958). A three dimensional study by Wright in 1961 illustra
ted the framework of elastic fibres that support the primary 
lobule and terminal bronchiole, respiratory bronchiole, 
alveolar duct and alveoli in the normal lung . These authors 
also showed focal defects including attenuation of fibres, 
leading to complete separation and retraction of the unatta
ched ends with consequent fenestration of alveolar walls, 
loss of capillaries and an interesting increase in fibrous 
tissues. Later quantitative studies were presaged by Har- 
troft in 1945 who thought that serial section and measure
ment were the keys to successful investigation. Gough's work 
on the whole lung sections prepared by him and his techni
cian Wentworth, allowed pathologists to attempt to quantify 
the disease and to compare the post-mortem findings with the 
physiological tests of the clinicians and the appearances of 
the lungs using X ray where the changes in the lung paren
chyma are assessed in relation to the changes in the chest 
wall, diaphragm, heart and great vessels.

1.2a The age of alpha-1 antitrypsin and the role of chronic 
bronchitis.
The discovery of the effects of alpha-1 antitrypsin 
deficiency by Laurell and Eriksson (1963) marked the next 
era of recognition of hereditary disease. They described a 
disease, now known to have an autosomal co-dominant 
inheritance, but previously widely explained in terms of
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recessive inheritance, with three levels of serum alpha-1 
antitrypsin protease inhibitor : normal in the MM phenotype, 
intermediate in the heterozygote carrier MZ phenotypes and 
low in the homozygous ZZ phenotypes of whom 50% have 
obstructive airways disease, usually severe early onset 
panlobular emphysema. Alpha-1 antitrypsin is a 59 kDa 
antiprotease providing the major defence against the 
'ravages of neutrophil elastase in the lower respiratory 
tract' (Crystal 1989, Gadek et al 1981).
The deficiencies are due to single amino acid substitutions 
at position 342, close to the carboxy terminal of the 394 
amino acid chain, that of the Z variant (PiMZ) , carried by 
0.03% of Europeans is of lysine replacing glutamic acid and 
another polymorphism (PiSM) found in 7%, is associated with 
substitution also of glutamic acid but by valine at position 
264 rather than 342 (Carrell et al 1982) . One of the sur
prising elements in patients with this deficiency is the 
failure to develop emphysema in some patients with a PiZZ 
genotype, shown in series such as that documenting incidence 
only in 100 of 2000 PiZZ subjects, a level of 5% of that 
predicted on the basis of genetic inheritance (Studies 
quoted by Tetley 1992) . This may mean that development of 
emphysema within both the homozygotes and heterozygotes 
(Lam et al 1979) is as the result of a further (as yet 
undefined) genetic abnormality or an acquired propensity 
induced by exposure to exogenous agents such as smoke (Janus 
et al 1985) . This type of multifactorial evolution of a 
disease is well documented in tumour biology, especially 
with reference to tumour suppressor genes such as the gene 
for retinoblastoma (Rb) and p 53 (Weinberg 1991) and the 
effects of ionising irradiation.
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The roles of proteases and antiproteases and their clinical 
implications were extensively reviewed in the supplement 
(1983) to the American Review of Respiratory Disease edited 
by Cohen.
In cases without antitrypsin deficiency there was gradual 
awareness that the disease arose as a direct result of 
smoking cigarettes. This observation came partly as a result 
of the Clean Air Act in this country and partly as a result 
of good epidemiological evidence gathered by D.D Reid (1956) 
and others (Edwards 1961, Lambert and Reid 1970) on the 
importance of the relationship of chronic bronchitis to the 
development of emphysema. Clinical and epidemiological 
studies have similarly shown that 90% of the 62,000 deaths 
per annum in the U.S.A. occurring in patients with chronic 
obstructive airway disease (C.O.A.D.) (20,000 per annum in
the U.K (Tetley 1992)) are attributable to smoking (Snider, 
Lucey and Stone 1986) rather than industrial exposure.

The pathology of chronic bronchitis, due to the overactiv
ity of the mucous glands, was first described by Florey et 
al (1932) and consolidated in two works by Lynne Reid in 
1954 and 1960 where she accurately defined the extent of the 
thickness of the mucus-producing glands and their relation
ship to the bronchial wall as an index. There were differing 
diagnostic criteria on either side of the Atlantic leading 
to confusions as described by Fletcher (1959). The relation
ship between the two diseases is not a simplistic cause and 
effect. Chronic bronchitis was defined in clinical terms by 
Heard et al (1979) as resulting in expectoration of mucus at 
some time of the day for at least three months of two conse
cutive years. This group also defined bronchiectasis and
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emphysema.

The American view of the morphology of 'chronic airway 
obstruction' was described by Mitchell et al (1976) in a 
semiquantitative study. This group had been studying this 
type of diseases since 1956 and the 1976 paper was the 
culmination of their efforts centred on the lungs of 330 
cases.

Continuing epidemiological surveys of patients with these 
diseases were subjected to multivariate analysis by May and 
Peto in 1973 to establish the roles of differing pathogens 
including bacteria. They came to the conclusion that the 
relationship was due to smoking, the 'final common pathway' 
(Thurlbeck 1976).

There may be a lack of sequential evidence to link the two 
diseases, but in most cases of 'smokers' emphysema, 
especially in those with incapacitating or severely 
disabling disease there is evidence of a preexisting 
respiratory bronchiolitis. This can be seen in young smokers 
linked to accumulation of brown stained pulmonary 
macrophages (Lancet editorial 1980) and bronchiolitis 
accompanies mild centrilobular disease (Leopold and Gough 
1957) and has been described as a precursor (Niewhoener et 
al 1974) . Irregular, less severe forms of emphysema are 
found in non-smokers and rarely lead to incapacity.

1.2b Smoking and emphysema.
Smoking of cigarettes probably represents the most 
exquisitely sensitive form of self administration of a drug, 
nicotine, noted for its stimulatory, and paradoxically, 
relaxant properties as well as its effects on suppression of
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appetite. Unfortunately for those addicted, every puff 
releases up to two thousand chemicals, apart from nicotine, 
and a million oxidant molecules, into the respiratory 
system, as well as substantial amounts of carbon monoxide 
(10-20mg per cigarette) . The effects of some of these 
chemicals such as cadmium (Nandi et al 1969) have been the 
subject of extensive research, (smokers can absorb up to two 
micrograms per packet) but other compounds are less well 
investigated.
Cigarette smoking in those patients not known to have alpha- 
1 antitrypsin deficiency, is usually associated with cen- 
triacinar emphysema, particularly of the upper lobes of the 
lung. Much of the pathogenetic effect of cigarette smoking 
has been ascribed to alteration of the elastase- anti- 
elastase balance (Gadek et al 1979, 1980a) [as well as
elastin resynthesis in animal models (Osman et al 1985a and
b) ] and techniques such as bronchio-alveolar lavage (BAL) 
(Reynolds and Newball 1974) have shown up to a sixfold 
increase in the numbers of polymorphonuclear leucocytes in 
the lungs of smokers. Lavage has also shown a metallopro- 
tease derived from the unstable alveolar macrophages which 
also secrete a true protease (Bignon et al 1982) probably 
contributing to extracellular elastolytic activity (Smith et 
al 1985). The two-pronged attack (Lancet editorial (1980)) 
results from elastolysis and autodigestion of lung tissue. 
Suppression of elastolytic inhibition by oxidation of me
thionine residues of al-AT has also been suggested but is 
less well supported.

The current most popular theory of the role of smoking in 
the induction of emphysema is that smoking attracts 
pulmonary alveolar macrophages which cluster around the neck
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of terminal bronchioles where they release chemoattractants 
especially leucotrienes. Even if these macrophages are 
relatively inefficient at release of these factors, 
(Laviolette et al 1986) their increased numbers lead to 
increased neutrophil adherence through thromboxane release 
from the arachidonic acid cycle.

The neutrophils are directly affected by smoke and release 
neutrophil elastase which, in addition to its proteolytic 
effect, binds to and inactivates alpha-1- proteinase inhibi
tor from serum. Although elastase is found in macrophages 
they can also act as a sink for neutrophil elastase and 
resecrete it in an activated form (Snider 1984) . Smoke in 
addition to causing cellular recruitment and consequent 
damage can liberate active oxygen species including superox
ides, free radicals and hydrogen peroxide in addition to 
carbon monoxide, cadmium, nitrogen oxides and semiquinones 
in tar residues (Flenley 1986).

1.3
Classification of emphysema.

'Rien ne nuit plus aux progrès d'une science que de dé
tourner sans motifs suffisants les noms de leur acception 
reçue, ou d'en creer de mauvais'(Laennec, quoted by Scadding
1959) .
(Nothing is more harmful to the progress of science than 

altering accepted names, by creating others which are 
worse, without adequate motives.)

Emphysema represents one end of a spectrum of chronic end-
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stage of injury and repair in a triphasic organ consisting 
of gas, liquid and solid matter, whilst the fibrosing 
diseases, alveolitis or interstitial fibrosis lie at the 
other (Kilburn 1975).

One of the problems that bedevils research into emphysema is 
that the disease is usually treated by authors as a * single 
entity which results in respiratory airspace enlargement 
with evidence of destruction of airspace walls' (Snider, 
Ciccolella et al 1991). What becomes increasingly apparent 
on review is
a) that this 'end-stage', stereotypic disease may arise as a 
result of several different pathways,
b) that varying patterns of disease emerge at certain 
preferential sites e.g. centriacinar and centrilobular 
disease starts in the respiratory bronchioles, is largely 
confined to the upper parts of the lobes and is associated 
with smoking, whereas panacinar disease starts at the level 
of the alveolar walls throughout secondary lobules, usually 
within the lower parts of the lung and is associated with 
alAT deficiency. Subpleural or paraseptal disease starts in 
alveoli next to fibrous septa and paracicatrical or scar 
emphysema starts, as its name suggests, next to fibrotic 
scars anywhere within the lung.
c) that these various morphological categories may be due to 
differing pathogenetic events and that clear thinking may 
not be aided by trying to find a unifying pathogenetic 
mechanism to explain them all.
This apparent biodiversity runs against the urge to 
classify diseases and their aetiological agents into tidy 
categories and may lead to Procrustean attempts to get the
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data to suit the fashionable hypothesis.

The problems of pathological and anatomical classification 
are not confined to the human disease and it can be even 
more difficult to categorise the lesions produced in 
experimental emphysema. This problem is addressed later.
Modern classification of emphysema is based on the unit of 
reference known as the acinus, a structure 8.8mm in length 
(+/- 1.4mm) (Haelfli-Bleur and Weibel 1988), first described 
by Rindfleisch in 1878 (quoted by Scadding 1978). The 
acinus is a three dimensional unit of lung structure de
fined as being distal to the terminal bronchiole, an airway 
without cartilage within its wall. The human lungs are said 
to contain 28,000 terminal bronchioles and acini, apparently 
a fixed number of units, acquired shortly after birth and 
not subject to change (Matsuda and Thurlbeck 1971) although 
lung growth at the alveolar level occurs for longer, until 
the adult number of 300 million alveoli is reached.
Although the acinus is the theoretical basis for 
classifying the disease, practically it is a difficult 
domain to quantify in both pathological and radiological 
observations. Many authors with justification have preferred 
to retain the two dimensional concept of lung lobules which 
are visible on inspection of fixed and fresh lungs in 
slices and radiographs.

1.4
Relationship of alveolar pores and fenestrae to emphysema.
Miller in 1947 attributes the discovery of the alveolar 
pore to Adriani (not cited) in 1847, they were mentioned 
by Rainey in 1848 and Kohn, whose name has become eponymous.
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discussed them in 1893. These tiny pores are 5-15jum in 
diameter and are important in both normal lung for rapid 
equilibration of air pressure 'collateral air drift' whilst 
at the same time in diseased lung allowing passage of blood, 
organisms, inflammatory cells and oedema fluid from one 
alveolus to another without reliance on trans- airway 
transmission. In emphysema it has been suggested that 
collateral air drift is an important form of ventilation 
(Terry et al 1978).
Pump (1976) suggested that emphysema causes increase in the 

number or size of the pores of Kohn. He described the 
progression and evolution of emphysematous airspaces from 
normal pores of Kohn, which he called Stage 1 fenestrae. 
These were documented as 2 0 /xm roughly circular openings 
with a capillary loop border. Stage 2 fenestrae had 
ruptured or absent capillary loops and were larger and had a 
more rectangular shape. By the time the third stage was 
reached almost all of the capillaries in the wall of the 
alveolus had disappeared and there was heavy elastic tissue 
deposition around the fenestrae in the form of thick fibres. 
The fourth and final stage was the formation of 
emphysematous cysts.
The Pump sequential change and relevance of pores of Kohn to 
development of emphysema has been questioned (Whimster and 
Lunkenheimer 1989). These authors concluded from three 
dimensional reconstruction and image analysis that the pores 
are normal phenomena, usually covered with surfactant and 
have a regional distribution dissimilar to that of centri
lobular emphysema in particular, and that these pores are 
not precursors of emphysema. However they did concede that 
pores of 50/xm only occur in emphysema.
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Another normal type of communicating channel is the canal 
of Lambert, which runs directly from the pre-terminal
bronchiole to the alveoli and is thought to be responsible 
for the preferential deposition of dust within the
peribronchiolar air spaces in coal workers'pneumoconiosis.

1.5
Definitions of emphysema

Before the 1959 guest symposium of British physicians
sponsored by Ciba (1959) there had been great confusion 
between three major lung diseases; asthma, chronic 
bronchitis and emphysema (Fletcher and Price 1984). This
symposium was unsuccessful in defining emphysema in 
physiological terms and an anatomical compromise was 
reached, with the evolution of a definition (Scadding 1959). 
The net result was that diagnosis of emphysema shifted from 
the clinicians' domain into the pathologists', but even 
there problems of classification and identification still 
exist.

The definition advanced by the Ciba symposium was that 
'emphysema is a condition of the lung characterised by 
increase in size of air spaces distal to the terminal 
bronchiole, arising either from dilatation or destruction of 
their walls.• Redefinition was attempted by the World Health 
Organisation (1961) and subsequently by the American 
Thoracic Society (1962).
Several anatomic forms of emphysema were described in the 
1960s (Snider, Kleinerman et al 1985) including asyptomatic 
disease. The link between severity, rather than distribution 
of disease, in determining airflow limitation and dyspnoea
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was also recognised.
A workshop convened in 1985 (Snider, Kleinerman et al) had 

three goals, the first being to define 'destruction* so that 
uniform enlargement, due to chromosomal abnormalities such 
as Down's syndrome (47XX or XY) and the airspace enlargement 
associated with fibrosing lung disease are not confused with 
emphysema; secondly to establish criteria for animal models 
and thirdly to reinvigorate the study of the disease , for 
which publication rates had diminished.

This 1985 workshop described simple airspace enlargement 
both congenital or acquired, and emphysema, the latter as 
a condition of the lung characterised by abnormal permanent 
enlargement of airspaces distal to the terminal bronchiole, 
accompanied by the destruction of their walls, and without 
obvious fibrosis.

This group amplified their definition by defining 
destruction as, 'nonuniformity in the pattern of respiratory 
airspace enlargement so that the orderly appearance of the 
acinus and its components is disturbed and may be lost '.
Destruction of lung may be easily recognisable in the 
moderate and severest forms of the disease but in the less 
affected lungs, for instance those with mild emphysema, only 
the fact that the disease is localised may lead to its 
recognition at post-mortem. It has been suggested however 
that for emphysema to be macroscopically visible that over 
75% of lung respiratory parenchyma may have been lost (Lamb 
1990).

Three types of emphysema were described by the workshop in 
1985 as centriacinar, panacinar and distal (paraseptal
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acinar emphysema. Figure 1.2 (page 45) illustrates these and 
also shows scar emphysema in diagrammatic fashion. Lately 
scar emphysema has been reinstated in discussions of the 
pathogenetic mechanisms involved in the induction of 
emphysema (Snider et al 1991) , having previously been
excluded by virtue of the amount of fibrosis present.

As alluded to above, radiologically it is impossible to 
relate emphysema to the acinus and one author (Paakko 1981) 
believes that this is true for pathologists too, whilst 
relationship to the lobule can be recognised. In the British 
literature classifications based on the secondary lobule, 
identifiable by the naked eye remained popular (Heard et al 
1979) . Heard et al also draw attention to the practical 
advantages of defining the disease in terms of destruction 
rather than dilatation. Their classification was based on a 
macroscopic evaluation and therefore they preferred the 
(secondary) lobule, a larger unit, containing four or five 
acini, and surrounded by connective tissue septae. Some 
authors remain very confused by this concept of lobular 
disease, notably Thurlbeck (1976), who illustrates emphysema 
with reference to the primary (rather than the secondary) 
lobule. The primary lobule is a subdivision of the acinus, 
served by a single respiratory bronchiole.

Subtypes of emphysema 
Centriacinar emphysema
Centriacinar emphysema, also referred to as proximal acinar 
emphysema, is the commonest form of emphysema associated 
with cigarette smoking and airflow obstruction and is 
anatomically most severe in the upper lobes.
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The emphysema associated with exposure to mineral dusts 
especially hard coal, with high levels of silica, also 
results in centriacinar disease but there is also 
accumulation of dust in macrophages and the disease is more 
generally distributed throughout the lung fields. Coal 
workers' pneumoconiosis, with an associated emphysema is 
much commoner in those who mine hard coal, such as that 
found in Wales, in comparison to coal miners in softer rock 
such as the chalk of Kent (B.Fox personal communication 
1992). The disease is worsened by cigarette smoking however. 
In some cases there may be a combination of patterns with 
centriacinar and centrilobular disease and areas of 
paraseptal or scar emphysema.

Panacinar emphysema.

Panacinar (panlobular) disease tends to involve all parts 
of the acinus more evenly but can accompany the centrilobu
lar form of the disease. Panacinar disease is particularly 
associated with the lower parts of the lobes and the lung 
bases. Some observers feel that centriacinar disease can 
progress into panacinar emphysema. Patients with homozygous 
alpha-1 antitrypsin deficiency commonly have this form of 
the disease (Snider, Kleinerman et al 1985) and panacinar 
disease is also associated with bronchiolar obliterative 
disease in unilateral pulmonary translucency. (Nonselective 
involvement of an entire acinus could theoretically result 
in a process that was panacinar whilst being centrilobular 
so that the descriptions are not truly interchangeable).
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Types of emphysema
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Figure 1.2
Subtypes of emphysema
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Distal acinar emphysema.
This form of the disease which predominantly involves the 
alveolar ducts and sacs is associated with the interlobular 
septa and was previously known as paraseptal emphysema, but 
is also recognisable where the acinus abuts the pleura or 
vessels.

Scar emphysema

This form of the disease is associated with any type of 
scarring within the lung. Previously it was especially 
associated with post tubercular scars but may follow other 
causes of consolidation and fibrotic repair and is 
occasionally seen adjacent to scars generated by neoplasia.

Other terms that are used in description are bleb, which is 
a collection of air within the layers of the visceral 
pleura; bulla, which is an emphysematous space with a 
diameter of more than 1cm in the distended state; cyst, 
which is a cavity lined by bronchiolar epithelium or fibrous 
tissue and pneumatocoele which is a large air-filled cyst of 
at least one third of a lung's volume.

1.6
Diagnosis of emphysema.
The disease can be difficult to diagnose in life. The most 

accurate clinical test is a change in the diffusion capacity 
for carbon monoxide (DLCO) (MacNee et al 1991), which is 
however not specific for emphysema. Emphysema can be less 
reliably diagnosed by measurements derived from the pressure 
volume curve of the lung (Paré et al 1982, Greaves and
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Colebatch 1980). Lung functional changes include a decrease 
in the forced expiratory volume of air exhaled in the first 
second (FEV^) , regarded as an obstructive phenomenon; an 
increase in the residual volume (RV) of the lung; a reduced 
negative intrapleural pressure and an uneven distribution of 
inspired air (Stead et al 1952). FEV^ is also often 
expressed as a proportional ratio of the total lung capacity 
(TLC) and in emphysema the ratio is usually less than 70 
percent of that predicted.
In view of the problems apparent in reaching a definition 

of the disease outlined above, it is not difficult to 
understand that the disease can be difficult to diagnose 
both in life and in the inflated post-mortem specimen. There 
is in addition a lack of correlation between the clinical 
symptomology, with regard to such factors as wheeze, cough 
and dyspnoea and objective measurements such as the alveolar 
surface area calculated from the mean linear intercept 
obtained from measurement of lungs obtained at post-mortem. 
The latter is discussed more fully in the section on 
quantitation. There are signs visible on chest radiographs, 
such as hyperinflation and reduced vascularity, which are 
also diagnostic but quantitatively imprecise (Thurlbeck, 
Henderson et al 1970).
Recently there has been interest in an in vivo method of 

diagnosis which uses radioabsorbance coupled to 
computerised tomographic (CT) imaging which is quantifiable 
and allows analysis of the limitation of airflow and the 
distribution of the disease (Hayhurst et al 1985 also 
Flenley 1986). Variation in the design of CT machines has 
led to a greater resolution of the image and less ability to 
use the machine as a densitometer but nevertheless it is
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possible to generate a histogram of lung densities from 
pixels, the picture elements which make up the CT scan. The 
histogram of lung density is skewed by the presence of large 
vessels and airways and MacNee and associates have 
concentrated on the data in the lowest fifth percentile in 
their in vivo estimations of emphysema using CT 
densitometry. The measurements are made after the patient 
has inhaled deeply and has been asked to hold the breath. 
This technique has meant that this group has been able to 
correlate their measurements of macroscopic and especially 
microscopic emphysema in vivo with their published work on 
the morphometric analysis by measurement of the airspace 
wall per unit volume (AWUV) (Gould et al 1988) which is 
discussed below.
In another series, published in abstract, comparison of CT 
scans from smokers with nonsmokers, showed that there was 
less than 1% bullous change, attentuation, measured as being 
equivalent to tracheal lumenal density, and that in smokers 
the amount of bullous change correlated well with the 
FEV^\TLC and the residual volume to TLC ratio (Filadiktaki 
et al 1992) .

1.7
Animal emphysema

This part of this chapter will review the range of naturally 
occurring emphysema in animals and then examine the varying 
types of animal models used to examine a range of hypotheses 
about pathogenesis, first covering the experiments that 
produce emphysema-like lesions but which are not thought to 
result from an imbalance in the elastase antielastase rela
tionship and then reviewing the induction of airspace enlar
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gement by proteolytic enzymes.
1.7a
Naturally occurring emphysema in animals.
The description of the lungs of a hawk with *crocke' and of 
a broken winded horse (Floyer 1698 and 1726; quoted by 
Rosenblatt 1972, Thurlbeck 1976 and Kilburn 1975) predated 
the description of emphysema in the human. Budd in 1839 also 
reportedly described emphysema in the lungs of two horses 
and attributed at least part of the pathogenesis to the loss 
of elastic tissue, as well as suggesting the possible role 
of hereditary factors; something of greater note to the 
bloodstock breeders of the turf perhaps than the rest of the 
community, as the role of inheritance in alpha-1 antitrypsin 
deficiency in humans was not described until 1963.
The equine disease 'heaves'(Foley and Lowell 1966) resulting 
in onomatopoeic breathing is not only due to emphysema 
(Alexander 1959) and its consequent expirational difficulty, 
since Thurlbeck describes similar symptomatology in animals 
suffering from 'hay fever'(allergic rhinitis) and bronchitis 
(1976 and 1964). Rats suffering from mycoplasma (mollicute) 
infections are said by Thurlbeck to have resultant 
emphysema, and Levame (1980) and Palecek and Holusa (1971) 
describe emphysema in specified pathogen free (SPF) rats as 
spontaneous.
Emphysema has also been described as a spontaneous disease 
in other experimental animals including rabbits (McLaughlin 
et al 1961 and Strawbridge 1960) and dogs (Hernandez 1966) . 
(Greyhounds in particular are said to be affected and 
represent another form of racing animal in whom form is 
important.)
Although there is a cattle disease called 'fog fever or
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acute pulmonary emphysema', occurring ten days after the 
animals have been allowed to graze on moist green pasture,it 
is in fact not an acute disease but an exudative disease 
akin to a usual interstitial pneumonitis and resulting in a 
chronic interstitial fibrosis and some of the rabbit disease 
is also similarly fibrotic when observed over prolonged 
periods of time.(Strawbridge 1960 b, quoted by Karlinsky and 
Snider 1978).
Our model the blotchy mouse, is described in detail in 
chapter 3 but in addition to this model of naturally 
occurring genetically determined disease modulated by the 
defects in elastin metabolism, there is a model of an 
elastase-antielastase imbalance in the tight skin (TSK/+) 
mouse which is an autosomal dominant mutation on chromosome 
2 with multiple connective tissue abnormalities. These 
include increased overgrowth of bone and cartilage, 
producing an enlarged thoracic cage in which enlarged, 
extra-compliant lungs are found covered with sub-pleural 
bullae and cysts of the lung parenchyma are also present. 
The homozygous animals all die, mostly in utero. There is an 
increase in the numbers of alveolar macrophages and 
neutrophils in these animals and some inactivation of the 
alpha-1 protease inhibitor (Szapiel et al 1981, Rossi et al 
1984, Chan and Matulionis 1984).

1.7b 
Pathogenetic theories and experimentation

'Our ideas are only intellectual instruments which we use 
to break into phenomena; we must change them when they have 
served their purpose, as we change a blunt lancet that we 
have used long enough'. Claude Bernard.
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Historically, the concept of obstruction developed from 
Laennec's description of overdistension, which was thought 
to arise as a result of overcoming obstruction by 'catarrh'. 
Many early experimental studies attempted to produce 
emphysema by obstruction of airways by valves, rings and 
ligatures or by inducing pneumothorax. These theories and 
experiments are reviewed by Strawbridge (1960a), who also 
details experiments on exhaustion, pneumothorax and chest 
wall deformity and their roles in producing the disease.

1.7c 
The elastase-antielastase balance theory and its effects on 
lung research.

Strawbridge's review in 1960 predates the modern age of 
emphysema research with its emphasis on the elastase- 
antielastase theory of the pathogenesis of emphysema. This 
dates from the discovery of alAT deficiency and its associ
ation with 'premature' pulmonary emphysema and the co
incidental and 'serendipitous' (Snider 1981) discovery by 
Gross and co-workers that emphysema was produced in normal 
and silicotic rats given intratracheal infusions of papain. 
(Gross et al 1965).

The 1985 workshop (Snider et al) observed that current 
animal studies of emphysema fell into two categories; the 
first centering on testing various agents thought to be 
involved in production of the disease, such as nitrous 
oxide, cadmium and tobacco smoke and the second a more 
analytical set of models testing hypotheses of pathogenetic 
mechanisms.
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They noted that four different hypothetical models were in 
vogue: those that increased the protease burden of the lung 
usually by the use of elastases; and those in which alpha-1 
protease inhibition is modulated and rendered ineffective by 
intravenous or intratracheal oxidants or by preventing 
synthesis in the liver. The third group of investigators 
used models in which there is impaired connective tissue 
integrity caused by malnutrition or depletion of specific 
nutrients such as copper or the use of lathyritic agents, 
and our mouse model is included in this category. The fourth 
group was and is concerned with increasing the number of 
lung phagocytes or making them more active by endotoxin: 
the murine models include the tight skinned mouse.
This workshop defined the animal models in 'non- 

restrictive fashion' and stated that such models consist of 
abnormal states of the lungs in which there is enlargement 
of the airspaces distal to the terminal bronchiole. This 
airspace enlargement it was thought should be determined 
qualititatively in appropriate preparations and 
quantitatively by stereologic methods. It was decided that 
physiological descriptions should be used if appropriate but 
recognised that, in view of the great variability of human 
pathophysiology, it was not possible to establish specific 
physiologic requirements for animal models of emphysema. The 
workshop therefore recognised the paramount importance of 
anatomical description of the disease and of fixing the 
lungs in inflation so that they can be examined with the 
dissecting or scanning electron microscope.
Discussion of experimental emphysema patterns show some 

variation as to the diagnosis of the type of emphysema which 
is quite in keeping with the difficulties experienced in the
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classification of human disease. Eiseman et al (1959) 
remarked that reports are 'biased by the enthusiasm or 
bitterness of the observer' . Some observers suggest that 
the pattern of emphysema produced in the papain experiments 
detailed below is of centriacinar emphysema whilst others 
believed that in some areas a panacinar picture can be 
found. Thurlbeck, in discussion thought that the majority of 
instilled animals showed a prematurely aged lung with 
widespread overdistension of the acinus and mild panlobular 
disease, worsening to severe panlobular in the Syrian 
hamster and 'a poor imitation 'of centrilobular emphysema in 
other animals' (Kilburn 1976).
Extensive reviews of animal experiments were published by 
Karlinsky and Snider (1978) and Snider, Lucey and Stone 
(1986).

Animal models of emphysema have therefore for the last few 
years predominantly been of instillation of crude or 
purified preparations of proteolytic enzymes including 
elastases, as used in this thesis but a brief review of 
other modern models and methods is included. These consist 
of treatment with substances implicated by clinical studies 
to be important, such as cadmium, involved in mining induced 
disease and a constituent of cigarette smoke; hyperoxia and 
other oxidising agents and starvation. Smoke itself has also 
been used.

1.7d 
Cadmium
Experiments using cadmium predate the discovery of the 

element in cigarette smoke and followed an industrial 
accident in Canada in 1937, when the survivors exposed to
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vaporized cadmium were noted to have severe diffuse lung 
disease thought to be an acute form of centrilobular 
emphysema (CLE), with fibrosis. A series of experiments 
using cadmium chloride aerosols or cadmium oxide in rabbits, 
rats and goats followed, cited by Karlinsky and Snider 
(1978), all leading to fibrosis of the lung. Prevention of 
the scarring was achieved in a dog model by the 
administration of 2,3, dimercaptopropanol and by Niewoehner 
and Hoidal (1982) in hamsters using beta-aminoproprionitrile 
(BAPN) but this latter compound enhanced air space 
enlargement, making them animals lungs look emphysematous. 
Snider et al (1988) showed by radiolabelling of lung elastin 
in neonatal hamsters that elastin is not destroyed in this 
model and the effects do not appear to be regulated by 
neutrophil elastase action (Hoidal et al 1983) . The 
implications are that this form of airspace enlargement is 
not induced by manipulation of the elastase-antielastase 
balance. This may be of relevance to the development of 
centrilobular emphysema in smokers (Snider et al 1991) since 
fibrosis is part of centrilobular emphysema in the series 
described by Leopold and Gough (1957). Cadmium is also an 
important constituent of cigarette smoke and cadmium has 
been shown to be increased by up to four times in the ashed 
lungs of smokers in direct proportion to the degree of 
emphysema in lung tissue (Hirst et al 1973) . Although the 
cadmium experiments are interesting it could be argued that 
because there is a greater predisposition to fibrosis than 
in other forms of experimental disease that the model is 
more useful for fibrotic, restrictive lung disease.
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1.7e 
Hyperoxia and other oxidants
Hypoxia represents another form of experimental disease 
resulting in airspace enlargement and increased lung volumes 
but in this case without alteration of the compliance of 
the lung or the number of alveoli. This air space 
enlargement occurred concurrently with a 50% increase in 
the total collagen content of the lung and was prevented by 
using a proline analogue that inhibited the formation of 
cross links (Riley et al 1980) . The choice of the rat for 
the experimental model may not have been ideal as the rat 
continues to grow throughout its life and it may be that the 
alteration in the airspace size but not increase in numbers 
is representative of a process other than emphysema or it 
may be that the lesion produced is a form of emphysema 
associated with increased fibrous tissue.
Nitrous oxide, a constituent of smog, is another oxidant 
that has been used in a variety of animals. Airspace 
enlargement has been recorded in aerosol experiments on rats 
(Freeman et al 1968, Glasgow et al 1987, Blank et al 1988) 
with and without the lathyritic agent BAPN. Enlargement has 
also been shown in hamsters (Lam et al 1983 and Laufuma et 
al 1987; all quoted by Snider et al 1991). Mice, rabbits and 
dogs (Hyde et al 1978) have all been used.
In the hamster model exposed to 3 0 parts per million (ppm) 
of NOg there was decrease in the amount of elastin four days 
after exposure which did not return to normal until the 
experimental exposure was stopped. This was in contrast to 
a slower fall in collagen levels at ten days but the amount
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of collagen rose again to control levels by fourteen days 
even though exposure to NOg continued (Kleinerman and Ip 
1979). These experiments were characterised by a bronchioli
tis and rapid recruitment of neutrophils to the lung and it 
is supposed that there was release of the elastase within 
the neutrophils which were seen migrating through the lung. 
This model therefore reproduces some of the events known to 
occur during smoking and as the molecule is a major air 
pollutant and the levels of atmospheric NO2 may be increas
ing, these experiments may be of relevance to induction of 
disease within nonsmokers. Ozone is another pollutant which 
is increasing and air space enlargement has been shown in a 
hamster model exposed to ozone in addition to elastase 
(Lucey et al 1990).
The effects of nitrogen oxides are not confined to airspace 
enlargement and were reviewed by Freeman et al (1968). They 
have been used alone to produce fatal pulmonary oedema in a 
concentration of 150 ppm in rats. Smaller doses, 25 ppm in 
animals lead to an emphysematous-like lesion at forty days 
accompanied by a chronic bronchitis, for which this may be 
a better disease model. Increased numbers of alveolar 
macrophages, up to eight times more than normal, have also 
been postulated to be a source of elastolytic enzymes.
The experiments are difficult to perform, needing almost 

continuous exposure to the irritant for over three weeks, 
but a further refinement has involved exposure during a 
critical period of lung growth (3-13 days) in hamsters. This 
results in an increase in air space size determined by the 
mean linear intercept (MLI) across airspaces (see section on 
quantitation). There is a concomitant increase in lung 
volume and decrease in the internal surface area (ISA), a
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measure of the alveolar wall or available respiratory
epithelial surface of the hamsters (Studies quoted by
Snider, Lucey and Stone 1986).

1.7f 
Starvation
Starvation studies reviewed by Snider, Lucey and Stone
(1986) and Snider et al (1991) show that effects on surface 
tension and structural integrity, with air space enlargement 
can be observed in starved rats and hamsters. There are
changes in the mean linear intercept (MLI) and internal
surface area (ISA), consistent with emphysema but these are 
reversible on refeeding, in contrast to the definition of 
permanent destruction . One puzzling observation is that the 
number of alveoli diminishes (Snider et al 1991) but this 
may be a reflection of the normal rat's ability to grow 
throughout life so that cessation of nutrition halts the 
growth pattern. Sahebjami and Vassallo (1979) noted 
enlargement of the terminal airspaces in rats starved for
ten days showed changes on light and scanning electron 
microscopy. There was effacement of the interalveolar septa 
and increased numbers of enlarged pores of Kohn. Papain 
induced emphysema can also be enhanced by starvation.

Considerable differences of opinion exist when saline- 
filled pressure volume curve characteristics were examined, 
with one group reporting changes in young rats and another 
being unable to reproduce their data (Snider et al 1991). No 
evidence of increase in lung neutrophils or lung protein 
measured by deoxyribonucleic acid (DNA) was reported in any
of the studies reviewed, so that the mechanism of
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enlargement of airspaces does not appear to be due to an 
imbalance of elastase produced by influx of cells. The 
production of airspace enlargement may reflect increased 
lung turnover and depressed growth in these animals rather 
than true emphysema. Starvation studies do have some 
clinical relevance. An increased incidence and severity of 
emphysema was recorded in the Jewish victims of starvation 
in Warsaw ghettos in wartime Europe. (Sahebjami 1989).

1.7g

Smoking experiments.

Experiments attempting to produce emphysema using cigarette 
smoke have largely been failures as rodents seem to be 
resistant to the effects of smoke (Snider et al 1991). This 
observation is interesting, because rodents, rats especial
ly, have a highly effective filtering system with an effi
cient mucociliary escalator but do not cough. Gases must 
however reach the alveoli and alveolar duct wall and the 
effects of nitrous oxide is detailed above. If rodents fail 
to succumb to cigarette smoke then it may be deduced
a) that the inciting agent(s) causing emphysema, (or at 
least airspace enlargement) , in animals such as dogs (see 
below) should be filterable or else
b) that any possible pathogenetic agent is being removed 
too rapidly for the damage to occur.
Pancreatic elastase-induced emphysema (see below) can be 

potentiated by the concomitant use of smoke. This 
presumably indicates an increase in alveolar wall 
permeability in the animals exposed to exogenous elastase
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(Snider et al 1991).
In greyhound dogs exposed to smoke, three patterns of re 

sponse were noted: the animals developed bronchitis and
bronchiolitis, or alveolitis or alveolar disruption. Beagles 
smoking 2-7 cigarettes per day (Park et al 1977) produced 
convincing goblet cell hyperplasia and some airspace en
largement over 2-4 months (Frasca et al 1983), but there was 
also some alveolar wall fibrosis.

The studies in the greyhound were intriguing because 
animals exposed for less than one year to the effects of 
smoking five days a week, had no more disease than the 
controls but rapidly worsened after one year's experimenta
tion (Hernandez et al 1966) . Both this study and that by 
Auerbach et al (1967) suffer from design faults since it is 
impossible to reproduce patterns of human smoking behaviour 
and certainly very few if any humans smoke via a 
tracheostomy 1

1.7h
Enzyme-induced emphysema.
Papain administration in rats
The emphysemagenic effects of proteolytic enzymes was 
discovered by chance. Papaya contains the proteolytic enzyme 
papain. Gross and his co-workers (1964 and 1965) were 
attempting to improve the fibrotic response of lungs exposed 
to quartz dust by using papain. They noticed that there was 
a patchy development of enlarged airspaces occurring after 
the intratracheal administration of the enzyme in the 
absence of a marked inflammation, especially in those rats 
that had silicotic disease.
This papain induced increase in airspace size can be aug
mented if immature rats, with growing lungs, are used and if
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the lungs are overinflated (Palacek 1967). There is 
interspecies variability in rodents, the Syrian hamster 
being especially vulnerable, as it has been shown to be in 
other experiments, developing a panacinar lesion within 24 
hours that worsened over the next 17 weeks. Microscopic 
examination of this model showed damage to the elastic 
fibres (Goldring et al 1968 and Park et al 1969).

Panlobular emphysema (PLE) was demonstrated in a dog model 
by Pushpakom (1970) and Marco (1972). Pushpakom's model had 
evidence of increased peripheral airway resistance, possibly 
due to bronchiolar inflammation (Thurlbeck 1976).
Martorana et al (1982) using anaesthetised dogs, showed 
that after instillation with papain there was a significant 
difference in linear mean and internal surface area of the 
lung. This difference remained stable over a three month 
period. Interestingly there was an increase in pulmonary 
arteriolar resistance and in pulmonary arterial pressure 
over the same period indicating that the changes in blood- 
flow are secondary to the alteration in lung structure 
induced by the papain.
Electron microscopy of these dogs' lungs shows destruction 

of alveolar lining and amorphous debris clogging the walls 
and pores of Kohn (Parra et al 1980, Sanderson et al 1981). 
There are increased numbers of macrophages after papain 
instillation. This picture is not altered by purification of 
the papain and both authors postulated increased macrophage 
lysis add to the effects of the proteolytic enzyme.

All of these studies using the proteolytic enzyme papain 
pointed towards the inference that it was the elastolytic 
properties of the enzyme that were most important in the
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induction of airspace enlargement. This hypothesis was 
tested by Snider et al in 1974 examining elastolytic
activity of papain and its relationship to the induction of 
experimental emphysema. Blackwood (1973) had shown that the 
elastolytic properties of microbial enzymes ran parallel to 
the degree of emphysema produced.
Pure collagenases from clostridia and trypsin, without
elastolytic ability, did not produce emphysema (Johansen and 
Pierce 1972, Johanson, Pierce and Reynolds 1971, Johanson, 
Pierce and Southern 1971 .
The problem with papain is that it also produces 
haemorrhage and although the degree of haemorrhage produced 
within the lung after papain administration has been linked 
to proteolytic activity, it may also be a reflection of the 
procedure itself. Instillation is traumatic: in almost all 
cases of enzyme instillation, oedema, congestion and
haemorrhage are concomitants, followed by an infiltrate of 
polymorphonuclear leucocytes (PMNs) after 48 hours, with a 
further wave of macrophages after that. As discussed below, 
the recruitment of neutrophils and macrophages is far from 
being an insignificant factor in induction of lung disease.

1.8
Elastases
The elastase-antielastase theory has already been mentioned 
in the introduction. The subject has been fully reviewed by 
Kuhn and Senior in 1978 and Stockley in 1983. Stockley lists 
the potential sources of elastases capable of acting on the 
lung including pancreatic, pointing out that although any 
enzyme liberated from the pancreas (Geokas et al 1977) is 
likely to be inactivated by plasma inhibitors it may also
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reach the lung in a form bound to alpha-1 antitrypsin with 
an occult or latent potential.
However Robert et al (1980) showed that the serum 
inhibitory capacity of smokers, for circulating elastases 
derived from fibroblasts and smooth muscles, decreases 
faster with age than in non-smokers, so that a secondary 
acquired loss of inhibition comes into play. Carp et al 
(1982) also showed diminished elastase inhibitory capacity 
in the lungs of smokers in a lavage study.
Pathogenetic bacteria produce proteases but only

Pseudomonas aeruginosa has been demonstrably linked to 
elastase production. Stockley describes two elastases 
associated with alveolar macrophages; serine protease which 
may have been internalised following neutrophil activation 
and the specific, calcium dependent, metalloprotease. 
However in vivo macrophages are only one fifth as active as 
neutrophils which produce cathepsin G and human leucocyte 
elastase in 48 hour assay. Cohen et al in 1982 showed that 
macrophages may be involved in the release of neutrophil 
factors.
Stockley (1983) also discusses the role of protease activi

ty in the pathogenesis of other lung diseases such as cystic 
fibrosis, bronchiectasis, and fibrosing alveolitis, diseases 
which lie outside the remit of this thesis.
However the nature of elastases used in experimental 

emphysema is germane and it is worth recalling that any 
enzyme found to be an elastolytic protease was commonly 
called 'elastase' in the early years of research into their 
potential use for induction of experimental disease (Stone, 
Franzblau and Kagan 1982). Characterisation of the elastases 
is an important consideration when considering their
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possible mode of action (Robert et al 1980). Elastases may 
also have a range of effects at various sites; for example 
elastases are thought to be implicated in the histogenesis 
of atherosclerosis in its advanced stages and also in
pancreatitis as well as emphysema.
The first 'elastases' to be used were not specifically 

capable of lysing only elastin. Purified porcine elastase
will digest other lung proteins, apart from collagen and
elastase, for example it catalyses the cleavage of 
ribonuclease and insulin. It is therefore important to 
recall that elastase activity is not as limited as early 
researchers believed and some allowance for this 
underestimation of the enzyme's potential should be made in 
the following section and chapters.
1.8a 

Porcine pancreatic elastase
After it was realised that elastolysis was a highly 
significant factor in the induction of experimental disease, 
various types of elastases were used.
Purified porcine [pancreatic] elastase (PP[P]E) was first 
used by Kaplan et al (1973) and subsequently by Hayes et al 
(1975) in hamsters to produce panacinar lesions. The lesion 
was dose-dependent but a uniformly severe lesion could be 
produced after 0.2mg/100gm body weight was used.
PP[P]E has the disadvantage as an agent which rests on its 
essential inappropriateness. Except possibly in alAT 
deficiency, or post inhalation of vomit, it is highly 
unlikely that this type of enzyme, 'designed' for digestion 
of an animal protein within the lumen of the gut, would ever 
be found in the lung interstitium, or airspace. In the 
normal circulation the circulating antiproteases would
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nullify the effect of the enzyme. Snider (1981) identifies 
and heightens this problem of 'artificial' and plant 
enzymes and commends the use of elastases derived from 
neutrophils or macrophage derived elastases as more 
appropriate in lung research. Nevertheless the lesions 
produced by PP[P]E are proportionally greater and can be 
progressive, in contrast to those produced by leucocyte 
elastase (Lucey et al 1988).

Effects of elastase on rodent models 
Short-term effects
Instillation of elastase can be shown either directly or 
indirectly to result in a net loss of elastin (see below) by 
24 hours which is completed by three days (Kuhn,Yu et al 
1976 and Kuhn, Slodowska et al 1980), The elastin content 
does not remain depressed, returning to normal amounts in 
two to three months, (Sandberg et al state eighteen days in 
their 1981 paper) although the elastin is morphologically 
abnormal, with beaded or varicose fibres seen arranged 
around enlarged abnormal airspaces (Kuhn Yu et al 1976, 
Hayes, Korthy, Snider 1975). [Interestingly, published 
illustrations of this phenomenon usually show increased 
elastic tissue in pleura rather than lung parenchyma (e.g. 
Snider 1981)].
Ultrastructural studies outlined by Snider, Lucey and Stone 
(1986) and Morris et al (1986) have shown that there is 
little evidence of widespread damage to the alveolar lining 
cells shortly after the initial insult but that damage to 
the elastic fibres can be seen 2 hours after instillation. 
This damage can be seen as fraying in the guinea pig model
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(Miyazaki et al 1979).

Medium-term effects
Three weeks after instillation of 0.2mg/100gm there is 

anatomical destruction of the lung parenchyma distal to the 
terminal bronchiole, with extensive dilatation and 
disruption of alveoli. There is increase of the mean linear 
intercept, 70% decrease of the internal surface area and the 
number of alveoli is decreased by 43-50%.
There is evidence that approximately one third of the 
enlargement of the alveoli is due to stretched and weakened 
elastic tissue and the other two thirds are attributed to 
the forces of remodelling (Snider and Korthy 1978).

Long-term effects

Elastase-induced lesions are capable of evolving and in a 
longer term study, up to one year, of the effects of a 
single dose of elastase, although the compliance remained 
greater than the controls whilst diminishing, the MLI re
mained longer and the internal surface areas were smaller 
than those in control animals. The maximal expiratory flow, 
was reduced and there was a prolonged curve with a concave 
descending limb. The diffusing capacity was also diminished 
when carbon monoxide uptake was measured (Snider and Sherter 
1977 and Goldstein, Karlinsky and Snider 1979), corrobora
ting studies showing hypoxaemia in arterial blood gas sam
ples.
The continued evolution of the process implies either that 

the connective tissue, once damaged cannot return to normal 
structure (even though biochemically the levels of elastic 
return to control values) and is capable of further
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distortion and or destruction or alternatively that there is 
perpetuation of the destruction, possibly without 
elastolysis, by other endogenous elements after the 
exogenous exciting elastase has acted.

Mode of delivery of elastase

The mode of delivery of the elastase may critically alter 
the results since in a study by Schuyler, Rynbrandt and 
Kleinerman (1974) showed that low dose intravenous [IV] PPE 
induced loss of elastic recoil of hamster lungs without 
observable changes in morphology or loss of elastic fibrils. 
These physiologically observable changes were not 
accompanied by an increase in mean linear intercept. They 
observed big doses of IV PPE caused fatal pulmonary oedema.
Purification expenses for elastases encourage investigators 

to use instillation rather than aerosol deliveries. 
Endotracheally instilled elastase has to cross the alveolar 
lining cells and the basement membrane in order to reach the 
elastin located in the interstitial tissues of the lung. It 
is interesting that this apparently does not constitute a 
problem of access whereas the entry from the vascular bed 
via the capillary endothelial cell and the capillary 
basement membrane appears to vary between species and 
elastases. (Weinbaum and Marco 1974 : Wittels and Coalson
1974) .

In general much larger doses of intravenous elastases were 
required to produce comparable disease with a larger and 
more dramatic haemorrhagic phase to the experiments in order 
to achieve electron microscopic evidence of damaged elastic 
fibres (Fierer et al 1976). It has been suggested that the 
relative inefficiency in transcapillary studies is due to
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the high levels of circulating antiproteases and this fact 
may support the protease-antiprotease theory and the 
consequent lack of protection in alpha-1 antitrypsin
deficiency (Janoff 1985) and emphysema (Martin and Taylor 
1979) .
The fate of endotracheally administered elastase has been 
studied in animals by use of radiolabels such as 125 iodine 
and radiocarbon labelled guanidine in elastases and these 
studies showed that half of the enzyme label is still 
present after seven hours and that a residuum could be 
detected at four days: another study used immunolabelling
(studies quoted by Karlinsky and Snider 1978). Only a small 
amount of any labelled elastase can be shown to penetrate 
into the interstitium of the lung and much can be 
immunologically demonstrated to be sequestered in 
macrophages (Sandhaus and Janoff 1982). In addition there is 
some support for the hypothesis that there may be some 
longterm binding of elastases into tissue, which might
account for some of the prolonged effects distinguishable
after a single insult and the progressive nature of the 
naturally occurring disease.
Snider, Lucey and Stone 1986 quote from unpublished work on 
the use of N-t -Boc-L-alanine-p-nitrothiophenyl ester as an 
electron dense marker for elastase, in the presence of
sodium aurothiosulphate, and showed that there is a reaction 
product visible initially on the surface of Type I alveolar 
lining cells, then uptake by pinocytotic vesicles, stated to 
be visible in the interstitium (but only illustrated in the 
pleura) and again when entering alveolar capillaries. They 
were able to show that degradation of elastin commenced at 
fifteen minutes and by four hours had resulted in severe
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destruction with the production of debris. Their model was 
the hamster but Miyazaki's group (1979) showed similar 
damage in the guinea-pig. Snider's group showed that 
resynthesis of elastin started four days after exposure, 
with new microfibrils being observed close to interstitial 
cells, fibroblasts and smooth muscle cells . Proliferation 
of alveolar Type II cells, which can occur clinically in 
response to a wide variety of stimuli as part of an 
interstitial pneumonic response, was also observable in 
these animals between two and four days.
Clearance of degraded elastic fibres although it can occur 
rapidly, can also be delayed in some areas. This may 
alternatively be interpreted as continued evolution of the 
disease at a slower rate in some areas of the affected lung. 
Small fibres can represent poorly repaired or alternatively 
poorly formed new fibres (Kuhn Slodkowoka et al 1980, Morris 
et al 1981). An autoradiographic study also by Morris (1983) 
confirmed the early uptake of labelled elastase in a patchy 
fashion, with relatively little in the interstitium compared 
to the accumulation in intra-alveolar macrophages, which 
increased in the longitudinal study at seven days.
Very high levels of PPE enzyme administration also can 
certainly lead to exacerbation of such haemorrhage and in 
the work of Busch, Lauhala et al (1984) a level of 75 units 
activity /lOOgm was deemed sufficient for production of 
emphysema without marked haemorrhage.
Alternatively such haemorrhage with consequent release of 
antiproteases may account for some of the lessened 
efficiency of these elastases at lower concentrations or 
this may be a reflection of the enzymes' inability to gain 
access to the elastic tissue within the walls of the
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alveoli.

Further discussion on the use of PP[P]E is to be found 
after the experiment on the rat model in chapter 2.
1.8b 
Endogenous elastases
Snider(1981) discusses endogenous sources of elastases. Two 
known to be present within the lung following circulation of 
blood are polymorphonuclear leucocyte elastases including 
those promoted by bacterial endotoxin and alveolar 
macrophage elastase. There is a resident population of lung 
macrophages but more can be recruited from the bone marrow 
if necessary, for example following injury, with consequent 
necrosis. Cytoxan-mediated decrease in the numbers of free 
alveolar cells has been stated not to result in diminution 
of the effects of experimental emphysema (Martorana et al
1977) but it is known that a non-bone marrow derived 
population of macrophages is present in irradiated mice 
(Goggle 1982). Interspecies variability occurs in the 
enzymes' potential elastolytic powers. Marco, Mass and 
Meranze 1971) found the enzymatic activity of 
polymorphonuclear leucocytes from humans and dogs was 
greater than that of the macrophages from the dog whilst 
rabbit polymorphonuclear leucocytes were weaker but still 
stronger than mononuclear cells from the dogs. Interaction 
between neutrophil elastase and al antitrypsin was shown in 
vitro by Martin and Taylor (1979) and it was suggested by 
Carrell et al (1982) that human leucocyte (neutrophil) 
elastase (HLE) is the prime target for the inhibitor. 
Alveolar macrophages can secrete al antichymotrypsin with 
the potential to interact with cathepsin G, another potent 
leucocyte protease (Burnett et al 1984).
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Treatment with HLE results in decreased lung elastin (see 
below) content, increased lung volume and airspace size 
which persists but does not progress. The enzyme is 
proportionally less potent than PPE. There is said to be 
more haemorrhage using HLE than PPE and this may cause 
nullification by the action of alAT recruited from serum.

Human leucocyte elastase
The elastase extractable from pooled human leucocytes is a 

serine protease with a molecular weight of 33,000. It is 
active at neutral pH but there are several isoenzymes and 
the isoelectric point is strongly basic with a pH between 10 
and 11. The enzyme is produced in the promyelocytic cells 
within the bone marrow and is stored in the neutrophil 
within the characteristic granules of these cells. Up to 
three picograms can be stored in each cell (Phillips 1989) . 
As discussed above, although the enzyme can attack a wide 
range of proteins consistent with the neutrophil's role as a 
first-line of defence phagocyte and promoter of acute 
inflammation, it is the elastolytic role that is most widely 
investigated within lung studies and the ability to cleave 
elastin (Lonky and Wohl 1981 and 1983) rather than the 
corollary effects of degradation of collagens in matrix and 
basement membranes or proteoglycans although destruction of 
all or any of these proteins could and probably do influence 
the disease process.

1.9
Conclusion

Snider's twenty year review (in 1981) of the progress in 
experimental emphysema research concluded that two seminal
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papers were those of Guenter et al (1981) and Sloan (1981). 
Guenter administered E.coli endotoxin to dogs resulting in 
sequestration of leucocytes in lung capillaries and subse
quent mild emphysema. Sloan et al (1981) also produced 
emphysema in dogs using purified elastase derived from 
neutrophils, the severity of the disease being titratable 
against the elastase load.
Research using lathyritic agents is included in the next 
section on connective tissue and in chapter 3 on the blotchy 
mouse.

1.10
The role of the connective tissue matrix and the development 
of emphysema

Heather Morrison's review in 1987 of the protease-antipro
tease theory concluded that this hypothesis did not explain 
all of the clinicopathological observations on emphysema. 
She emphasised that the interaction of enzymes and 
inhibitors with matrix could result in degradation products 
capable themselves of attracting phagocytic responses also 
added to the effects.
This review does not however address the possibility that 

there is or may be an underlying fault in matrix assembly, 
repair or homeostatic mechanisms, all vital components upon 
which the other incitable factors react in order to produce 
the end result.
The next part of this review will cover the connective 
tissue of the lung, especially elastic tissue which is still 
regarded as the primary target for elastase activity, 
although as will be shown, the physical proximity and 
interconnectedness of the lung structural proteins indicates
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that the fate of elastic tissue should not be looked at in 
isolation.

The functions of the lung include rapid and repetitive
cycles of expansion and recoil which involve stretching. 
The lung must be able to avoid collapse and present a
minimal barrier to efficient gas exchange.
The mature alveoli cluster round alveolar ducts and are 
separated from one another by thin septa containing the
capillaries and connective tissue fibres. On the thinner
side of the septum there is apposition of the basement 
membranes of the alveolar lining epithelial cell and 
capillary basement membranes whilst on the thicker side are 
the interstitial connective tissue fibres tied into the 
axial fibre system associated with blood vessels and larger 
airways (Clark et al 1983).

1.9a 
Collagen
Twenty-five percent of the lung tissue is made up of
connective tissue of all three major types, collagen, 
elastic, and proteoglycans. Collagen is present in the 
greatest quantities (Pierce and Holcutt 1960), up to 70% of 
the total lung connective tissue and twenty percent of the 
lung mass (Madri and Furthmayr 1979) : it provides the
framework for the vascular and bronchial trees, the pleura 
and parenchyma. Although it is recognised that there are at
least thirteen different types of collagen, at present only
six major tropocollagens are known to be present in lung.
Type I collagen represents about 65% of lung collagen and 
is found predominantly in large bronchi and vessels and is
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produced by interstitial cells, fibroblasts, pericytes and 
alveolar lining cells (Hance and Crystal 1975). Other poten
tial sources include endothelial cells and smooth muscle 
cells (Clark 1983).
Type II collagen is found in cartilage and bone and has 
therefore been demonstrated in trachea and bronchi; it is 
loosely arranged, surrounded by large amounts of 
proteoglycans in a complex maintained by strong ionic forces 
(Miller 1971) . Type II collagen is only made by 
chondroblasts in the adult but is also known to be produced 
transiently by other cells during embryogenesis.
Type III collagen is present in fetal tissue and persists in 
adult lung in small amounts, representing about 30% of lung 
collagen. It is associated on biochemical analysis with Type 
I collagen in the infrastructure of lung epithelium and 
endothelium and is synthesised by fibroblasts, smooth muscle 
and endothelial cells; it is involved in wound healing and 
scarring and can be remodelled.
Type IV collagen in the lung alveolar basement membrane is 
dissimilar to other examples of basement membranes such as 
lens capsule and renal basement membrane as it is 
relatively deficient in 3-hydroxyproline. Vascular basement 
membrane is also present in lung in large quantities.
Type V collagen (formerly ABg) is present as 7% of lung 

collagen (Madri and Furthmayr 1979) and is associated with 
basement membranes as well as being present in the 
extracellular matrix: it is vulnerable to protease attack. 
Type VI collagen, composed of 6-lOnm filaments closely 
associated with types I and III, is found in vascular 
adventitia, lobular septa, and alveolar interstitium (Amenta 
1988, quoted by Martinez-Hernandez and Amenta 1990). There
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has been a suggestion that oxytalan, an elastic tissue precursor, 
akin to fibrillin (see below) has some shared antigenicity 
with type VI collagen .

Collagens are synthesised as precursors called pro-alpha 
chains, which subsequently undergo hydroxylation of their 
proline and lysyl residues and glycosylation.
The chains are then aligned in the triple helix and secreted 
from the cell as procollagen molecules that undergo 
proteolytic digestion at both ends, and 10% of newly 
synthesised procollagens are immediately degraded by the 
synthesising cell. Procollagens are wound in a left handed 
supercoil before finally being cross linked. In the Blotchy 
mouse (chapter 3) it is this last step that is limited by 
lysyl oxidase deficiency.
Cross linking of collagen by lysyl oxidase to form the 

hydroxylysinonorleucine link is a sequence involving the 
conversion of lysine to the aldehyde allysine (see below). 
The allysine and an adjacent chain's hydroxylysine link 
together. This linkage is selectively interfered with by 
lathyritic agents and especially beta aminoproprionitrile. 
Defective crosslinkage (Partridge et al 1963) does therefore 
not obviate the formation of fibrils but it does limit their 
tensile strength. Cross links can be further reduced or 
rearranged. Disulphide bonds can form when cysteine residues 
are present as in Types III and IV collagen. Work in the 
aorta has shown that there is an element of selectivity in 
the distribution, smaller inter laminar fibres being more 
vulnerable to the effects of the lathyritic agent whilst the 
larger elastic laminae remained unscathed (Nakashima and 
Suedshi 1992).
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As discussed above most early work on enzyme-induced 
emphysema concentrated on papain and other proteases and 
their ability to attack collagen and it was not until pure 
collagenase was used with no induction of experimental 
emphysema that the importance of the elastic network was 
appreciated. Interplay between the independent elastic and 
collagen networks of the lung has been postulated to give 
the lung its elastic nature. Elastin has the properties of 
high extensibility and rubber-like ability and accounts for 
the steep slope of the volume pressure curve in the mid 
range of the volume pressure curve (Karlinsky and Snider
1978) whereas collagen has limited extensibility and much 
greater tensile strength, accounting for the flattening off 
of the curve and limitation of distension.

Generalised disease as a result of defective elastic fibres 
is rare being recognised as due to elastolysis in cutis laxa 
(Goltz et al 1965) , when emphysema forms part of the 
spectrum of disease. The widespread effects reflect the 
distribution of the fibres within the body.

1.9b 
Elastin and elastic tissue
Estimates of the amount of elastic tissue present within the 
lung have varied widely in workers analysing human 
emphysematous and normal lungs and cattle lungs and a range 
of 1.3%-47% reported (Chrzanowski et al 1980, John and 
Thomas 1971). In the studies of Pierce and Ebert in 1965 
extractable elastin accounted for 2 0-30% of dry weight of 
parenchyma.
The lung may be regarded as an elastic organ because of its
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distensibility, but there is less elastin within the tissue 
than is the case in tissues such as the vocal cords, the 
aorta and the intervertébral ligaments (Sandberg 1981). 
Elastin is resistant to boiling water and to alkali but will 
aggregate when heated and is non-polar. Hot dilute alkali 
treatment is a harsh method, producing some degradation 
products, and is in addition is less useful when there are 
smaller amounts of elastin present. Newer less harsh methods 
are described by Richmond (1974, quoted by Paz et al 1982)
One of the major problems in the characterisation of 
elastin arose because the insoluble moieties are intimately 
intermingled in most tissues with two other insoluble 
components, collagen and the microfibrillar component.
Problems in studying the primary structure are largely due 

to the molecule's extreme insolubility and the high degree 
of cross-linkage (Anwar 1982), which however shows 
considerable species variation (Sage 1982).

1.9b.l 

Elastin
Elastin is present in most organs of the body as a component 
of connective tissue present as elastic fibres which are 
refractile wavy fibres capable of being stretched, being 
rubber-like elastomers (Mecham 1991). These fibres have two 
main components; microfilaments which are electron dense 10- 
2 0 nm in diameter (Albert 1972), known to contain a 350kD 
glycoprotein, fibrillin, (Sakai 1986, quoted by Martinez- 
Hernandez and Amenta 1990): whilst the elastin is seen as 
amorphous material around and between the fibrils using 
electron microscopy (EM). Elastin can be stained and seen
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by light microscopy using conventional stains such as 
Verhoeffs haematoxylin and orcein.
The heterogenous nature of the elastic fibre had been noted 
since 1896 by Mall, quoted by Lansing and his co-workers in 
1952. Mall used a magenta basic fuschin stain and observed 
that the cortex of the fibre stained less heavily than the 
medulla. Histochemical reactions depend on the presence of 
aldehyde groups on the matrix, or the hydrophobic nature of 
the protein. The presence of the aldehyde groups can also be 
shown using a fluorescent technique binding dansyl hydrazine 
to the elastic fibres which then fluoresce bright yellow.

1.9b.2 

Synthesis
Elastin is synthesised by smooth muscle cells, 

endothelial cells, fibroblasts and myofibroblasts; in the 
lung the cell of origin is uncertain but synthesis has been 
associated with interstitial myofibroblasts. The messenger 
ribonucleic acid (mRNA) for the precursor tropoelastin is 
transcribed from the single gene located on the long arm of 
chromosome 2.( Emmanuel et al 1985, quoted by Mecham et al 
1991). During synthesis, spiny vesicles demonstrable by EM 
and called acanthosomes, are seen to migrate from the 
endoplasmic reticulum in the region of the Golgi body, 
towards the cell membrane (Sandberg et al 1981) . After 
fusion the core of flocculent electron dense material is 
extruded to become cross-linked outside the cell within or 
adjacent to the elastic fibre. (Farenbach et al 1966). The 
fibrillar component of elastic tissue acts as the framework 
in the extracellular matrix on to which the amorphous
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component is insolubilised (Foster 1982). This biosynthesis 
therefore consists of a intracellular formation followed by 
posttranslational modifification, packaging and secretion 
into the extracellular space where the processes of 
insolublisation and fibre assembly occur, giving rise to 
'complex problems' for the connective tissue cell (Mecham et 
al 1991).

1.9b.3 

Structure and biochemistry
The existence of two types of elastin. Type I in 

ligamentum nuchae, aorta, lung, and skin and Type II in 
cartilage has been postulated (Paz et al 1982) . The 
differences in structure can be most readily appreciated 
using transmission electron microscopy (TEM) where the 
elastic fibres of Type I have a smooth and parallel 
appearance compared to the fibres from ear, laryngeal and 
epiglottic cartilage which are slimmer (mean diameter 0.7 
compared to 1.7/xm) and have a beaded appearance and branch 
extensively (Paz 1982, quoting unpublished observations of 
D.Keith).
[ This is an interesting observation possibly related to the 
descriptions of fibres after elastase administration, which 
have been consistently described as beaded: it is possible
that reversion to a more primitive type of fibre is the 
result of experimental manipulation. In other forms of 
healing response, especially in collagen, there is often a 
progression through a more primitive form of collagen before 
ultimate remodelling or there may be permanent deposition of 
an inappropriate form of collagen such as the substitution 
of Type III collagen at the expense of Type I or IV in
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corneal scarring ].
The amorphous component of elastic tissue, elastin, is 

composed for the most part, 95%, of nonpolar amino acid 
residues whilst the fibrillar component is predominantly 
composed of polar aminoacids with disulphide bonds between 
them. The amino acid composition of elastin is unique; one 
third of the amino acid residues being glycine and in 
contrast to collagen there is little hydoxylation of proline 
and lack of such hydroxylation does not lead to problems 
with secretion, oxidation of lysyl residues or incorporation 
of the fibres although over (or accidental) hydroxylation by 
collagen prolyl hydroxylase may inhibit fibre formation. 
(Mecham 1991).
Elastin contains two subunits, desmosine and isodesmosine 
which act as four branched cross-links (Thomas et al 1963), 
formed by the action of lysyl oxidase on the precursor 
tropoelastin; the isomers differ in the position of the ring 
alkylation (Foster 1982). The crosslinking enzyme lysyl 
oxidase is copper dependent and accumulation of the 
precursor may be demonstrated in lathyritic and copper 
deficient animal models (see below).
The precursor molecule for elastin, tropoelastin, is a 
single polypeptide chain of 68,000 daltons composed of 
approximately 800 residues. In addition to glycine, other 
non-polar amino acids such as alanine (Al), valine (Val) and 
proline (Pro) are found and cross-linking takes place in the 
region of the Pro-Gly-Val regions. This is thought to occur 
by formation of an extensible beta-spiral. When elastin 
matures greater cross linkage in the region of paired 

lysine residues occurs. Four or five links between adjacent 
chains are formed creating a netlike matrix thought to
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represent a rigid alpha-helix. It is these cross links that 
confer the ability of the fibres to stretch to up to three 
times their length but be unable to slip past one another 
(Mecham 1991).
A sequence of three alanine residues lies on either side of 
each paired lysine residue forming the desmosine cross 
link; this Al-Al-Al-Lys-Al-Al-Al region is more compact than 
the extensible hydrophobic part of the molecule.
Lysyl oxidase is the key enzyme in the post-translational 
transformation of tropoelastin to mature cross-linked 
elastin. It works by catalysing the oxidative deamination of 
the NH2 group of lysine to form the aldehyde allysine 
(Siegel et al 1970) , (in the case of collagen the oxidation 
is of hydroxylysine to peptidyl alpha-aminoadipic-gamma- 
semialdehyde (Pinnell and Martin 1968a). Four lysine 
residues then condense to the elastin specific cross-links 
desmosine and isodesmosine in a double sequence. Allysine, 
an a- amino adipic-f-semialdehyde residue, produced by 
peptidyl lysine oxidase, reacts with another allysine 
residue or with an unreacted lysine forming either acyl 
condensation product or dehydrolysinonorleucine. The acyl 
condensation product then combines with another pair of 
allysine residues passing through a trifunctional compound 
dehydromerodesmosine (Mdes) which is then further oxidised 
to desmosine or isodesmosine. The intermediate compound Mdes 
is not found in aged lungs.

1.9b.4 

Desmosine and isodesmosine
Desmosine is specific to elastic tissue the elastin 
molecule. Attempts had previously been used to assay this
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molecule (Kuhn et al 1983) and relate the findings to 
elastolytic lung disease. Desmosine is not absorbed by the 
gut, nor reutilised in the body and is excreted only in the 
urine (Goldstein and Starcher 1978, Janoff et al 1983). 
Phillips (1989) assessed the value of urinary desmosine in 
man and the blotchy mouse, using a technique where urine was 
freeze dried, lyophilised, redissolved in 6N hydrochloric 
acid and hydrolysed before comparison with a standard 
desmosine using a radioimmunoassay and gamma counting; see 
appendix 1.

1.9b.5 

Embryological importance of elastin and its relevance to 
development of experimental emphysema
Embryological studies have indicated that elastin plays a 
key role in determination of development and remodelling of 
fetal lung to achieve the prepartum architecture, especially 
with regard to the formation of the developing alveolar 
crests where the bundles are found at the tips. The 
progressive increase of tropoelastin content is well 
illustrated in the sheep lung, when in the early glandular 
stage little can be extracted even though a small amount 
can be identified on staining. In the last 50 days of lamb 
gestation the amount of elastin doubles, governed by the 
level of functional elastin mRNA which rises rapidly in this 
later period of embryonic growth. This period of growth and 
expression of the gene is temporally mediated to an intense 
period of elastogenesis in late fetal life and the early 
postnatal period and some authors believe that human elastin
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deposition is completed in the first ten years of life 
(Studies quoted by Mecham et al 1991). [The continued 
evolution and growth of the normal rat lung may mean that 
data on humans may not be able to be extrapolated to other 
animals, especially rodents and vice-versa.]
Maturation of the body's connective tissues occurs slowly 
throughout life and this often involves extensive cross 
linkage, which can be accelerated; in the case of smokers 
more wrinkles have been described [and illustrated anecdo
tally and graphically in the faces of Auden and Beckett!] 
and extensive exposure to actinic rays can cause premature 
aging of connective tissue in skin and lens. Connective 
tissue is maintained and matured but can also undergo a 
limited form of repair and this resynthesis depends not only 
on the action of mRNA but also the presence of precursor 
structural proteins. Repair mechanisms often repeat fetal 
modes of assembly of proteins and in emphysema this may be 
precluded.
In experiments when trypsin and chymotrypsin are used 

sequentially (Osman et al 1985) they prevent the resynthesis 
of elastin damaged by the intratracheal elastase, so that 
the isodesmosine and desmosine cross-links are reduced by 
4 0% despite normal levels of lysyl oxidase. The mechanism of 
failure is not the due to elastolytic activity of the enzyme 
alone but the dissolution of the microfibrillary component 
needed as the template for the resynthesis of elastin to 
occur.
Kuhn, Yu et al (1976) suggested that continuous repair and 
resynthesis of elastin does not occur in emphysematous 
humans possibly due to a concerted effort by several cathep- 
sins or other non-elastolytic enzymes acting in a similar
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sequential fashion. Aqueous solutions of cigarette smoke 
have been reported to inhibit lysyl oxidase activity and 
prevent cross-linkage in vitro (Laurent, Janoff and Kagan 
1983). This experiment was interesting because if a synthe
tic substrate was used, normal levels of activity of lysyl 
oxidase occurred, but if elastin or tropoelastin were used 
the enzyme's effects were depressed.
This is complemented by research that has shown that smoke 
may cause several different derangements of the metabolism 
of elastin including decreased activity or induction of the 
enzyme, with decreased binding of negatively charged lysyl 
oxidase. There is also increased binding of neutrophil 
elastases to the elastin molecules (Janoff 1985).

1.9b.6 
Age and elastic tissue in the lung
Morphological and functional changes occur in connective 
tissues throughout the body with increasing age and the 
waning of the possible influence of sex hormones. Changes in 
the skin, with more wrinkling after exposure to actinic 
rays, in the joints and in the gums and orbits are all 
recognised concomitants of aging. Morphological changes in 
the lungs also occur, leading to the phenomenon called 
'rounding',(Thurlbeck 1991) as there is an increase in the 
anterior-posterior diameter compared to the height in mid- 
saggital sections.
Thirty percent of the lung parenchyma is lost and the 
number of alveoli declines (Thurlbeck 1991, citing 
unpublished data in respect of the alveolar numbers). Weibel 

(1963) showed that there was a corresponding increase in the 
proportion of the lung formed by alveolar ducts, which

83



become more easily visualised.
Laurent's review of 1986 also addresses the problems of 

increased pulmonary fibrosis and emphysema with age. 
Emphysema was described in a round table discussion (Reid 
1976) as occurring in 50% of lungs from people aged 70 as 
'incipient emphysema of the panacinar type'. This data and 
other similar surveys have been recently criticised heavily 
(and accurately) on the ground that the predominantly town 
dwelling subjects were not screened for smoking (Thurlbeck 
1991) .

What the change is in the structural proteins is more 
contentious still. Subjective analysis (Wright 1961) 
indicated thinning of elastic fibres but this was disputed 
by Niewhoener and Klienerman and Rice in an EM survey 
(1971) . They showed no changes and this has been supported 
by biochemical data, (Pierce and Holcutt (1960). The authors 
examined the ageing phenomenon whereby lungs diminish in 
elasticity with age but paradoxically had been reported to 
have more elastic tissue. These studies and those of John 
and Thomas (1972) are now rather old and the method of 
extraction was hot alkali, which as discussed above is a 
rather crude method. Nevertheless it was sensitive enough in 
the second study to show that although the elastin content 
remained similar, there was a change in the distribution, 
with loss from the lung parenchyma and increase in the 
pleura. This data also showed that there was an increase in 
the amount of polar aminoacids.
A similar redistribution occurs in total collagen content, 

where the amount remains similar but there is a shift 
towards the formation of insoluble collagen at the expense
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of soluble collagen, rendering it more stable and less 
susceptible to collagenase activity (studies quoted by 
Thurlbeck 1991).
Some of the differences in histological assessments could be 
ascribed to so-called elastotic degeneration (a process 
whereby collagen fibres stain with elastic stains such as 
Verhoeff elastic-Van Giesen) occurring within lung collagen 
fibres in a manner akin to the process observable in skin. 
This occurs particularly in skin that has been subjected to 
actinic damage. Biochemically this material remains more 
similar to collagen even though (Pierce and Holcutt 1960) 
the material stains as if it were elastic.

In the Lewis rat model Mays et al (1989) showed that 
although rats continue to gain body weight throughout life, 
their lung wet weight remains constant after six months. 
Their study showed that there is continual remodelling of 
lung collagen, illustrated by the uptake of radio-labelled 
proline and increased deposition of collagen with a fall 
from the growing rate of 14%/day to 1% /day in the elderly 
animals.
In a study of the effects of age on the mouse lung, (Ranga, 

Kleinerman and Sorensen 1979) there was no significant 
change in the total elastic fibre length in old lungs; even 
though there was an increase in lung volume accompanied by a 
decrease in elastin content, suggesting that there was 
either stretching of fibres, to maintain the length or that 
fibres are thinned.
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1.10
Lathyrism

The effects on animals of eating fodder rich in 
leguminous matter, especially sweet pea derived material, 
has been observed extensively (Page and Benditt 1967, Barrow 
et al 1974). One lathyritic element, beta- 
aminoproprionitrile (BAPN) has been often used, added 
into the feed of weanling animals in low concentrations 
(0.035%)( Das 1980, Kida and Thurlbeck 1980a). Other 
experiments using alternative lathyritic agents such as 
penicillamine (Hoffman et al 1971, Pinnell et al 1968b) and 
semicarbazide have also been reported (Stanley Cherniack et 
al 1972, Stanley et al in 1975, Kida and Thurlbeck) (1980 a 
and b).

Lathyrogens given in addition to elastase (Kuhn and 
Starcher 1980, Icochea et al (1982) and cadmium (Niewoehner 
and Hoidal 1982) exacerbate the effects of the agent used 
for the production of emphysema but will not cause emphysema 
themselves (except in hamsters). This may indicate in 
instillation experiments using elastases that it is the 
balance between the destruction of normal elastic tissues 
and the inability to resume normal elastin synthesis that 
is the key determinant to the development of abnormally 
enlarged airspaces in the rodent lung models.

1.11

Proteoglycans.
The third type of connective tissue component present in 
lung as less than 0.5% (Clark et al 1983) is the 
proteoglycan, a class of materials that contain core 
proteins and repeating disaccharides forming
glycosaminoglycan polysaccharide chains found in the
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extracellular space and acting as spacer-bars between the 
collagen and elastic fibrils. They are arranged in a bottle
brush like array which allows for the passage of diffusible 
substances across the extracellular matrix. These include 
transient amounts of urea, glucose, hormones, breakdown 
products and some glycoproteins, possibly including the 
microfibrillar component of elastic tissue (Hance and Crystal
1975). All classes of proteoglycans except keratan sulphate 
have been demonstrated in lung tissue although there is 
interspecies variability.
Attacks on one part of the lung's scaffold by a specific 
enzyme such as elastase may initiate remodelling of the 
collagen framework and the interstitial glycosaminoglycan 
network as well, even though these proteins may not be acted 
on directly by the enzyme.
It is unlikely that a rearrangement of elastin that results 
in identifiable fraying at the electron microscopic level 
can occur without any ill- effects on the adjacent tissues 
in this highly organised connective tissue compartment. A 
study by Laros et al (1972) showed that in emphysematous 
langs the ratio of glucosamine to galactosamine is increased 
from 0.77 to 2.1 signifying a decrease in chondroitin rather 
tian an increase in hyaluronic acid components, whilst the 
tatal protein, collagen and soluble collagen remained 
similar in their 30 cases.
At the time of Hance's review it was thought probable that 
proteoglycans had an undefined role in the evolution of 
enphysema, but in Karlinsky (1982) and Karlinsky Fredette et 
ai ' s report in 1983 an increased turnover of 
gLycosaminoglycans (GAGs) had been established in the first 
tiree weeks after the induction of experimental emphysema.
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Vaccaro's study (1985) of the alveolar basement membrane in 
elastase-induced emphysema has shown that although there is 
preservation of the morphology of the Type I alveolar 
lining cell in most instances there is significant loss of 
the proteoglycan moieties of the basement membrane two hours 
after instillation of elastase. These changes were shown 
using ruthenium red staining for the heparan sulphate. 
Repair of the anionic binding sites was instigated by day 
four and complete in ten days. Karlinsky (1982) showed that 
the peak activity in GAG turnover indicated by the 
incorporation of carbon into GAG occurred in the first 
five days , earlier than the incorporation of similarly 
labelled proline into collagen hydroxyproline. Elastin 
levels dropped, then rose to normal and then increased as 
did the total lung collagen. Nevertheless there was an 
inappropriate amount of the heparan sulphate GAG present in 
the ratio to both collagen and elastin, resulting in a 
'steady-state imbalance'.
Konno et al (1982) , reported a Russian paper in which 
increased urinary excretion of GAGs was present in patients 
with chronic obstructive airway disease. Horwitz and Crystal 
in 1975 showed that production of GAGs, like other 
macromolecules, peaks in the perinatal period. Konno's work 
avoided the possible errors in interpretation of the 
glucosamine to galactosamine ratio by using specific GAG 
degrading enzymes. He was able to show that there was a fall 
in the amount of GAGs in the lungs of aged patients (over 
70) and that senescence was associated with an 'across the 
board' fall in all lung GAGs whilst emphysema was associated 
with a specific fall in the percentage of hyaluronic acid. 
This work was carried out using formalin fixed rather than
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fresh lungs but there was little leaching of GAGs into the 
formalin provided the pleura was substantially undamaged.
Considerable interspecies variation in the GAG profile of 
lung is acknowledged, for instance bovine lung is rich in 
heparin, whilst hamster and human lung contains very little. 
GAGs are thought to regulate fetal development and can be 
demonstrated adjacent to epithelial cells in developing 
alveolar buds.
Other connective tissue elements are important in the fetal 
lung, especially fibronectin, which is thought at other 
sites in the body , such as the eye, to orchestrate the 
healing or scarring response of tissues. Its role in 
emphysema is not clearly defined but it has a marked ability 
to bind other macromolecules. It can be demonstrated by 
immunofluorescence to be present in basement membrane as 
well as within lung stroma and is present surrounding smooth 
muscle at the free tips of the alveolar septa; it is a 
recognised target for neutrophil elastase (Clark 1983).

1.12
Copper, GAGs and connective tissue metabolism.
The induction of copper deficiency in rats (O'Dell et al 
1978) and the link with the effects of lathyritc agents has 
been established. Copper is a trace element and deficient 
animals in addition to ataxia and anaemia, have structural 
changes in skeleton, rupture of the heart and loss of colour 
and crimp in their coats (Carnes 1968). In this extensive 
review he cites extraction studies, using three different 
methods, of insoluble elastin residues from deficient 
animals, and emphasises the importance of cross-linkage. 
Uncross- linked immature elastic material can be rendered
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mature by addition of copper to the diet in studies in swine 
(Linker et al 1964, Soskel et al 1982) and chick, illustrat
ed in the aorta. In the vascular lesions the importance of 
the accumulation of ground substance, [GAGs] has always been 
recognised, copper deficient animals having up to three 
times the amount of control mucopolysaccheride in the aorta 
(Linker 1964).

In the lung accumulation of this type of material may be 
less easily recognised as the elastic tissue is more diffuse 
than in the tightly packed aortic tissue. The role of copper 
in cross linkage of elastin is defined as a cofactor for 
lysyl oxidase but the alterations in GAG metabolism may be 
more complex and related to the preferential formation of 
one type of GAG in inappropriate amounts; the interspecies 
variation exacerbating the problem of elucidation. In the 
aorta increased amounts of chondroitin sulphate seem to be 
most common. Aneurysms of the aorta have been reported to be 
more common in patients dying with severe emphysema 
(Thurlbeck 1963a). There is some radiological evidence that 
there is enlargement of the aorta in life in these patients 
but a systematic survey of patients with aneurysms with 
regard to occult emphysema and vice versa has not been 
carried out, although a pilot study from Syracuse, New York, 
reported in abstract form (1992) (Demette, Hurwitz 1992) has 
shown that patients with abdominal aortic aneurysms show 
more emphysema than age and smoking matched controls. Janoff 
in discussion (chaired Reid 1972) reported that in toludine 
blue stained sections he could detect reduction in the 
amount of polymerisation of mucopolysaccharides in the 
cartilage of the bronchi and joints in a rabbit model of
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emphysema using elastases of leucocytic and pancreatic type 
(Turino and Lourenco 1972). He thought that the elastases 
had a dual effect on elastic tissue and GAGs and that they 
represented a ' second target'. A more recent paper (Foster 
et al 1990) using elastase and cultured pulmonary 
fibroblasts has postulated that mRNA for tropoelastin is 
modulated by the extracellular matrix and any solublised 
peptides in that matrix. Their data would support a dual 
effect of the enzyme on elastic tissue affecting both its 
lysis and production.

1.13
Quantitation of emphysema.

This part of the introductory chapter deals with the manner 
of the fixation and preparation of the lung specimens and 
the measurement of suitably prepared specimens.

Pathological findings can be descriptive or quantitative 
and quantitation provides precise information concerning the 
volumes of normal and abnormal regions of the lung. It also 
can define the surface area of the air-tissue interface and 
the numbers and sizes of various subunits such as alveolar 
ducts and alveoli so that epidemiological and other research 
workers can compare results. Such measurements can be made 
on gross specimens removed after death and on histological 
specimens cut from them. Several methods of quantitation 
have been described (Dunnill 1962; Thurlbeck 1964, 1967;
Thurlbeck, Andersen 1968; Thurlbeck , Horowitz et al 1969; 
Anderson and Foraker 1971) and classified by Thurlbeck 
(197 6) as subjective or objective. Selection of a method may 
depend on whether the extent or the severity or both are to 
be determined and the extent of both can vary from site to
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site.
Emphysema has been defined anatomically and in order to 

assess the frequency in human populations or the severity of 
experimentally produced disease, examination of excised 
lungs must be made. The preparation of lungs so that the 
assessment can be meaningful is important. A cursory slice 
across the uninflated, unfixed lung may yield some 
information to the examiner but the arbitrariness may mean 
that the extent or severity of the disease is underestimated 
due to the complexity of lung architecture and variability 
of expression of disease within the lung. Even experienced 
observers can disagree, Thurlbeck commenting that even when 
grading with his colleague with a joint experience of 3- 
4,000 lungs, that they were only in agreement 20% of the 
time.
Thurlbeck also commented somewhat acidly in 1964, that 
pathologists had the best opportunity to diagnose emphysema 
but doubted whether they availed themselves of this 
privilege very often !

The criteria for anatomical description and measurement 
must be defined for both naturally occurring and 
experimentally induced disease and the type and extent of 
the emphysema evaluated. Both quantitative and semi- 
quantitative methods will be dealt with in this sub-chapter 
but in most experimental studies on small animals it has 
been necessary to use whole lung slices examined with the 
dissecting or scanning electron microscope in addition to 
examining the lungs using paraffin fixed tissue 5-7 /xm thick 
when the enlargement and distension of airspaces can be 
demonstrated (Lum, Mitzner 1985). Care must be taken to 
establish a fixation constant for the loss of volume that
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occurs during fixation in order that results from different 
centres can be compared. This fixation constant varies with 
different fixatives and tissues but in formalin fixed lung 
the loss of volume is usually in the region of 25- 30 %. 
Several types of measurement of lung tissue have been 
attempted and the results correlated with physiological 
measurements in life and in excised lungs. As stated in the 
introduction the most valuable clinical measurement is that 
of diffusion capacity and this correlates well with 
measurement of the internal surface area (ISA) of the fixed 
lung.
The anatomical definitions of emphysema depend on showing 
destruction of tissue. This destruction can be recognised by 
decrease in the numbers or increase in the size of air
spaces. This increase in size or the concomitant loss of 
tissue can be demonstrated using the microscope by measuring 
the mean linear intercept (MLI) or by counting the 
distribution of points, usually arranged in a grid fashion, 
which fall on tissues or air. In experimental studies it is 
even more important to establish loss of tissue and in 
elastase-induced disease ideally there should be evidence of 
remodelling of elastic fibres.

Physiological measurements of lung stasis and airway 
dynamics will give additional support for anatomical 
observations and these measurements can sometimes be carried 
out on lungs that subsequently are going to be the subjects 
of biochemical rather than anatomical analysis, since the 
cycles of stretching and deflation can alter airspace size. 
This is discussed further in compliance studies included in 
the appendicies.
1.14
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Methods of inflation.
Since all lungs, (including emphysematous ones) collapse 

as the pleura is opened, a method of inflation must be 
used. Inflated, air dried lungs, were used in antiquity but 
distending the lung with fixative, usually via the airways, 
rather than fixation by vascular perfusion, is more common. 
The medium can be a fluid, a gas, or a combination of gas 
followed by fluid.

The amount of expansion achieved depends on the 
transpulmonary pressure (Thurlbeck 1976) which is 
manipulated either by increasing the intrapulmonary pressure 
(i.e. by distension) or by recreating the negative (intra 
-pleural) pressure by using a plethysmograph. The amount of 
inflation will also depend on compliance, which is defined 
as the lung's individual net change in volume per unit of 
pressure.
Compliance may for instance be doubled when the effects of 
alveolar surface tension are altered as happens when fluid 
distension is used. Some residual air is always present and 
will be forced downwards by the distending fluid so that the 
effects of surface tension may not be completely nullified. 
In the presence of a fixing fluid such as formalin or 
Karnovsky's fluid, compliance will alter as lung proteins 
become stabilised by the fixing fluid. Other factors 
influencing compliance include the immediate premortem 
history such as increased lung fluid, accompanying left 
heart failure or the congestion and consolidation associated 
with pneumonia or infarction and emphysema itself may result 
in varied compliance patterns reflecting its uneven 
distribution throughout the lung field. Another problem with
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fluid fixing media is the effect of shrinkage of the tissues 
of the alveoli over the incompressible fluid contained 
within vessels (Weibel and Vidone 1961). Even very 
sophisticated methods of fixation, such as rapid freezing 
followed by freeze-substitution fixation lead to deformity 
of blood vessels and erythrocytes ( Weibel, Limacher and 
Bachofen 1982).

The pressure of the fixing and inflating medium is also 
important. Thurlbeck (1976) in an extensive review refers to 
three categories of inflation,to an arbitrary degree or 
pressure and to 'convenience. '

Fluid fixation was used by Moolten 1935, Hartroft and 
Macklin 1943 and 1944 studies, by McLean in 1956 and by 
Leopold and Gough (1957) when they first described the 
centrilobular form of the disease; they all used arbitrary 
degrees of fixation, (ignoring pressure). The variation in 
the results in these studies is marked in contrast to the 
work of Heard (1960), Wright (1961), Sweet and Wyatt (1961) 
and Ludwig (1973) who all used fluid inflation with a 
prescribed pressure.
There are also those who advocate gaseous inflation. Some 
of the earliest authors including Laennec (1819), and Waters 
(1862) used pumped or compressed air to dry the lungs. 
Combination fixation has also been used.(Thurlbeck 1976)

The most commonly used method involves distending excised 
human lung or lungs and trachea by instilling formalin 
through the bronchi from a bottle 50-100 cm above the lungs, 
which are suspended in a large bucket of fixative. In the 
case of small animals 20-25cms of pressure are usually 
sufficient (Gil 1990). This degree of pressure is thought to

95



inflate lungs to approximately two-thirds of the total lung 
capacity (TLC). This is because a pressure of 20cms on the 
ascending loop is located on the plateau phase of the 
fluid-filled pressure-volume curve (Gil 1990).

If the lungs are to be fixed by the gaseous method, 
aerosoled fixative or a gas such as boiling formalin are 
propelled into the lungs using compressed air and breaks 
in the pleura are essential to maintain flow. However such 
pleural breaks are best avoided in the fluid method of 
fixation as leakage occurs and the fixation pressure drops.

In both these methods it is possible to overinflate, in 
the absence of the normal constraints applied by the chest 
wall and some authors advocate inflation with at least part 
of the chest wall intact after removal of the sternal plate. 
Whilst this method is practicable in the experimental 
situation when using smaller animals it is not usually 
possible in the post-mortem room for human cadavers although 
it has been advocated (Hartroft and Macklin 1943).
Because the pressure is arbitrary it can be increased in to 

overcome resistance in stiffened human lungs but in the 
experimental situation this should be avoided. A pressure 
drop of 20-3 0% occurs after the bronchus is clamped 
(Thurlbeck 1963 , Heard 1960) even in the absence of pleural 
tears. This drop is thought to be due to alteration in 
residual gas volume, some probably due to air going into 
solution but also in part due to leakage of fixative through 
the macroscopically intact pleura coupled to shrinkage of 
tissue due to fixation (Thurlbeck 1976).

The altered compliance of diseased lungs (see above) may 
make selection of an arbitrary pressure (such as 2 0 cm HgO ) 
produce a heterogeneous degree of expansion. Although 20
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cms HgO is similar to the 'border' between the static 
negative intrapleural pressure in normality and emphysema 
(Thurlbeck 1976 quoting Macklem and Becklake 1963), 
inflation with air at this pressure will lead to 
overinflation of emphysematous lungs and underinflation of 
the normal, whereas inflation with a fluid does not produce 
the same effect and it is interesting that the aged lung may 
similarly overinflate at commonly used pressures (Matsuba 
and Thurlbeck 1971). Despite these disadvantages, the 
selection of a prescribed pressure has much to commend it, 
if not necessarily in reproducing results, a concept that it 
could be argued, in the light of the data on compliance 
variability, that is impossible to aspire to. By removing 
one variable, results between affected subjects can be 
compared by different observers with at least some degree of 
confidence.

The media used for inflation all have their protagonists and 
individual merits and disadvantages. The disadvantages of 
gaseous fixation is stated by Thurlbeck to be inadequate 
perfusion of consolidated areas and a generalised wrinkled 
appearance and he disparages specimens prepared by Jones in 
1960 and Wright, Slavin et al in 1974, whilst admitting that 
the combination of formalin fume fixation (Jones 1960) and 
subsequent air drying produces elegant specimens for some 
purposes. For our studies the use of a liquid fixative 
seemed most suitable since I wished to employ morphological 
and histological rather than radiological modes of 
assessment for which fume dried specimens are acknowledged 
to be superior.

Formalin at fixed pressure under manometric control with
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maintainance was selected as the cheapest and most effective 
fixative for the rat lungs and because I wished to carry out 
scanning electron microscopy I used Karnovsky's (1967) 
Appendix 2 fixative for the blotchy mice.

1.15

Measuring emphysema.
To measure is defined (S.O.E.D.1978) as ascertaining the 
spatial magnitude or quantity, properly by comparison with 
some fixed unit. The relevance of the opinions and emotions 
of the observer (Thurlbeck 197 6) to measurements are 
recognised in the division of measurements into subjective 
and objective, the former being the most affected by human 
error. In most of the previous work on emphysema the 
decision as to whether a lung is emphysematous or not has to 
be regarded as highly subjective. Measurement itself, 
particularly when a grid or point count method is used may 
be regarded as less so but the effects of observer bias and 
fatiguability are not insubstantial. Such information is 
obtainable not only from personal observations but in frank 
discussion with almost any worker in this field.
The various forms of assessment of emphysema will be 

discussed and the merits and demerits of some of the 
methods. One of the most comprehensive reviews of the theory 
of lung quantitation is the monograph by Weibel written in 
1963 and the sustained work of Michael Dunnill has proved a 
fruitful source in the preparation of this subchapter on 
morphometry. In the text co-authored by Aherne (Aherne and
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Dunnill 1982) he discusses the use of 'intuitive 
percipience' in diagnosis and recognises the ambivalence of 
many medical 'men' towards mathematical principles which 
underpin these quantitative techniques. These principles 
and the relevant mathematical formulae are all elegantly 
explained in his text and will not be repeated here.

1.15a
Examination of lungs.
Macroscopic assessment
The distribution of emphysema is by its nature irregular, as 
described in the earlier chapters, and in any form of 
assessment, whether subjective or objective, it is important 
to be sure that the material is representative by examining 
as much of the affected organs as possible. In clinical 
practice this may be achieved by having a 'lung-cutting 
session', analogous to the neuropathologists' brain cutting 
sessions. After the fixed inflated lungs have been drained 
of fluid, they are sliced, optimally using a commercial 
bacon slicer (Whimster 1970) and examined in the light of 
the clinical history and radiological findings, usually with 
the radiographs available for comparison to the lung slices. 
Naked eye and dissecting microscopic examination of floating 
slices of lung impregnated with barium sulphate, using the 
technique of Heard (1960) is a a good method of delineating 
affected areas and photographic records can be made at this 
stage and appropriate areas sampled for histological 
confirmation. Both the extent and the severity of the 
disease should be recorded.
Whole lung slices can be prepared by the Gough and Wentworth 
technique (1957) and stored for comparative studies. These
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techniques all have subjective assessment built in to them, 
in establishing whether an area is affected and selection in 
this manner is inherent in any subsequent objective studies. 
Clinicopathological correlative studies such as that by 
Mitchell et al (1976) deliberately incorporated subjective 
assessments.

In animal studies, particularly in small animals, some of 
the selectivity can be obviated by processing and 
examination of all of the lung. There is still the 
possibility, acknowledged even in studies where random 
numbering of blocks and or sections is employed, that there 
may be discrepant results due to non-random distribution of 
lesions within the lung parenchyma. It is arguable that some 
selection, of areas subjectively thought to be affected, may 
in fact be advantageous, if the full effects of the disease 
are to be estimated . This is especially important in the 
context of elastase-induced emphysema when the distribution 
of the lesions is non-uniform, in part due to the anatomy of 
the bronchial tree and ease of access to certain parts of 
the lung by the instillate so that non -uniform but 
systematic sampling may be more relevant. This eliminates 
the bias in favour of airways and blood vessels inherent in 
hilar longitudinal sections and the overemphasis of 
parenchymal structures in sections taken only from the 
periphery of the lung.

The most difficult subjective assessment is that of panlob- 
ular emphysema (PLE) and especially the watershed between 
mild panlobular disease and normal lung (Thurlbeck, Ander
son, Janus et al 1968). Estimates varying from 0-85% and 5-
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100% were made between observers looking at the same set of 
lungs and one observer made three times as many positive 
identifications as another. These studies were on Gough- 
Wentworth sections, randomly selected and sent to nine 
different observers who were asked to score for extent and 
severity and additionally to measure the mean linear 
intercept. When scoring for severity rather than extent the 
variation between observers was not as great (Thurlbeck
1976).

Microscopic assessment and quantitation
Most objective methods are based on estimates or 
determination of internal surface area from affected as 
compared to non affected lungs, measured by assessing the 
mean chord length (MCL) or linear intercept across airspaces 
and correlating the data with that on alveolar volume, and 
the relationship to surface area. Linear measurements 
increase as the total surface area per unit of volume 
decreases( Snider and Korthy 1978).

Dunnill (1962 and with Aherne 1982) reviews the history 
of quantitation which is based on geological methodology. 
Delesse, a geologist in 1847 found that in a complex rock, 
formed from a number of different types of mineral 
(distributed in a random fashion), the area occupied by any 
given mineral on the surface of a section of a rock is 
proportional to the volume of that mineral in that rock. 
Chaffes proved this mathematically in 1954 although the 
technique had been used practically since 1916 after Shand 
had invented a recording micrometer. Rosiwal (1898) quoted 
by Aherne and Dunhill (1982) developed the principle that 
linear fractions are representational of volume components
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and linear graticules with equidistant straight lines in 
parallel arrays are used by histopathologists.
Measurements can also be made by point counting (Anderson 

and Dunnill 1965) . In this technique when measuring the 
lung, 500-1000 points are usually counted, determining each 
time whether the point lies on vessel, abnormal or normal 
air space i.e. alveoli or alveolar duct.
The flaw in the methodology is that there must be a 

subjective assessment of normality at some stage in this 
procedure, if it is used to determine whether the point 
falls into normal or abnormal air space (as well of course 
as eliminating non parenchyma, blood vessels and bronchi.) 
Dunnill also reproduces a most interesting graph showing the 
effect of observer experience; when as the first few 
observations are made the mean oscillates wildly, but after 
fifty fields have been counted the mean varies by less than 
0.3.
Measurements of alveolar internal surface area (ISA) (Camp

bell and Tomkieff 1952) can be calculated by counting the 
number of intersections of a line with cell walls, but these 
are very time consuming; up to two hours being required for 
one set of measurements (Thurlbeck 1976, confirmed by perso
nal observations). The method is insufficiently sensitive to 
detect small amounts of emphysema which can be observed 
macroscopically.
Thurlbeck (1976) discusses the use of computerised image 

analysis using 'fly spotting scanning' to reduce the 'error 
and tedium ' of measurement by the human brain, eye and 
hand. He delineates the inherent disadvantages of the system 
with its inability to distinguish between alveolar wall and 
intraalveolar debris especially in the presence of
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inflammation.]
A reference published in 1990 outlines the procedure to be 
adopted when using fully automated image analysis ( Silage 
chapter 9 in Gil 1990 op.cit) but acknowledges that 
conceptual problems still exist.

1.15c 
Other problems with measurement

In addition to the problems for the observer discussed above 
there are also the problems inherent in preserving tissue so 
that it can be measured and the artifacts produced by 
shrinkage and distortion by compression during cutting.

Shrinkage phenomena and consequent distortion
Tissue shrinks because water is lost during fixation, 

when proteins become denatured and during processing when 
progressive dehydration by graded alcohols is used.
The amount of shrinkage can be assessed by measuring blocks 

before and after processing. In most organs there is less 
than 5% shrinkage after fixation alone but subsequent 
processing can cause much greater shrinkage.
In order to assess this a block of tissue approximately 
2.Ocms X 1.0 cm, not more than 0.5 cm thick is required. The 
alteration in size between the unfixed and fixed block is 
recorded and after processing SjLtm sections are mounted and 
stained. The ratio of the area of the section to the origi
nal block face is measured and the shrinkage factor p^ for 
area and the linear shrinkage p and volume shrinkage can be 
calculated. The reciprocals of these values are used in 
conversion of measurements (Aherne and Dunnill 1982).
Thurlbeck (1966) gives his average factors of 0.73 (SD
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0.03) range (0.61-0.84) at right angles to the microtome 
blade and 0.84 parallel to the blade. The third dimension 
shrinkage is not definable from a section but the linear 
mean [ see below] measurement depends only on the two
directions assessed. The overall shrinkage factor can be 
determined by the square root of the product of horizontal 
and vertical, in his example this can be worked out as 0.78.
Discrepancies between authors' results can be the result of 

non-application of a shrinkage factor; in the discussion of 
the results of measurements of the linear mean in blotchy 
mice [chapter 3a] (Ranga et al 1983) their values in the 
inbred +/Y and Blo/Y males were higher than those produced 
by Fisk and Kuhn (1976) but once allowance for shrinkage 
caused by fixation and processing at a level of 0.75 was 
made the results were less discrepant and became * identical * 
[presumably similar].

Dunnill originally stressed the need to ascertain the 
fixation and processing constants for each case but in his 
later work with Aherne (1982) when discussing volume changes 
during fixation reminds the reader that since much work is 
comparative that provided all tissues are treated in the 
same fashion measurements of alterations in volume brought 
about by fixation, processing and embedding are largely 
irrelevant. In the case of the lungs subjected to 
ultrastructural analysis, fixation and processing does not 
lead to any appreciable changes, the three percent shrinkage 
at fixation being compensated for by Epon embedding. This 
would not apply in the case of lungs sputter coated for 
(scanning electron microscopy (S.E.M). but again all tissues 
in this current study were treated similarly so that the
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errors should be constant.
Compression
Aherne and Dunnill (1982) state that in general the degree 
of compression is inversely proportional to the thickness of 
the section and stress the importance of floating out 
sections cut in paraffin wax (a technique that was routinely 
used by us in the rat lungs.) They state that whilst volume 
calculations are not affected by compression phenomena which 
remain constant that measurements of surface area, which use 
intersection counting may be. In the case of electron 
microscopy (E.M) sections Aherne and Dunnill cite the work 
of Loud, Barany and Pack (1965) who came to the conclusion 
that the subsequent minimal compression error is partially 
compensated for by the optical distortions of electron 
microscopy.

1.15c

Types of microscopic measurement previously used to assess 
emphysema

The linear mean (L̂ ) is a widely used measurement made by 
passing a line randomly through the lung and dividing the 
length by the number of alveoli traversed.
Usually this assessment is done using a theoretically 
infinitely long line which is represented by cross hairs. No 
correction for the thickness of alveoli wall is allowed for 
in the calculation. If a higher power objective is used, the 
L^ will become smaller and the measurement of the internal 
surface area of the lung (ISA) [see below] bigger.
Karlinsky and Snider (1978) used mean linear intercepts to 
assess experimental emphysema but pointed out that this
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measurement does not distinguish between enlargement due to 
increased distensibility and enlargement due to coalescence 
of adjacent alveoli. The problems of this measurement are in 
both in sampling (Dunnill 1965, Thurlbeck 1976) and
artifactual damage, especially compression [see above] and 
more fundamental errors and problems were addressed by 
Cosio et al in their study (1986) of alveolar pores in 
smokers' lungs.
They discussed the difference observed in the evolution of 
changing shape and size of pores adjacent to alveolar ducts 
and respiratory bronchioles and those related to the further 
alveoli where little change occurred until late and came to 
the conclusion that could remain in the normal range
until the near lung destruction became gross enough to be 
intersected by the measuring line. This implied that is 
the mean of abnormal measurements in 4 0% of the lung and of 
normal measurements in the other 60% . This study also
suggested that point counting did not reflect the overall 
lung abnormality when attempting to quantify the percentage 
of the alveolar wall occupied by holes.
The other 'classical* method of measurement, the internal 

surface area (ISA), is considered below.

1.15d 
Internal surface area and other indices.
Internal surface area measurements depend on statistical 
sampling, require judgment, can be influenced by a variety 
of factors and require some assumptions. Thurlbeck (1966) 
believed that they were the least subjective available but 
that the most important criticism that can be levelled at 
ISA measurement is that the same method is used to assess 
centrilobular and panlobular emphysema. Dunnill in 1965
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showed that ISA was only relatively slightly reduced in 
centrilobular emphysema.

may be more discriminatory, since the total lung 
capacity (TLC) may increase in emphysema and the mathemati
cal relationship to volume intrinsic to the measurement of 
the internal surface area may mean that it varies much less 
from the normal than L^.

The choice of method of measurement of emphysema may depend 
on the desired objective. Comparison between accuracy of 
diagnosis in different centres may require a subjective, 
quickly performed assessment, when ISA measurement would be 
inappropriately detailed and longwinded. Severely affected 
lungs often differ greatly from one another, whereas 
moderately affected examples may resemble one another. 
Visual grading systems therefore play their part, 
particularly in epidemiological assessment of prevalence. In 
the MRC Council Committee's report (1975) the recommended 
techniques for pathologists in routine practice, expected to 
give accurate information for certification, epidemiological 
and radiological comparison, were fixation in 4% formalde
hyde in normal saline and distending the lungs 'until the 
surface pleura loses its wrinkles', followed by macroscopic 
assessment of whole lung sections, with either arbitrary 
grading of barium impregnated slices (Heard 1960) or com
parison with standards (Thurlbeck et al 1970).

Two other indices have recently been proposed (Eidelman et 
al 199 0) . These are the destructive index (Dl) a measure of 
alveolar wall destruction and an estimate of the proportion 
of destroyed alveolar attachments (AA). These authors came 
to the conclusion that neither of these indices was better
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than in evaluating elastase-induced emphysema, only being 
of value when very high doses of elastase, not comparable to 
naturally occurring disease in smokers, were used.

A novel way of examining emphysematous lungs was described 
by Linhartova et al (1982). After assigning emphysematous 
lungs into six categories using Gough- Wentworth sections, 
she measured the interalveolar interval. Her premise was 
that the non-respiratory bronchioles, with their cylindri
cal walls supported by a musculo-elastic network, depend on 
lung tension transmitted through the radially affixed alveo
lar walls as they lack cartilagenous reinforcement. The 
number of such radial tethers is reduced in emphysema 
(Linhartova et al 1971) and she showed that the mean inter
alveolar interval was increased from 0.14 6mm to 0.2 09mm in 
the most severe form of emphysema when irregular 
arrangements of the tethers and irregularity of the adjacent 
spaces were also observed, as might be expected. 
Interestingly, given many observers qualms about diagnosing 
mild emphysema, she had lumped her three lowest grades (0-2) 
of abnormality together for statistical analysis, as the 
•natural break' in observations only occurred when frank 
emphysema was present, so that this technique cannot be used 

in distinguishing lowgrade lesions.
The most recent method of measuring emphysema is the 
measurement of the airspace wall per unit volume (AWUV), a 
technique that can be used in vivo to estimate the degree of 
emphysema in CT sections (Gould et al 1988) and on fixed 
lung sections. Its protagonists emphasise that it is 
applicable to disease before emphysema is recognisable 
macroscopically, that is before as much as 75% of the
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alveolar wall is destroyed by the process (Lamb 1990, Lamb 
et al 1991a and 1991b). This measurement of 'microscopic 
emphysema* uses an objective form of automated image 
analysis and is performed on tissues on glycol methacrylate 
embedded sections using a fast interval processing package, 
a rapid scanning device that uses an optical pattern to 
count the perimeter of airspaces in Imm^ fields multiplied 
by 4 and divided by n to give a figure for the alveolar wall 
per unit volume (AWUV) (Lamb et al 1991a) This technique was 
not available to me at the time of the study described in 
this thesis.

My objections to all of the methods listed above with the 
exception of the fully automated AWUV system were that; all 
of the methods involved graticule eyepieces and many points 
to be counted and more importantly that they all seemed 
unlikely to be sensitive enough to pick up early or evolving 
emphysema, which could be predicted on the basis of the 
effects of lyonisation on lung tissue. These fears were 
substantiated when I used a point counting technique on the 
lungs of the blotchy mice which failed to detect enlargement 
of airspaces that I was able to demonstrate by both light 
and electron microscopy (see chapter 3a and appendix 3a.1). 
This was particularly true of the heterozygous blotchy 
female mice (Bio X) and it seemed prudent to attempt to 

develop another form of measurement that would be sensitive 
enough .

Our method (McCartney et al 1988) was developed after 
initial assessment of lung measuring techniques including 
point counting and subjective assessment and is detailed in 
the next chapter.
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1.16. Conclusion
Any modern investigation of emphysema needs to address the 
question of the protease-antiprotease balance and in 
particular the role of the elastic tissue and elastases. No 
other theory explains as well the many seemingly disparate 
findings in the pathogenesis of the disease and convincingly 
knits together the strands of evidence from clinical and 
experimental sources both in vivo and in vitro. I was fortu
nate in being able to use two models of the disease to 
compare the results of elastase-induced disease in the 
frameworks of genetically damaged and ostensibly normal 
elastic tissue. Since this study was initiated there has 
been a greater emphasis on biochemical studies and the use 
of bronchiolar lavage to elucidate the workings of the 
protective aspects of the cells and structures within the 
lung and the modulations of the elastase-antielastase 
hypothesis. This is reflected in the numbers of papers and 
'state of the art' reviews such as Janoff (1985). His con
clusions were that although neutrophil elastase can produce 
disease in animals and that genetic deficiency of elastase 
inhibition increases the risk of developing the disease 
that it is less clear that this is the mechanism for produc
tion of disease associated with smoking. Suppression of 
lysyl oxidase function and changes in elastin neosynthesis 
in smokers may be an important component so that my animal 
model with its phenotypic variations of this enzyme may 
prove even more useful in the future even though we were 
unable to use smoke as a direct pathogen. This study concen
trates on the production of emphysema using a genetically 
determined form of the disease and an elastase attack on 
normal and abnormal lungs.
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CHAPTER 2.
Experimental emphysema in a rat model instilled with 
purified porcine pancreatic elastase.
Introduction
Gross's accidental discovery in 1965 of the 'emphysemagenic* 
effects of proteolytic enzymes on rat lungs led to a series 
of studies on the effects of papain in rats (Palecek et al 
1967, Giles et al 1970, Johanson, Pierce and Southern 1971, 
Johanson et al 1973, Kobrle et al 1982) and hamsters (Gol- 
dring et al 1968) and subsequently of purer elastolytic 
enzymes following Johansen's comparative paper (1971) and 
Blackwood et al's work (1973) establishing the importance 
of the elastolytic titres of the instilled enzyme in deter
mining the evolution of the disease. These observations are 
reliant for the most part on single bolus instillation of 
elastase intratracheally, a technique that does not neces
sarily adequately reflect the histogenesis of the human 
disease of emphysema whilst producing lesions that appear, 
to some observers, anatomically similar.
The problems with animal models of human disease are widely 
recognised. In the case of experimental emphysema they 
result partly from the nature of human emphysema, which is a 
complex and evolving disease; partly from experimental 
animal interspecies variability and vulnerability coupled to 
length of growth phase and the ability continuously to 
repair and remodel and partly from errors of interpretation 
and unwillingness to analyse critically the results of 
experimental manipulation.
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Effects of elastase on rodent models
The effects of intratracheal elastase can be shown to result 
in alterations in structure and changes in biochemical 
parameters. These effects alter with time as mechanisms
responsible for repair and perpetuation of the insult come
into play and have been discussed in chapter 1.8a.
Snider, Lucey and Stone's review (1986) summarised the 
effects of instillation of elastolytic enzymes in the 
hamster in their own work (1977) and that of Busch's group 
who used rats (in two papers in 1984). Busch advocated the 
use of smaller amounts of enzyme, of the order of 75 units 
of elastase, rather than the 150 units/100 mg body weight 
favoured by others, wuth which he hoped to avoid the side 
effects of haemorrhage. [ We hoped to be able to induce
elastolysis with a still smaller dose of elastase, which
would be even more likely to obviate this risk. ] Sandhaus 
and Janoff (1982) also used a smaller dose, 25 units of 
PPE, producing destruction of lung parenchyma and some 
localisation of PPE to the walls of the alveoli.

2.1
The rat model.
Rodent models have been used in lung research for many 
years. Investigators have tended to favour either rats or 
Syrian golden hamsters, the latter being used by many inves
tigators ( Kaplan et al 1973; Kuhn et al 1976: Hayes,
Korthy and Snider (1975), Karlinsky, Snider et al 1976, 
Snider and Sherter (1977) and Snider, Sherter, Koo et al 
1977, Goldstein and Starcher 1978, Goldstein, Karlinsky and 
Snider 1979, Lange et al 1980, Morris et al 1981, Icochea et
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al 1982, Lucey and Clark 1982). The reasons for choosing 
either animal are usually arbitrary although teams or groups 
of investigators have tended to remain faithful to their 
particular model. Comparison of results and techniques is 
easier when investigators use similar animals and the SPF 
rat rarely has spontaneous emphysema when young and is not 
subject to other respiratory disease (Palecek and Holusa 
1971, Levame 1980).
Some of the disadvantages of using rats have already been 
touched on. These laboratory animals have highly efficient 
mucociliary 'escalators'(Whimster and Lunkenheimer 1989) in 
the tracheobronchial tree, which is thought to be the reason 
that they do not cough . Their lungs continue to grow 
through life (Kelly et al 1973, Burri et al 1974), unlike 
those of humans, so that aging is a dissimilar experience 
for rat and man. Growth necessitates remodelling and inter
species connective tissue variability is acknowledged. 
Repair mechanisms may be also be different.
There are however advantages in using rats which are both 
inexpensive and widely available. Since these animals have 
been widely used it is possible to interpret one's findings 
in the light of others' in assessing the validity of both 
biochemical and morphological results. The animals are not 
prone to spontaneous lung disease if bred and kept under 
specified pathogen free conditions.
Their primary defence to exogenous or endogenous elastase is 
al-AT, as in humans, and both rat and human al-AT is inacti
vated by oxidation when exposed to chloramine T, in contrast 
to the al-AT of the hamster, which is not (Sandhaus and 
Janoff 1982). We therefore chose to use the rat model.
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2.2
Rats and elastase in a pilot study
The insult in elastase induced experiments is usually given 
in the form of a single instillation, squirted down the 
trachea of an unconscious animal, and the distribution of 
the bolus is determined to some extent by the anatomy of the 
bronchial tree and its branches.
Since emphysema is more likely to arise as a result of 
chronic imbalance between elastases and inhibitors we wished 
to determine whether the effects of intratracheal elastase 
were cumulative.
The experiments were designed to test whether repeated 
small doses of elastase would have the same, lesser or 
greater effect than a single dose. The doses selected were 
much smaller than previous workers had used but this was in 
a deliberate attempt to circumvent the problem of haemor
rhage. In the pilot study the effects of elastase on lung 
elastin was determined by urinary desmosine analysis and the 
lungs were not morphologically analysed in detail although a 
qualitative assessment was made on a few animals.

These pilot studies using 5, 10, and 20 units of purified
porcine elastase instilled into male Wistar rats which were 
examined after six days , established that altered airspaces 
accompanied by elevated desmosine levels detected by ra
dioimmunoassay could be found 12 hours after instillation 
using the lower doses and six hours after in the animals 
treated with 2 0 units. During the course of this set of 
experiments, not explained in detail in this thesis, it 

became apparent that there was unpredicted anatomical lung 
damage and a parallel rise in urinary desmosine in saline
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t:reated animals compared to their noninstilled controls.

2.3 Rat experiment
i:n order to amplify ,investigate and quantitate this unex- 
piected finding in relation to the saline induced disease 
f'urther and to determine whether the change in air space 
dliameter in saline 'control instillations' was an evanescent 
phenomenon, a second group of experiments was designed to 
give single and repeated smaller, less haemorrhagic, doses, 
o>f elastase in order to produce alterations in air space 
transect length and to compare these results with saline 
instilled animals and untreated controls using both bioche- 
imical and morphologic analysis.

2 . 3a 
Experimental protocol
The experiment was designed:

1. to examine the effects of elastase at 72 hours and 120 
hours, to establish whether there was a transient or pro
longed change in the distribution of air space size, the 
latter to be measured by documenting the transect length 
across airspaces.
2. to test whether such changes were produced by single or 
multiple doses of elastase, and whether effects were cumula
tive.
3. to establish whether any effects on air space size were 
as a result of administration of exogenous elastase or 
whether they represented response to instillation alone.
4. To establish whether the urinary desmosine altered and 
if so, in what ways during the course of 72 and 120 hour 
experimental periods.
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Method
Four-month old male Wistar rats, identified by ear punch 
numbering, were anaesthetised with halothane and oxygen 
using a Boyle's apparatus and 70% oxygen bubbled through 
halogene, to reach an eventual concentration of about 50%, 
within the chamber, so that oxygenation damage should not 
occur. This procedure renders an animal unconscious, with a 
slowed respiratory rate and relaxed epiglottis. The animals 
were given either three consecutive daily doses of 6 units 
of purified (porcine) pancreatic elastase (PPE) or a single 
bolus of 18 units.
Saline controls (three rats) of similar volume were also 
administered to paired rats in each elastase instilled 
group (see below). Three rats that had not undergone instil
lation, but had been anaesthetised and handled were also 
used as controls.
Urinary desmosine was collected over twenty four hour 

periods for the period of the experiment, the animals being 
housed in North Kent (Dartford) metabolic cages specially 
designed for the collection of urine. The animals were all 
freely fed on stock diet and water. After collection, 12 
mis of urine were freeze dried. The lyophilised sample was 
redissolved in hydrochloric acid and hydrolysed before 
analysis against controls using the radioimmunoassay of 
desmosine described further in the next chapter (3a.l2d). 
Reagents and the standard plot (Figure A.1.1) are included 
in appendix 1.#. but the results are displayed in Table 2.1 
and discussed in parallel to the results obtained from the 
morphological analysis.
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The animals were arranged in groups.

Group 1. a consisted of six rats which received a single 
bolus of 18 units of PPE [0.09mg in 0.5ml NaCl stored at 
4°C] on day 1 and were killed on the 4th day at 72 hours 
after exposure.

Group l.b consisted of three rats which received saline on 
day 1 and were killed on the fourth day after 72 hours.

Group 2.a (also of six rats) received a bolus of 18 units of 
PPE on day 1 and were killed on the 6th day, 120 hours after 
exposure.

Group 2.b three rats received a saline bolus on day 1 and 
were killed at 120 hours after exposure, on the 6th day.

Group 3.a. (six rats ) received the triple dose ( 3 x 6  
units PPE [0.27 mg]) as a single 6 unit instillation on 
the first three consecutive days (1, 2 and 3) and were then 
killed on day 6 after a maximum of 12 0 hours exposure to 
elastase (first instillation) and a minimum of 72 hours 
(third instillation), whilst
Group 3.b. three rats received triple saline instillations 
and were killed on the sixth day.

Group 4. Three rats who were exposed once to anaesthetic 
and handled but not instilled were killed at 120 hours. No 
triple dose anaesthetics were given to untreated animals.
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The rats were held in the left hand and the 500/il instilled 
with the neck fully extended. The procedure was swift, the 
animals were allowed to recover in their cages and handling 
was kept to a minimum.
[No attempt (i.e. by concomitant use of a non-irritant dye) 
was made to determine the route that the instillate had 
taken within the lung, but a bolus of 500/xl ought to be able 
to reach the lung surface before the mucociliary escalator 
has time to clear it and this volume represents a signif
icant volume in relation to the rat lung, whilst not enough 
to cause damage akin to inhalation during drowning]
All animals were killed by progressive diminution of oxygen 
in inspired air and CO 2 asphyxiation.
The animals were immediately dissected and the lungs were 

exposed by incising the ventral cervical skin from the level 
of the chin to the point of the xiphisternum to allow access 
to the larynx and the thoracic inlet and the trachea was 
dissected free. The lungs collapsed when the ventral cres
cent of the diaphragm was removed.

2.3b
Method of preparation of lungs for morphological analysis 

Fixation
After the initial dissection the rat lungs were infused 

with formol saline via a 16 gauge polythene tube. This 
cannula was tied into the cervical trachea and the lungs 
which had collapsed as the chest wall was opened, reinflated 
using a constant pressure apparatus filled with 10% formol 
saline at a pressure of 25cm H2O for one hour ( Figure 2.1). 
The thoracic pluck was then removed and suspended, after 
ligation of the trachea between the carina and the cannula.
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Figure 2.1 Constant head apparatus for filling lung
The anaesthetised rat (or mouse in chapters 3 and 4) lies 
supine. A soft polythene tube inserted in through a tra
cheostomy carries the formalin fixative (or Karnovsky fixa- 
tive in cha^s 3 and 4) into the lungs. The sternum and 
anterior ribs have been removed to allow complete filling 
and the pressure of the fixation is maintained by the head 
of fluid in the chamber which is clamped above the animal, 
having been calibrated to 25cms water.



25cm H2O calibrated

Figure 2.1
Constant head apparatus for filling lungs
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in the fixative for 48 hours.
A constant pressure apparatus was developed in the work
shops of the Department and built by Terry Bull, Keith James 
and me after initial trials of fixative and pressure.
I found that a pressure head of 25cms H2O resulted in even 
filling of the lungs, without distension and this was con
firmed by filling lungs inside the thoracic cage in a few 
trial animals. I required that the lungs should look as 
though they were fully inflated but not overdistended. This 
figure of 25cms is in accord with other workers (Gil 1990). 
The apparatus delivered the fixative through a soft poly
thene catheter into the tracheas of the experimental ani
mals.
This technique was used for both the rats and the blotchy 
mice (see chapter 3) although the fixatives differed, the 
rats being inflated with formol saline and the mice with 
Karnovsky's modified fixative. [ In the case of the smaller 
animals, especially very young mice, a paediatric cardiac 
catheter was used of the most narrow calibre I could
obtain.] The tubing was tied in under direct view , if
necessary using a dissecting microscope.
Tying the tube in was essential to obviate the possibility 
of leakage and subsequent deflation. [In the mice, where 
inflation was always carried out in situ, the approach to 
the trachea was through a sub-laryngeal tracheostomy after 
partial thyroidectomy and after 3 0 minutes in situ inflation 
the whole thoracic pluck was dissected free, before this the 
contents of the chest were kept moist by saline irrigation, 
fixative was not used at this point in order that there

should not be premature fixation of the pleura at the ex
pense of the fixation of the lung from the intratracheal
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route.]
In the case of the rats the lungs were supported in a 

beaker of saline before the transference at thirty minutes 
to formol saline, and further fixation with the fixed head 
apparatus was continued for thirty minutes, then the tube 
was removed, the trachea tied off and fixation continued for 
a further 24 hours.
Processing and section cutting
The lungs were processed for conventional light microscopy 

using paraffin embedding [ or for scanning electron micros
copy in the mice, see chapter 3.b]. The lungs were separated 
from the heart and mediastinum.
Sections for computerised analysis using light microscopy 
were cut at 5/xm thickness. Sagittal blocks through the 
entire lung were stained using haematoxylin and eosin after 
routine processing.
The fixation constant was recorded as 0.75 using the tech
nique described in chapter 1. of recording change in size of 
a block, using a micrometer, after fixation and subsequent 
processing. The use of sagittal sections was selected after 
inspection of slices of lung at several levels and orienta
tions were assessed to ascertain that measurements were 
feasible and would be comparable in all animals used.

Measurement
Although a point counting method was considered and pilot 
studies were undertaken I had already assessed some of the 
blotchy mouse data in this way (see chapter 3) and subse
quently had elected to use a linear measurement and image 
analysis procedure to obtain measurements across the air
spaces rather than assessing the internal surface area. I
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had also established that I did want to assess measurements 
other than the mean linear intercept or points counted.

2. 3c 
Method of morphometric analysis

Morphometric analysis of the rat lungs was undertaken using 
a purpose built Cambridge image analysis system. This study 
in 1982-85 preceded the use of other now more common quanti
fying systems and was not fully automated. In particular, 
the image was generated by back projection rather than the 
digitised television image now routinely used. The analysis 
produced histograms of measurements of slices of rat lung 
made at x 180 . Figure 2.2

The images of the slices of lung were back projected on 
to a translucent glass tablet. A dedicated Leitz microscope 
was fixed upside down and the image from the straight eye
piece tube usually used for photography was reflected via a 
45° mirror on to the tablet. The magnification factor was 
X 180 for the rat lungs[ and x 300 for the mice lungs]. These 
values were calculated using the digitised tablet and an 
etched calibration slide.
A clear acetate sheet on to which a series of roughly paral
lel guide lines had been drawn was placed as an onlay over 
the image and the pen for the digitised tablet was used to 
measure the length of those lines which fell across air
spaces, excluding bronchi. The cursor pen, using the onlay 
sheet as a guide, was used to record a line across and 
airspace, avoiding any ciliated space. The length of the
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Figure 2 .2 Diagrammatic representation of method of measure
ment. Stage I. The slide is placed on to the stage of the 
inverted light microscope. The image passes up through a 
vertical camera tube instead of through the eye pieces and 
is reflected via a 45  ̂mirror on to the rear of a digitised 
clear glass screen at a magnification of 180 (rats) or 300 
(mice). Stage II Measurement. A transparent onlay with 
parallel lines is taped over the image on the glass and the 
electronic cursor pen is used to record the distance across 
individual airspaces (transect length) . The observer records 
each length by saving it into an electronic file on the 
computer which sorts the transect lengths into 10/x catego
ries .
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line was recorded electronically and the raw data stored. 
The use of the guide lines was not essential but imposes the 
discipline of recording air spaces * in series * along a 
given line, although the lines themselves are parallel; 
(this removes any temptation to record the largest or most 
prominent airspaces). The transect lengths are not selected 
in any other way, the pen being moved to measure the next 
airspace in sequence.( Although occasionally a very large 
airspace might have two parallel lines crossing it, at the 
magnification used (x 180) this was a relatively rare occur
rence. )
The airspace was defined from epithelium to epithelium and 

no measurement of the thickness of the alveolar wall or 
blood vessels was made. No selection of the area to be 
measured was made by the observer before measurement and the 
measurements were made on slides which were not identifiable 
as belonging to a particular animal [or genotype in the case 
of the mice].
The lungs were not mounted in any particular orientation 

and a full range of cuts was made before deciding that a 
sagittal slice through the whole inflated lung was the most 
useful. Measurements were also made in two different planes 
by moving the acetate onlay through 90° in order that com
pression bias should be minimised, although the same air
spaces were not measured more than once except to assess 
intraobserver consistency. The selection of the areas of 
lung to be measured were made as randomly as possible by 
unsighted manipulation of the stage movers and measurement 
of whatever part of the lung was displayed at low power. 
Two hundred consecutive measurements of airspaces were made 
and the correction factor for magnification inserted into
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the computer. One advantage of the method is that no subjec
tive assessment is made of any of the measurements and no 
overall judgment of the severity or extent of any possible 
lesion.
At least five randomly selected but nonrepetitive or over
lapping fields were examined so that measurements from 200 
airspaces could be taken.

After my move to the Institute of Ophthalmology I ac
quired, through a generous donation from Allied Dunbar's 
Sackville Street Charity Fund in 1989, an image analysis 
system using an Archimedes computer linked to a digitising 
tablet and a television linked Sony camera (rather than a 
mirrored projection system) which meant that 'real-time' 
images could be generated and stored as digitised (x 1368) 
images or screens from a light microscope. This system was 
accessed through Digit software developed within the Insti
tute . An example of the figures produced by this system is 
to be found in appendix 5.

2.3d 
Statistics and choice of method
The raw data results of the transect lengths corrected for 
the magnification were stored in a computer and lengths were 
printed out as histograms of lO^m binsize . The data were 
collected and calculated on an individual basis and then 
examined by pooled analysis of groups defined by differing 
treatment in the case of the rat lung (appendix 2.1) [or by 
genotype and age in the mice (appendix 3a.2)]

Both parametric, of means and standard deviation, and non
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parametric analysis of cumulative data was undertaken using 
Mackintosh software and manual manipulations.
(After the analysis using Digit software more extensive IBM 

packages were used; some data analyses were specifically 
designed for this project B. Shine: PR McCartney; unpub
lished programs).
Although the means and standard deviation results yielded 
some information [see figure 3a.12], much more interesting 
results were obtained using nonparametric results and analy
sis of cumulative plots.

In a disease such as emphysema where it is expected that 
there is to be an increase in larger airspaces, this may 
not necessarily be at the expense of the smallest airspaces, 
so that a simple analysis of mean and standard deviation may 
not be an adequate representation as to how that figure is 
achieved. By recording the distribution and examining the 
data at several centiles a more accurate representation of 
the data can be achieved. [The cumulative frequency plots 
were made using a Harvard graphics package].
[ Non parametric statistics have been referred to as *quick 

and dirty methods' (J.W. Tukey quoted by Armitage 1971) 
presumably because there are often fewer calculations in
volved in these distribution-free methods with little empha
sis on parameters thus avoiding functional forms for a 
population distribution.]

Groups were compared using the Kolmogorov-Smirnov two 
sample test and the results expressed graphically by ogive 

plotting. The selection of a non -parametric test was essen
tial given the distribution of the initial data and this
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test (Kolmogorov 1933 and Smirnov 1939) uses as its test 
statistic the largest absolute difference between the cumu
lative proportions in two groups at any of the 10/xm inter
vals. This cumulative data is expressed as a graph using an 
ogive [S.O.E.D. 'the diagonal groin or rib of a vault, two 
of which cross at the centre, or a pointed 'Gothic' arch] 
plot where the transect length in lO/xm intervals is plotted 
on the horizontal axis and the frequency scale (0-1) on the 
vertical. The median transect length therefore lies on the 
ogive corresponding to 50%, 0.5, and the 95th centile is
that corresponding to a cumulative proportion of 0.95. The 
median value corresponds to the concept of an average in 
such skewed distributions rather than the mean which may 
either be misleadingly high (Snedecor and Cochrane 1967 ) or 
alternatively obfuscate important changes at one end of the 
distribution or the other.

The Kolmogorov- Smirnov test has both one and two sample 
testing value. The one sample test is concerned with the 
agreement between the distribution of a set of sample values 
and a specified theoretical distribution whereas the two 
sample test compares the cumulative distributions of two 
sets of sample values. If they have been drawn from the 
same or similar populations then there should be only random 
deviations from the population distribution in both samples; 
if however they are from differing populations the sample 
populations should become 'too far apart' and a large enough 
deviation between the distributions is evidence for reject
ing the null hypothesis (Siegel 1956). The test focuses on 
the largest of these deviations [D] . The level of signif
icance and the values of [D] required are shown in Appendix
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2.2 It is interesting that the Kolmogorov-Smirnov (K-S) test 
has a high power efficiency when compared to the Student's t 
test at a level of 96% for small samples but that this
efficiency falls slightly as the sample size increases: 
Siegel 1956 indicates that the Mann-Whitney Ü can be more 
powerful with these larger numbers but regards the K-S as 
more powerful than either the chi-squared or median tests. 
The significance values for chi squared were taken from the 
critical values Table C from Siegel and Castellan (1988) 
from the two degrees of freedom range.

[That there is still some relevance in simpler tests is 
shown in the display of the mean values for the mouse lungs 
obtained after more extensive testing than was available at 
the time of preparation of our McCartney et al 1988 paper. 
[This data shown in Figure 3a.12 of transect length mean 
values for mice of all phenotypes when plotted shows a clear 
separation of control from affected animals even though the 
data is very skewed].

2. 4a
Results of the effects of instillation of PPE and saline on 
transect length in rat lungs 
2.4al Effects of single bolus administration of elastase

The effects of instilling a single bolus of 18 units of 
purified porcine pancreatic elastase (PPE) are seen in 
Figure 2.3. The ogive plot shows that in the six animals 
(Group l.a) who received this dose and were killed on the 
fourth day of the experiment, after exposure to the effects 
of the enzyme for 72 hours, their airspaces were larger 
(transect length longer) both at the mean (fiftieth centile
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Figure 2.3. Ogive plot of the effects of instillation of a 
single dose of 18 units of purified porcine elastase (PPE) 
into rat lungs.
The plot of the cumulative frequency of pooled transect 
lengths across airspaces of 6 rats killed at 72 hours (4 
days) compared to the distribution in 6 rats killed at 12 0 
hours (6 days ) after the intracheal instillation, shows 
that both differ significantly from the curve for the 3 
normal (non instilled animals) and that the effects of the 
elastase are significantly greater when measured at 4 days 
rather than 6 (p< 0.05)
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0.5 on the plot) and also at the ninetieth centile where the 
differences were more marked still. The significance was 
greater than 0.05. The animals
that were given a single dose and killed on day 6,(Group 2a) 
after 120 hours exposure, showed less evidence of airspace 
enlargement and as will be shown below, this curve is not 
dissimilar to that found in the saline treated animals.

2.4a2 Effects of administration of a single saline bolus
The effects of a single dose of saline resulted in a signif
icant shift of the curve away from the control (Figure 2.4) 
but there is no significant difference between the four and 
six day curves. In contrast to the elastase induced curves 
(Figure 2.3) the maximum difference is in the lower part of 
the curve in the smaller air spaces and the results of the 
curve relating to the larger airspaces show that the change 
away from control values is not as great and is similar at 
both four and six days.

The biochemical analysis of desmosine (see below )showed a 
slight but not significant or sustained rise when compared 
to controls. The cumulative excretion at 72 hours ( 4 days) 
was 2.2 0 (+/- 0.4) nmols [control 2.04 +/- 0.3 nmols] and
at 120 hours (6 days) was 3.76 (+/- 0.7) nmols [control 4.01 
+/- 0.5 nmols].

2.4a3
Comparison between the effects of single doses of saline and 
elastase at four days (72 hours after instillation)
From figure 2.5 it is possible to see that instillation of a 
single bolus of saline produces a shift in the curve of the
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Figure 2.4 Effects of instillation of a single dose of 
saline on transect lengths in rat lungs
Both the animals killed after 72 hours (4 days ) and the 
animals killed at 120 hours(6 days ) after instillation of 
saline show a significant shift of the cumulative distribu
tion of transect length across airspaces away from control 
(p< 0.05) . The effects are less than those seen in elastase 
instillation (Figure 2.3) and are similar whether the 
animals are observed at 4 or 6 days although the effect at 
four days is slightly greater.



Instillation of saline in rats
Fig 2.4 single dose
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Figure 2.5
Effects of instillation of single dose of saline or elastase 
on transect length across airspaces in rats killed at 72 
hours (4 days ) after instillation
The ogive plot shows that the effects of a single dose of 18 
units of PPE are significantly greater than the effects of 
saline alone . Saline instillation does produce a curve that 
is significantly greater than control. The ogive plotting 
shows that the differences in the median distributions 
(0.5) is not as great as in the (0.85) eighty fifth centile 
data which in the elastase treated animals lies at 155 jum 
and in the saline at 92 /xm.



Instillation of PPE and saline
Fig 2.5 Rats at 4 days
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cumulative distribution of airspace size away from the 
control but that the effect is not as marked as that of 
elastase instillation with a single dose of 18 units of PPE. 
The maximum shift is in the increase of transects across 
airspaces above 80/xm.

2.4a4
Effects of multiple doses of elastase on rat lungs
The effects on transect length of repeated instillation of 
smaller doses of elastase to reach the same cumulative dose 
but spread over three consecutive days is shown in figure 
2.6 compared to a single dose of the same amount of elas
tase. The animals treated with the triple dose show a shift 
to the right of the cumulative curve of transect lengths 
across airspaces, which is significantly greater (p< 0.05) 
than the single dose, ( when the data is examined at six 
days) and the untreated control. However the biochemical 
analysis of urinary desmosine (Table 2.1) shows that the 
level of urinary desmosine rises sequentially over each 
twenty-four hour period to reach a cumulative value after 
120 hours, (6 days) of 4.82 (+/- 1.4) nmols which is less 
than the total amount produced by a single dose of 18 units 
and interestingly also less than the amount of desmosine 
excretion promoted by the triple dose of saline, 5.31 (+/- 
0.7)nmols [control 4.01 +/- 0.5nmols].
This data on desmosine levels in triple treated animals 
correlates well with the transect length data illustrated in 
figure 2,7, where it can be seen that the curve for the 
triple dose of saline lies to the right of the curve for the 
triple split dose of elastase.
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Figure 2.6 Effects of triple (split) dose of PPE in rats 
compared to a single instillation examined at 12 0 hours (6 
days) after the initial (or only) dose.
Ogive plotting of distribution of transect lengths shows 
that the effects of a split dose were greater than the 
effects of a single dose when the animals were measured at 6 
days [It should be recalled however that the last of the 
split doses had only been given 72 hours before the animals 
were killed and as been shown in figure 2.3 the effects of 
the enzyme appear more powerful at 72 than 12 0 hours.



Instillation of PPE in rats
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Figure 2.7 Effects of a split dose of elastase compared to a 
split dose of saline at 12 0 hours (6 days).
The ogive plot shows that the animals subjected to the 
exogenous elastase are less affected than those subjected to 
triple instillation of saline when the animals are measured 
at 6 days. Both curves are significantly greater than con
trol (p< 0.05)



Triple instillations in rats
Fig 2.7 PPE & saline at 6 days
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What is interesting is to see that the effects on the trans

ect length of one large dose of elastase appears much 
greater when the animals are killed 72 hours after instilla
tion ( on day four) and that the cumulative value for desmo
sine is also high at this point ( Table 2.1) but if these 
single high dose animals are allowed to survive for two more 
days that the effect on transect length becomes more muted. 
Although from inspection of figure 2.6 it appears that 
triple doses cause more damage, inspection of figure 2.10 
will show that the effects of a single large dose after 72 
hours are greater still. It would have been instructive to 
have allowed the triple experiment to run for a further two 
days to see if a similar 'damping off of the morphological 
data would have occurred in these animals as repair mechan
isms came into force and whether the cumulative dose of 
elastase would have resulted in a similar prolongation of 
the urinary desmosine elevation whilst the lungs reverted to 
more normal appearance. The split dose lungs were also 
exposed to 18 units in toto, but only followed for a maximum 
of 72 hours, so that the almost identical curves in figure 
2.10 may indicate the maximum effect possible using this 
amount of elastase. The desmosine levels (see below) also 
correlate well with these curves, the cumulative level for 
the single dose 72 hours after instillation being 4.67 (+/- 
2.0)nmols and for the split dose 72 hours after the third 
instillation 4.82 (+/- 1.4)nmols .
However it is interesting that the curve for the animals 
that had received three instillations of saline is almost 

identical to the maximum effect of elastase and although the 

desmosine never rose as high as in the enzyme instilled 
animals, the daily level of desmosine excretion was consist-
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TABLE 2.1
SEQUENTIAL 24 HOUR URINARY DESMOSINE VALUES (nmol) FOLLOWING 

INTRATRACHEAL ELASTASE (PPE) AND SALINE INSTILLATION
DESMOSINE (nmol)

GROUP
24 48

HOURS AFTER INITIAL INSTILLATION
7 2 CUMULATIVE 96 

TOT AT 
72 HRS

120 CUMULATIVE 
TOT AT 
120 HRS

1 X 18u(6) 1.29+1.1 1.72+0.6 1.67+0.9 4.67+2.0 1.65+0.7 2.05+0.9 7.33+1.5
1 X NaCLO) 0.78+0.4 0.80+0.5+ 0.61+0.3+ 2.20+0.4+ 0.75+0.2+ 0.75+0.2+ 3.76+0.7+
3 X 6U(6) 0.57+0.1 1.07+0.4 0.85+0.4 2.49+0.7+ 1.17+0.7 1.24+0.7 4.82+1/4+

3 X NaCL(3) 1.12+0.5* 1.04 + 0.2a 1.06+0.6** 3.21+0.3** 1.14+0.7 0.9 6+0.5 5.31+0.7*:
UNTREATED(3) 0.65+0.2 0.71+0.1 0.69+0.1 2.04+0.3+ 0.80+0.4 0.66+0.2 4.01+0.5+

DATA IS EXPRESSED AS MEAN + S.D.

* < 3 X 6U, UNTREATED; p<0.05 ** 3 X NaCl > Ix Nad; p<0.05
+ < 1 xl8U; p<0. 05 a > UNTREATED; p<0.05
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Figure 2.8
Histogram of daily excretion of desmosine over twenty Sour 
hour periods after instillation was initiated on day 1.
The data of the value of desmosine excreted in each twenty- 
four hour period is expressed as nanomols(nm) . The data was 
obtained by radioimmunoassay and is shown + standard devia
tion (+SD) . The instillation of a single dose of 18 units 
PPE has the greatest effect. A single saline instillation 
had a greater effect than a single dose of 6 units of PPE.
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Figure 2.9 Cumulative urinary desmosine at 72 and 12 0 hours 
after instillation, measured by radioimmunoassay
Desmosine in nanomols(+SD) showing the marked effect on 
desmosine excretion of instillation of 18 units PPE. The 
effects of triple doses of elastase and saline were similar 
and greater than controls, although saline was slightly more 
effective at producing a raised desmosine.



Cumulative urinary desmosine
Fig 2.9 72 & 120 hours post instillation
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ently and significantly (p< 0.05) higher than control in

these animals .
2.45
Urinary desmosine
The amount of desmosine excreted in urine obtained using 
the method above (reagents in appendix 1.1) and displayed 
in Table 2.1 and figures 2.8 and 2.9, rose steadily each 
day in the animals treated with the single dose of 18 units 
PPE for the first three days, (72 hours), remained constant 
on the fourth and rose again on the fifth day of the experi
ment (120 hours). Animals which were killed at 72 hours had 
a cumulative excretion of 4.67 nanomols (nm) ( standard
deviation +/- 2.0) of desmosine, whilst animals that were
killed at 120 hours had a cumulative excretion of 7.33 (+/-
1.5) nmols of desmosine in their urine. Animals that re
ceived the triple split dose had a lower cumulative level of 
desmosine at the end of the experiment at 120 hours
(p=<0.05) but the level reached 4.82 (+/- 1) nmols was
slightly but not significantly higher 72 hours after their 
final dose compared to the single dose animals at 72 hours 
(4.67 +/- 2) nmols.

2.5
Summary of results
Elastase administration of a single bolus of 18 units of PPE 

significantly increased transect length at 72 hours, but the 
results of such administration were not prolonged and a 
similar distribution of transect lengths to those in the 
untreated and saline treated animals was seen at 120 hours. 
The maximum effect of the instillation of saline was at four
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Figure 2.10
Maximum effect of instillation of PFE in rats
Ogive plot to show that the greatest effect on the distribu
tion of airspace transect length comes at four days (72 
hours) after instillation of a single dose of elastase and 
secondarily to illustrate that if repair is proceeding by 6 
days that the 70-100 /xm air spaces are most likely to be 
reduced in numbers.



Instillation of PPE in rats
Fig 2.10 Maximum effect
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Figure 2.11
Summary ogive plot of the effects of the instillation of 
saline and PPE in rats
All treated rats differ from the controls. As shown in 
figure 2.10, the most powerful effect is generated by a 
single dose of 18 units measured 72hours (4days) after the 
insult and that the effects of such a single dose can wane 
rapidly so that at six days the single dose the least 
effective instillate.



Summary of transect length
Fig 2.11 PPE & saline treated rats
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days (72 hours) after the instillation and the same amount

of elastase given as a split dose also resulted in a similar 
curve for distribution of airspaces, interestingly this 
curve was also taken 72 hours after the last of the instil
lations on the third experimental day and this curve may 
therefore mark the limit of damage before repair mechanisms 
ensue (Figures 2.10 and 2.11).
A single dose of saline resulted in a transient increase of 
transect length after 72 hours but after two more days the 
results were indistinguishable from those obtained from the 
untreated controls.
Multiple saline instillation resulted in increased transect 
length at 120 hours compared to both the untreated animals 
and those that had received a single dose of saline. This 
increase in transect length was similar to the increase 
observed in the elastase instilled single dose animals 
killed after 72 hours .

Multiple doses of elastase resulted in greater transect 
lengths as did multiple saline instillations examined at 120 
hours, when compared to the transects in animals subjected 
to single doses of either saline or elastase.

2.6
Subjective assessment
The results discussed above relate to the measurement of 
transect length across air spaces and have shown that this 
increase in air space size can occur with and without the 
use of an exogenous elastolytic enzyme. In order to examine 
the validity of such measurements and to see if an explana
tion for the effects of the saline induced change could be
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Figure 2b.1
Histology from an untreated rat. There is 
pattern of alveolar ducts and alveoli, 
eosin (H & E) x 70

a normal regular 
Haematoxylin and

V -  . -^T

- m  '

Figure 2b.2
Histology from a rat treated with 18 units of PPE at 4 
days, showing increased incidence of larger air spaces, 
similar in size to alveolar ducts in the untreated animal.
H & E (X 70)
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Fig 2b.3
Histology from a rat treated with 18 units of PPE showing 
debris and macrophage infiltration within the alveoli.
(H & E X 450).
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found, it was necessary to examine the lungs in a more

subjective fashion.
Qualitative assessment of the lung sections, with the 
'masked* observer unaware of the instillation technique used 
in the individual animals and with the sections numbered by 
another, showed that there was subjective evidence of air

space enlargement. There was an increase in the airspaces 
especially the alveolar ducts. This change was in some cases 
focal and in others more generalised (Figures 2.bl-3).
Although this study deliberately was not designed to esti

mate the degree of emphysematous change by subjective light 

microscopy it is important to record that enlarged and 
coalesced air spaces could be recognised in the sections in 
both the animals subjected to (especially multiple) saline 
instillation and to a greater extent in the animals treated 
with PPE. Similarly in both saline instilled and elastase 
treated animals there was evidence of increase in alveolar 
macrophages and in the animals killed at 72 hours evidence 

of minor, localised haemorrhage could easily be identified. 

Other inflammatory cells were also observed, including 

plasma cells in the animals killed at 120 hours and occa
sional polymorphonuclear leucocytes in the interstitium of 
animals killed at 72 hours. In some animals there was marked 

perivascular cuffing by inflammatory cells. These results 

were recorded at elective inspection after the morphometric 
results had been analysed. The examination was to determine 

whether the changes that had emerged from the morphometric 
analysis evaluation were observable by inspection alone. 
Although there was concordance and no 'false* positives were 

found it became apparent to me that the morphometric analy-
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sis was far more sensitive in separating data than inspec
tion and that it should be used in preference to subjective 
analysis. This was particularly so in the case of the 
minor, probably transient, changes measurable in the single 
saline dosed animals which were different to the controls 
but which have been dismissed by (Busch et al 1984) or not 
observed by other authors.
The effect of the 'learning curve* was also instructive. 

All histopathological examination relies on this phenomenon 
of pattern analysis. Repeating the morphometric analysis 
showed little variation of results even though the fields 
selected were unlikely to have been the same but the prac
tised observer often recognised a previously seen section 
and after unmasking, in the majority of cases was able to 
assign the group and make some similar observations. The 
problem of prejudice can to a certain extent be obviated by 
relabelling with another code. One is however more likely to 
score ++ for emphysema in the presence of increased numbers 
of macrophages (figure 2b.3) and or evidence of haemorrhage 
or debris, features less likely to be present in control 
animals.
Intratracheal elastase may be expected to produce an irregu
lar distribution of effects. The vertical position, and the 
effects of gravity and respiration are likely to lead to 
increased distribution of the instillate to the posterior 
lobes with a higher percentage distribution in the smaller 
right diaphragmatic lobe. Busch et al (1984) also addressed 
this problem and came to similar conclusions on the validi
ty of data from the middle slice. They showed that increas
ing the number of measurements did not improve their corre
lation coefficients and that a single slice was 'almost as

147



representative as assessment of the overall condition'.
The results of my quantitative analysis with the greater 

freedom rather paradoxically imposed by the fixed nature of 
the reversed microscope and the sensitivity of the method 
commended itself as a more reliable and less subjective 
assessment than any graticule analysis and was selected for 
the measurement of the emphysema in the second experimental 
model the blotchy mouse.

2.7
Discussion
Relevance of the results and is this emphysema?

The experiment was designed to assess whether small amounts 
of intratracheal elastase produce an effect on elastic 
tissue and to measure such an effect by recording excretion 
of desmosine, a specific breakdown product of elastin, to 
establish the degree of elastolysis. As instillation of 
elastase into rats has previously been described as leading 
to emphysema it was also necessary to establish whether 
there was also an increase in size of airspaces measured by 
transect length. An alternative method might have been to 
measure changes in compliance but I had already attempted 
to use this method in the blotchy mice and was not satisfied 
as to the reliability and reproducibility of the results 
(see chapter 3 and appendices)
Type of disease previously produced and appropriateness of 
the model
The changes in lung structure after instillation of PPE have 
been described as mimicking the distribution of the panlobu- 
lar form of the disease (Hayes, Korthy and Snider 1975, 
Karlinsky and Snider 1978; Snider 1981) as do the physiolog
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ical measurements of increased compliance, total lung capac
ity, functional residual capacity and residual volume, 
(Snider,Sherter,Koo et al 1977). These authors hoped 'that 
emphysema induced in the hamster would 'serve as a model of 
human disease* (whilst acknowledging some of its failings as 
a paradigm). Their implicit reasoning rests on the basis 
that the result depends on the means and therefore 'natural
ly' occurring emphysema arises also because the elastase- 
antielastase balance is tipped in favour of elastase.
Other authors are less complimentary, and disagree that 

this model is a model for human disease. Thurlbeck (1976) in 
particular thinks that many of the rodent studies indict 
alteration of growth patterns and premature senility. Inves
tigators using these models do not all suggest that this 
acute onslaught of enzymatically induced lung disease , 
sufficient to produce haemorrhage that lasts three weeks and 
acute inflammation, is an exact replica of a chronic and 
insidious disease.
In addition not all workers have consistently reported good 
results with PPE and some authors are sceptical about the 
validity of the technique (Kuhn et al 1980). Eidelman 
(1990) believed that high dose elastase was not a good 
experimental model for smoke induced disease.
Improvements in enzyme assay have obviated some of these 
criticisms: Busch et al (1984) found in their preliminary
trials that they were unable to reproduce other workers' 
results and for that reason they decided to perform labora
tory assays to compare the enzyme activity with the results 
in the experimental rat model. They did this by spectropho- 
tometric analysis of the enzyme's activity on standard solu 
tions of elastin-orcein and defined their unit of activity
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as that which hydrolysed 1.0 mg of elastin -orcein at 37° C 
at pH 8.8 in 20 minutes. In their study they also showed 
that there was an effect of saline instillation leading to 
haemorrhage and oedema which they regarded as 'minimal and 
transitory'. They were able to show by SEM that basic 
changes that they deemed to be emphysema had occurred eight 
hours after the instillation of PPE.
Type of disease produced in this model
The biochemical results shown in Table 2.1 indicate that 
the much smaller amounts of elastase used in this experiment 
were effective at producing significantly raised amounts of 
desmosine in the animals at 24 hours. Such a quick response 
to instillation of exogenous enzyme was not unexpected. 
Karlinsky and Snider( 1978) had showed rapid loss of one
third of extractable elastin. This was accompanied by a 
slight increase in the production of lung collagen but after 
a few weeks both constituents of the connective tissue 
returned to normal values. Radio carbon labelling (Kobrle 
1982) of proline being incorporated into elastin and colla
gen and lysine (Osman 1985) into desmosine and isodesmosine 
also illustrates this rapid turnover of structural proteins 
after elastolytic insult although their animals were sub
jected to higher levels of elastase per unit body weight 
than ours.
The biochemical data shows there was significant breakdown 

of the elastase treated rat lung compared to saline and 
untreated controls ( daily excretion of 1.478 nmols/day ) 
but this was much less than the tripled rate of desmosine 
excretion reported in the elastase treated hamsters in the 
study of Kuhn et al (1983). However their hamsters received 
a much higher dose and hamsters are also thought to have a
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lower level of serum alpha 1 proteinase inhibition.
Miyazaki and coworkers (1979) have shown ultrastructurally 
that there is evidence of elastin fibril degradation 2 
hours after instillation with fraying and blunting.
In contrast to the work of Senior (1977) who showed per

sistent morphological damage evidenced by increased linear 
intercept and internal surface area up to two months, in our 
more subtly treated animals repair started earlier and 
although there was a significant increase in transect lengths 
at 72 hours, by 12 0 hours this had been reduced and almost 
returned to control values. As shown above multiple instil
lation of elastase resulted in prolongation of the desmosine 
excretion curve but the level of excretion was similar.
What was an unexpected and interesting finding was that 
saline alone can induce significant if transient damage to 
the lung parenchyma. This was shown when a more sensitive 
method of analysis is used. Saline has been used a 'control' 
instillation in other experiments but the non-parametric 
testing of my data indicates that instillation alone may 
produce effects. Similarly multiple doses of saline alone 
maintained the damaging effect initially seen in the animals 
subjected to a single instillation. This effect appears to 
be due to the instillation procedure rather than the effects 
of anaesthesia since it was not observable in the control 
anaesthetised animals which did not differ from their own 
unanaesthetised controls. The 'destructive' effect of 
single saline instillation was reparable however and perhaps 
should not be called emphysematous since the definition 
requires that such alterations should be permanent. It would 
be instructive to examine the effects of repeated saline 
instillations to determine whether such alterations in lung
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structure can be rendered permanent or whether repair of 
minor damage to rat lungs is an example of the great plasti
city of such tissues and repair mechanisms are inexhaustible 
at this level of insult.

Elastase induced changes, even at low levels compared to 
other workers, still included an initial haemorrhagic phase, 
with what appeared to be focal destruction or loss of the 
alveolar walls but also caused influx of polymorphonuclear 
leucocytes and recruitment of macrophages. Both of these 
cell types are capable of perpetuating destruction by re
lease of elastolytic enzymes and other proteolytic enzymes. 
Nevertheless it is inescapable that even at low levels, 
instillation of elastase resulted in increased desmosine 
excretion as evidence of elastolysis, that such instillation 
caused increase in transect length across airspaces, which 
were observable at light microscopy, although much less 
easily subjectively analysed.
The results indicate that in this model, this level of 
elastolytic activity does cause destruction of elastic 
tissue, but that the resulting distension or enlargement of 
airspaces appears not to be permanent. This model, using 
this level of insult cannot therefore fulfil all the crite
ria for the diagnosis of emphysema as there is too much 
evidence of repair. It may be that the rat lung has such a 
large propensity to grow throughout life that this amount of 
damage is reparable. The reacquisition of elastic tissue or 
other lung proteins in order to regain more normal architec
ture may not be a problem for the rat, in contrast to man. 
2.8
Conclusions from rat experiment
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Although I was satisfied that the method of measurement was 
sufficiently sensitive to discern small amounts of change in 
airspace size, in contrast to some other methodologies, and 
thought that it would be the most useful to use in the 
analysis of the second model, we were concerned at the 
criticism of irrelevance of exogenous elastase in the induc
tion of lung disease. This was why we chose to use a 
leucocyte elastase as the instillate in the blotchy mouse.
We had also established that desmosine was a useful marker 
of elastolysis in the rat model. In the second model other 
biochemical parameters associated with elastolysis and 
turnover of lung proteins were also to be examined in ex
cised lungs.
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CHAPTER 3
The Blotchy mouse.

3a Breeding and anthropometric data on 
non-instilled mice

3a.1
Introduction
Although another mouse model of emphysema ,the tight skin 
mouse (Rossi et al 1980 and 1984; Green, Sweet and Bunker 
1976, Gardi et al 1990 ) has been described, it was decided 
that the most appropriate model for this work was the 
blotchy mouse which has an inherent or potential structural 
abnormality rather than an abnormal regulatory mechanism.
The blotchy mouse was first bred for use (in the U.K.) in 
experiments to test the Lyon hypothesis ( Lyon 1961) . This 
hypothesis concerns gene action in the X chromosome of the 
mouse (Mus musculus) following the discovery by Ohno and 
Hauschka (1960) that in female mouse tissues one X chromo
some was heteropyknotic. Lyon's postulate was that this 
pyknotic chromosome was genetically inactive and that in any 
one cell of the animal only one of the X chromosomes, 
either the maternal or the paternal, was active but never 
both and that this inactivation occurred early in embryonic 
life. She supported this hypothesis by showing that mice 

with an XO configuration were still fertile and that female 
mice heterogeneous for sex-linked alterations in coat colour 
were mosaics. This work was expanded by Cattenach and 
Isaacson (1967) who worked on mice where there was inacti
vation of albino (autosomal) locus occurring when the X 
chromosome was also inactivated and demonstrated parallels 
with classical genetic models such as maize and Drosophila.
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The sex-linked coat colour mutations for the house mouse 
may share alleles. Mutant genes include those described as 
Mottled (viable), Brindled, Dappled and Tortoiseshell 
(Handrich 1972, Grahn et al 1969, Silver 1979). These varia
tions in coat colour are caused by intermingling of white 
hairs with the normal greyish colour hairs and an intermedi
ate colour in varying quantities. These sex-linked changes 
in coat colour have a more even distribution throughout the 
pelt than those associated with white spotting mutants when 
a pattern of white hairs on the feet, forehead, tail, and 
nose, belly and lumbar region are seen.
The sexlinked (heterozygote ) colour mutations are similar 
in pattern to those produced by somatic mutations. The 
hypothesis suggests that pigment cells of normal coloured 
areas are descended from cells where the mutant gene is 
suppressed and conversely that the mutant coloured patches 
arise from cells where the normal gene on the X chromosome 
is inactivated. Intermediate coloured patches are seen where 
there was a close intermingling of the two populations of 
cells early in embryogenesis before inactivation occurred. 
3a.2 Statement.
[N.B. In the following paragraphs the conventions of genet
ics are followed in the initial references and quoted state
ments; however in my reported results I have deliberately 
chosen to refer to my varying types of animals by the fol
lowing abbreviations. The heterozygote BI0/+ animals are 
referred to in the histograms, diagrams and analysis as 
Blo/X. The homozygous animals are abbreviated to Blo/Blo and 
the hemizygous male animals by the abbreviation Blo/Y. This 
is I believe helpful rather than idiosyncratic since it 
allows for greater ease of identification in the text of the
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sex of the animals and obviated certain problems in the 
generation of text for the charts. Wild type animals are 
referred to as WM (wild males) and WF (wild females)] 

3a.2a The Blotchy allele
The blotchy mouse was first reported by Russell (1960) as 
being an allelic variety of the mottled locus on the X 
chromosome. The term 'blotchy * is capable of misinterpreta
tion if no phenotype is given, as, in reality, only the 
BI0/+ (Blo/X) heterozygous female is genuinely blotchy, i.e. 
with mingled coat colour, whereas the homozygous female 
(Blo/Blo) and the hemizygous male Bio/-(Bio Y) have silvery 
( or white when very young) coats due to lack of the normal 
dark colour. All variably coloured animals have cells within 
the malpighian layer of the epidermis, controlling coat 
colour, that lack or have a reduced capacity to manufacture 
melanin (Wolfe and Coleman 1966).
Grahn and his group (1969) and Silver subsequently (1979) 
defined the effects of the mutant alleles of the X- 
chromosome locus for mottling and the animals represent 
models for varying types of disease, including altered 
copper metabolism (Hunt 1974), emphysema (Fisk and Kuhn 
1976) and Menkes' kinky hair syndrome, an X-linked progres
sive disorder with mental and physical retardation, due to 
cerebral and cerebellar degeneration accompanied by peculiar 
rusty brownish wiry hair and abnormal facies (Menkes et al 
1962) . This colouration is thought to be as a result of 
tissue specific increase in copper whilst there is relative 
copper deficiency and decreased serum copper and caerulo
plasmin- copper oxidase. The clinical changes are related to 
the relative copper deficiency and reduced activity of
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cuproenzymes in several organs (Packman 1987) .
The five allelic variants differ in their viability, but 

tortoiseshell is the most lethal of the sex-linked colour
varieties, with hemizygote tortoiseshell males (unopposed X) 
dying in utero and 40% of the heterozygotes die before
thirty days, usually as a result of aortic aneurysms. These 
heterozygotes have a variable mixture of normal X and
mutant (lethal) X chromosomes so that the gene expression is 
also variable. Tortoiseshell, dappled and blotchy mice also 
have connective tissue defects but the brindled mutants do 
not.
The inbred blotchy male mouse was the basis of most of the 
early observations on these animals but is a vulnerable 
animal, small, prone to connective tissue effects other than 
emphysema and in some series at risk of early death from 
aortic aneurysms. The inbred Blo/Y males can be sterile 
(Ranga, Grahn and Kleinerman 1983).
We had decided to breed these animals to produce the 

outcross males, which had the advantage of allowing increase 
in the number of heterozygote animals which would be lyo- 
nised for the gene, and also produces homozygous female
animals which had not been bred before. The group from 
Chapel Hill, North Carolina, also were working on outcross
ing at the same time (Ranga, Grahn and Kleinerman 1983.)

3a. 3
Copper and the blotchy mouse

The blotchy mouse has a defect in copper metabolism but it 
is unclear where the defect occurs, whether in intestinal 
uptake, transport across the epithelial cell, faulty serum
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transport, rerelease from hepatocyte stores into bile or 
elsewhere. Copper is a co-factor for lysyl oxidase (Chapter 
1) and other enzymes. The effects of lack of trace elements 
in animal feed, resulting in premature deaths in farmed 
animals, prompted the initial research into copper defi
ciency. Copper deficient rats have emphysema, which is 
augmented in lathyritic animals (Miller et al 1965, O'Dell 
et al 1978, Kuhn and Starcher et al 1980)]. Dietary depriva
tion during pregnancy and lactation causes a 17% fall in 
lung elastin content in weanling rats and a 35% increase in 
air space size, measured by mean intercepts. The changes in 
the lung architecture are irreversible (O' Dell et al 1978) 
on refeeding.
Hunt (1974) had shown diminished caeruloplasmin, the 

copper-transporting protein, in serum of viable brindled and 
mottled mice with alternative alleles at the locus. [Caeru
loplasmin itself has also been shown to have a direct 
protective effect in studies of inactivation of antipro
teases by smoke (Galdston et al 1984)]. This lack of caeru
loplasmin however does not appear to occur in Blotchy mice 
(Rowe 1974) and the lysyl oxidase deficiency was thought 
(Starcher et al 1978) to be secondary, induced by faulty 
uptake of copper by intestinal epithelial cells due to an 
alteration in the transport of copper across the cell 
membranes of affected cells (Henry and Ranga 1983). Studies 
on Blotchy mice and cultured skin fibroblasts from them 
have shown progressive intracellular accumulation of copper 
and abnormal exit kinetics with no increase in metallothio- 
nein messenger ribonucleic acid (mRNA) in early develop
mental stages before the accumulation of excess copper. Cul
tured cells did have an elevated metallothionein-I mRNA but
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responded to metallothionein inducing agents in a similar 
fashion to control cells (Packman 1987).
Although lysyl oxidase is the enzyme of most interest in 
the genesis of emphysema, the copper dependency of other 
enzymes can be linked to other phenotypic changes including 
dopamine -beta-hydroxylase in neurological abnormalities in 
brindled and mottled (Hunt 1974) and tyrosinase in the 
determinance of coat colour. Castillo et al 1990 showed 
defective intrahepatic copper transport with decreased 
excretion from hepatocyte to bile in blotchy mice.

3.a4
Connective tissue abnormalities other than emphysema.
The presence of curly whiskers (vibrissae) was noted by 

Ranga et al (1983) in their inbred (sterile) Blo/Y male mice 

and not in their outbred Blo/Y males, their homozygous 
females , or the wild type mice. The inbred male mice also 
had priapism (15% prevalence at two months).
Andrews et al (1975) noted the poor condition of inbred 
Blo/Y animals which were lethargic with a hunched posture. 

They did not remark on any deformities of the thoracic cage 
or limbs.
3a. 4a
Cross linking of collagen
Rowe (1974) showed deficient intermolecular and intramolec

ular cross-linking of collagen and elastin and Mechanic et 
al (1987) showed increased extractable skin collagen in the 

form of uncrossed hydroxyproline : they found in lung that 
labile reducible cross-links were decreased by 60% in Blo/Y 
males, that few mature non-reducible cross-links were found, 
and there was an overall reduction by 65% of precursor
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aldehydes. Much less reduction of crosslinkage was observed 
in collagen from two other sites, tail and bone. In tail 
tendon cross links were diminished by 28% and in bone by 
only 15%. The lysyl oxidase susceptible episilon amino 
groups appeared to be selectively deaminated.
Handrich (1972) and Rowe (1977) measured breaking force and 
extensibility of skin collagen, using a tensiometer. These 
factors were decreased in proportion to the increase in 
extractable non- crossedlinked collagen.

Starcher*s group (1977) showed lower lysyl oxidase activity 
in cultured fibroblasts and skin from Blo/Y mice than +/Y 
normal controls.
3. as
Aortic aneurysms.
The first inbred blotchy mice from America also suffered 
greatly from aneurysms and other deformities of the aorta, 
which were observed in the thoracic and abdominal aorta: 
early death was often associated with rupture and consequent 
haemorrhage (Grahn, Fry, and Allen 1971).
These aneurysms were studied by Andrews, White and Bullock 
in 1975 in the hemizygous (Blo/Y) males and heterozygous 
(BI0/+) females but not in the homozygous females which had 
not yet been successfully bred. Angiograms and dissections 
showed that there were saccular and fusiform aneurysms in 
the aorta,increasing in incidence with age, becoming ubiqui
tous at six months in Blo/Y males (Brophy et al 1988). 
These aneurysms which were occasionally multiple arise 
predominantly on the ascending and to a lesser extent on the 
thoracic and abdominal aorta and can rupture spontaneously 
leading to death (Andrews et al 1975) . Their mice died at
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106 days +/- 9 (mean +/- S.E.M.) compared to 198 days +/-
17 days in the control group. ( p < 0.01).
Figures for the BI0/+ mice were not 

given. [Thereafter, Andrews rather misleadingly mingles data 
from the two affected groups, which is not helpful ,since 
the animals with the unopposed X (Blo/Y) might be thought to 
differ from those with lyonisation (BI0/+).] Andrews did 
not see abdominal aortic aneurysms although he does 
report bleeding from the ovarian pedicles in pregnant BI0/+ 
animals which he ascribed to possible hormonal imbalance or 
hypertension. This lack of aortic aneurysms in the abdomen 
is in direct contrast to the animals described by Rowe in 
1974 and illustrated in his paper. Rowe does not 
give a phenotype for his illustrated animal, although from 
the coat colour it would appear to be Blo/Y; nor does he 
give any figures for the number and distribution of the 
aneurysms of the abdominal aorta in his study.
Andrew's histological results suggested that the aneurysmal 

dilatation was due to progressive structural weakening, with 
rupture at stress points including the arch and ascending 
aorta where turbulence is maximal. The histological features 
varied from increased alcianophilia (Grade I) with 
increasing vacuolation and irregularity of elastic fibres, 
through acute inflammation and formation of sub-endothelial 
fibrotic plaques, to complete disruption and disorganisation 
of vessel wall, associated with intramural haemorrhage and 
loss of endothelium (Grade V) . Brophy et al (1988) demon
strated disrupted elastic lamellae and increase in cells 
which they described as pleomorphic smooth muscle cells, 
from day 21, when there was no evidence of aneurysm micro
scopically.
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Ranga et al (1983) state that there was polymorphonuclear 
infiltration of the wall of the aorta in their affected 
outcrossed and inbred males and homozygous females (see 
below) and regarded this as analogous to the features 
described by Andrews but it is interesting that Andrews him
self does not use the word aortitis in describing the 
effects on his animals, although recording the presence of 
neutrophils. Ranga*s mice died with rupture of the aortic 
arch in 90% of cases; , only two mice had retroperitoneal 
haematomas. Tilson's group have subsequently used proprana- 
lol to delay aneurysm formation in a series of studies on 
the blotchy mouse aorta, with a 147% rise in the amount of 
insoluble elastin and a 54% rise in insoluble collagen 
(Brophy et al 1988 a and b; Tilson 1988) and in the last 
paper suggested a maturation arrest in the formation of 
elastin (see chapter 5) . This group were able apparently to 
increase the risk of death due to aortic aneurysm in hetero
zygote mice by giving them hydrocortisone orally (Reilly et 
al 1990).
[In contrast to the inbred American blotchy mice, our out- 
bred mice, described below, did not appear to be greatly 
affected by aneurysms. In the first animals bred there were 
two unexpected deaths, both in Blo/Y male mice, one at 42 
days and one at 150 days.
These animals (which both died at weekends) 

were both examined post mortem and despite autolysis showed 
massive intraperitoneal haemorrhage, which I interpreted as 
resulting from ruptured aortic aneurysms. Deformities of 
the thoracic aorta were not seen in our animals.]
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3a.6
Cross linking of elastin
Aortic elastin was examined by Rowe by analysis of the 
reduced aldol condensation product. This was lower in the 
Blo/Y mice indicating less conversion to lysine derived 
aldehydes as a result of diminished cross linking. However, 
confusingly, the desmosine and isodesmosine were normal or 
elevated. Cross linkage is improved in the presence of
propranol (Brophy et al 1988 and b).
3.a7
The blotchy mouse and emphysema.
The workshop on experimental emphysema (Chap. 1) of 1978 
recognised the importance of the blotchy mouse model and its 
parallels with the enzyme-induced models of disease and 
emphasis on the integrity of the elastic fibres within the 
lung.

Fisk and Kuhn showed (1976) progressive panlobular emphyse
ma in the blotchy mouse and used static air and saline
-filled volume pressure curves to show increased compliance 
and diminished elastic recoil. Their study using light and 
electron microscopy showed dilatation of the airspaces.

Ranga, Grahn and Journey (1983) outbred the blotchy
against an Argonne hybrid B6CF^ and described the lungs of
the outbred homozygous female Blo/Blo and inbred hemizygous 
Blo/Y males as having mild to moderate emphysema of the 
panacinar type, demonstrable by an increase in the mean 
linear intercept and a decrease in the internal surface area 
significant at levels of <0.005. Their outbred Blo/Y males 
apparently had normal lungs and the authors confirm Ranga
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and Kleinerman's (1981) assertion that the heterozygote 
animals carry the defect but remain unaffected.
Manipulation of the model has been used before; in 1981, 
Ranga and Kleinerman exposed the inbred blotchy mouse to 
nitrogen dioxide and after four weeks were able to demon
strate that there had been an increase in the amount of 
emphysema present in the blotchy mice and only minimal 
changes in the control mice. Rather surprizingly there was 
also an increase in the amount of bronchiolitis present in 
the blotchy mice, both in incidence and severity. The alveo
lar macrophages of the blotchy mice were stated to be larger 
than in BI0/+ heterozygote females and controls and to have 
crystalline inclusions.

3a. 8
Blotchy mouse breeding in Charing Cross Hospital.

Colonies of blotchy mice were established after the collec
tion from Harwell of breeding animals by courtesy of Dr Mary 
Lyon. The animals were initially quarantined. Outcross 
breeding was used to sustain the population and to provide 
sibling controls for anatomical and biochemical analyses.
3a.Sa
Breeding protocols for the blotchy mouse experiments.

The mice were bred avoiding parent to offspring matings and 
intersibling crosses. Adult agouti strain male mice with the 
wild type coat colour at the mottled locus of genotype +/- 
were mated with wild type female +/+ , [wild male (WM) and 
wild female (WF) to produce male and female wild type mice.
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[Cross 1. on Table 3a.1 ].
The resulting wild type male mice (+/-) were bred against 

the greyish white blotchy heterozygote female BI0/+ (Blo/X) 
obtained from Harwell to produce the pale coloured hemizy
gous male Bio/- mouse (called by some authors and after 
this by me, Blo/Y males). [Cross 2. Table 3.1]. Other ani
mals produced by this mating are the wild male and female 
and the heterozygote BI0/+ (Blo/X).
The matings produced Blo/Y hemizygous males and homozygous 
Blo/Blo female offspring as well as heterozygote BI0/+ 
females and wild types of either sex. An initial mating 
scheme had incorporated mice with the testicular féminisa
tion gene in order to prevent inappropriate matings but this 
was not used for the majority of matings of mice in this 
work. Inbred blotchy male mice have been described as ster
ile (Ranga et al 1983).

The mice are illustrated in colour plates Figs 3.al-3a.3 
The coat colour for the wild unaffected animals was a deep 

grey-brown, the heterozygotes had a flecked greyish-white 
coat, particularly well appreciated when the hairs were 
brushed lightly or blown gently, whilst the homozygous 
females and the hemizygous males were recognisable soon 
after birth by their whitish coats that rapidly assumed a 
silvery grey uniform colour. Sexual maturity in the mouse 
is complete at six weeks but the animals continue to grow 
becoming fully mature at twelve weeks, with stable body 
weights (Fig 3a.4).
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Table 3a.1

Cross Progeny

Male Female Male Female

1. +/- X +/+ +/- +/+

2. +/- X BI0/+ +/-:Blo/- +/+: BI0/+

3. Bio/- X BI0/+ +/-: Bio/- Blo/+:Blo/Blo

4. +/- X Blo/Blo Bio/- BI0/+

[Conventional symbols used; please note BI0/+ = Blo/X
Blo/-=Blo Y 
+/- = WM 
+/+ = WF 

in other figures.]
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Figure 3a.1
Heterozygous female blotchy mouse (Bio X) at twelve weeks. 
Note the erect posture, normal body size and grey and white 
flecked coat on a dark background colour. She has a white 
tipped tail.
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Figure 3a.2
Hemizygous blotchy male mouse (Bio Y) at twelve weeks. Note 
the hunched posture, small size and uniform silvery coat. 
The homozygous female (Bio Bio) mice also look like this.
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Figure 3a.3
Wild male mouse at twelve weeks, note the strong and heavy 
build and dark agouti coloured coat.
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In addition to the coat colour the homozygous and hemizygous 
mice were recognisable because they were smaller and did 

have a more hunched appearance and kyphoscoliosis in some 
instances. Occasional foot deformities were seen and some of 
the original blotchy animals were photophobic. The affected 
mice were not lethargic and the mice were all good-tempered 

on handling. At the start of the animal house breeding 
programme the animals were reluctant to start reproducing 

but this was predominantly due to the noise from the isola
tion unit they were housed in and they responded well to 
their move to the normal breeding rooms after quarantine had 

ended. Deaths among the affected animals were not markedly 

accelerated and some hemizygous males were notably long 
lived. In all cases however the weight at any stage of the 
wild type male controls was greater than the Blo/Blo mice or 
the Blo/Y males and the heterozygous animals formed an 
intermediate group. Occasional mice of the Blo/Y type showed 

photophobic behaviour and two had cataracts.

3a.9
Body weights in blotchy mice

The mean body weights from all mice are summarised in 

figure 3a.4 . It is apparent that wild males were heavier 

than their age matched female siblings and this difference 

is significant at eight and ten weeks.

The blotchy gene results in smaller animals and there is 
little difference between the three affected phenotypes, 
although as might be expected the BI0/+ (Bio X) females are 

slightly heavier than the Blo/Blo mice who carry the gene 

for blotchy on both X chromosomes. This is especially appar-
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Figure 3.4
Histogram of body weight of blotchy mice and controls at 3- 
12 weeks
Data expressed in grams plus standard deviation (+SD) . The 
blotchy male (Blo/Y) mice are significantly smaller at three 
weeks and remain so throughout life. The wild female mice 
eventually grow larger than Blo/Blo female mice but are not 
significantly heavier than the Blo/X female mice at 12 
weeks.
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ent at week twelve. The alteration in body weights was 
similar during the period of maximum growth between three 
and six weeks but the effect of the variation in genotype or 
'gene dosage' was most apparent in the following six weeks 
as the animals matured.
Even though the animals are sexually developed at six weeks 
(Amy et al 1977) there is a further phase of maturation 
which appears to be vulnerable to the effects of the gene. 
This secondary more muted growth phase is likely to be 
associated with the development of more extensive cross 
linkage of collagen and elastin after the more rapid post 
natal six week growth phase when the proteins are laid down.
The relative reduction in growth rate was measured as 76% 
in the wildtype, 89.5% in the heterozygote mice compared to 
96.6% in the hemizygous and homozygous mice.

3a. 10 
Lung wet weights in blotchy mice
Lung wet weights were obtained from animals that were to be 
the subject of biochemical analysis (see below). Four ani
mals from each genotype were examined at three, six, eight, 
ten and twelve weeks. Table 3a.2
The mean lung weight in wild mice is slightly higher in the 
six week mice than eight week mice. The more greatly affect
ed homozygous and hemizygous mice have significantly smaller 
lungs at this stage and the heterozygote mice are intermedi
ate. By eight weeks the blotchy mice of all phenotypes have 
similar lung weights, smaller than the control mice. This 
difference persists in adult mice older than twelve weeks 
(fig 3a.5). The weight of all the inflated fixed lungs used 
in the morphometric analyses was also measured using a
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TABLE 3.1 
LUNG WEIGHT OF BLOTCHY MICE 

WEIGHT (MCT)
AGE (Wk)

GENOTYPE
10 12

WM
Blo/Y

(n=4)
(n=4)

102.3+5.8 
84.7+9.0*

124.7+25.5
100.3+22.5

144.1+6.6 
114.7+29.6

149.1+11.7 
165.3+37.1

161.1+20.0
160.5+36.2

CO

WF
Blo/X

(n=4)
(n=4)

89.5+5.0* 
102.3+16.4

166.4+21.30
120.2+18.4

135.0+19.1 
118.3+11.1*

130.8+10.9
134.7+9.1

160.8+8.7
135.8+12.4+

Blo/Blo (n=4) 105.4+14.7 105.5+13.3+* 128.8+16.7 114.7+11.4*" 127.6+19.7+

DATA EXPRESSED AS MEAN + S.D

* < +/y ; p < 0.05; 
+ < +/+ ; p < 0.05;

o > +/y ; p < 0.05
■ < BI0/+ ; p < 0.05



Figure 3.5
Histogram of lung wet weight measured in mg 
Data shown +SD
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slightly less sensitive balance reading in grams rather than 
milligrams. The data showed a similar distribution with the 
wild male mice having slightly heavier lungs after fixation 
[data not illustrated].

3a.11 
Discussion of the biometric data

The genotype affects the total body weight to a greater 
extent than the wet lung weight in the growing animals 
however in the adult mice carrying the blotchy gene alone 
the lung weights were lighter (13 0mg +/- 30) than their 
control siblings' lungs ( 150 mg +/- 20), but proportionate
ly heavier when compared to total body weight, ratios in 
control animals being 0.57% and in blotchy mice 0.67%. The 
heterozygotes lungs form 0.65% of the body weight.[ Lungs 
appear to be proportionally smaller in mice than in humans 
where lungs comprise about 1.5% of total body weight (Giegy 
1962) . ]

3a.12 
Biochemical data from blotchy mice
Gary Phillips carried out analysis of lung structural pro
teins in the varying phenotypes and genotypes of the blotchy 

mice and their wild controls. His biochemical methods and 
reagents appear in greater detail in the appendices but the 
results are discussed here because they are relevant.
The putative effect of diminished lysyl oxidase activity 
should be a diminution in cross linkage and an increase in 
the amount of extractable, soluble collagens, and a reduc
tion in elastin cross linkage measured by desmosine assay.
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Phillips measured the total lung protein, the hydroxypro- 
line, the amount of deoxyribonucleic acid (DNA) [ which is 
especially relevant in the instillation studies reported in 
chapter 4, where a rapid increase in extractable DNA would 
suggest a sudden influx of cells], and the lung desmosine. 
He did not assay the lysyl oxidase activity directly in the 
lungs of these animals. His data refers especially to what 
should be the maximum period of growth and maturation of 
lung structural proteins in this model, as evidenced above 
by the progressive increase in lung weight with the level
ling off as the animals approach adulthood at twelve weeks. 
3a.12a
Lung protein 
Method
Protein was assayed against a bovine serum albumin control 
using sodium hydroxide, alkaline copper and Folin-Ciocalteu 
phenol reagent and spectrophometric analysis of absorbance 
at 750nm.
Results
When the data was expressed as a function of lung wet 

weight (Fig 3a.6) all mice carrying the blotchy allele 
had consistently more protein per mg lung weight than the 
wild controls, although this was only significant at eight 
weeks ( p< 0.05). By this time there had been a 19.2% fall
in the amount of protein per unit lung weight in the wild
mice in comparison to only an 8% drop in the animals with 
the gene for blotchy. This relationship is dependent not on 
the total amount of protein present in the mice, which is
not significantly different, but on the fact that the gene
is associated with smaller lungs.
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Figure 3a.6
Histogram of lung protein in mice, expressed as mg/gm lung 
wet weight
Data shown +SD. The data for the eight week old mice shows 
that the Blo/Y mouse lungs contain more protein at eight 
weeks than their wild male controls. The data for figures 
3a.7, 3a.8 and 3a.9 are similarly expressed as data plus 
standard deviations. These histograms are discussed in the 
text.
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3a.12b
Measurement of DNA in mouse lungs 
Method
DNA was assayed against standards using perchloric acid and 
diphenylamine reagent and spectrophotometric analysis at of 
the amyl acetate extracted phase at 600nm.
Results
Figure 3a.7 illustrates the relationship of DNA to pheno

type, with an overall lack of significant differences be
tween the different mice, all of which show a progressive 
increase in the total DNA levels , except at the eight week 
level where the heterozygote mice in contrast to the total 
protein data, have less total DNA than their wild controls.

3a.12c
Measurement of hydroxyproline in mouse lungs.
Method
Hydroxyproline was assayed against standards in a range 0-25 
mg using chloramine T reagent. After vortexing and standing 
for twenty minutes perchloric acid was added. Ten minutes 
after this para-dimethylbenzaldehyde reagent was added, 
vortexed and heated to 60^ for fifteen minutes. After cool
ing the absorbance was read at 550nm.
Results
The results are shown in figure 3.a.8.
The results show that there was a progressive rise in the 
levels of hydroxyproline in all genotypes, with a peak level 
at eight weeks. The blotchy mice of all genotypes had sig
nificantly less than the wild at six weeks but the hetero
zygote mice maintained their hydroxyproline levels so that 
at twelve weeks only the Blo/Y and Blo/Blo mice had signifi-
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Lung DNA in mice
Fig 3.a.7
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Hydroxyproline in mice
Fig 3.a.8
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cantly less hydroxyproline than the wild controls. This 
effect is not due to the effects of size alone and approach
es significance ( 0.05> p < 0.1).
3a.l2d
Measurement of desmosine in mouse lungs 
Method
Desmosine was assayed against standards prepared by Gary 
Phillips and Dr Terry Tetley in a radioimmunoassay ( stand
ard plot in appendix A.1.1.). The standards were prepared in 
isotonic veronal buffered saline (IVBS) (without egg albumin 
as the initial standard) and subsequently with egg albumin 
in the tests and standard. The standards contained egg 
albumin and radiolabelled desmosine (10^ counts per 
minute (cpm) per 100 jixl) . 100/xl of antiserum at a concentra
tion of 1/200 was added, vortexed, and left to stand for 
four hours. 100^1 of donkey anti-rabbit antiserum was added 
and after overnight incubation at 4^C polyethylene glycol 
was added in IVBS and then the samples were centrifuged at 
2 000rpm for 45 minutes. The supernatant was aspirated and 
the pellet counted using a gamma counter. All samples were 
performed in triplicate. (Phillips determined the limit of 
detection as 0.5-25 picomols with a 5% coefficient of 
variation within the assay and 10% between assays). The 
results are shown in figure 3.a.9.
Results
The total lung desmosine in Blo/Y male mice and Blo/Blo 
females was significantly less than that of wild males at 
three weeks( p< 0.05). The heterozygote female Blo/X and 
female wild mice also had more desmosine than the homozygous 
or hemizygous animals (p< 0.05). No other significant dif
ferences are determined except the ten week level of lung
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Lung desmosine in Blotchy mice
Figure 3.a.9
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desmosine in Blo\Blo female is significantly lower than the

Blo/X and wild female levels.

3a.13 
Measurement of air spaces in blotchy mice

Mice from three weeks to 42 weeks were killed by overdose 
of intraperitoneal (IP) barbiturate (0.1 ml Sublimate, 0.4 
mis Hypnodil made up to 2mls with water for injection. The 
animal was initially injected with 0.1 ml in the scruff of 
the neck until it was anaesthetised. A further 0.1 ml was
given IP) . In the rats killed by CO g asphyxiation I had
noted some sub pleural haemorrhages and I decided to kill 
the mice by overdose to avoid any terminal haemorrhagic 
episodes that might be promulgated by asphyxia. No sub- 
pleural haemorrhages were seen in any of the mice. [N.B 
McCartney et al 1988 is incorrect as to method of killing 
(error added in proof).]

The trachea was exposed and cannulated via a sublaryngeal 
tracheostomy with a 25 bore paediatric cardiac catheter 
which was tied in, and after the chest wall had been opened, 
the abdominal aorta was severed and inflation and fixation 
using a 23 gauge butterfly connecting the apparatus illus
trated and described in chapter 2 (figure 2.1) to the cannu
la.
After fixation with modified Karnovsky fixative, the lungs 

were sectioned sagittally. [ For SEM whole lung slices were 
examined. Blocks were taken for transmission electron mi
croscopy but are not reported in this thesis.] Their lungs 
were examined primarily by image analysis subsequently 
followed by histological examination. The morphological
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features of the lungs of mice of all phenotypes and geno
types were also assessed by scanning electron microscopy and 
are reported in chapter 3b.

Sections for light microscopy were stained with haematoxyl- 
in and eosin and some staining for elastic tissue with a Van 
Giesen preparation was done.
One hundred and fifty control mice were taken for histology 
and of these one hundred and eleven sets of non-instilled 
lungs were examined by the morphometric method detailed in 
chapter 2 and illustrated in figure 2.2.
Thirty nine sets of lungs not subjected to image analysis 
or SEM had either failed to fill satisfactorily at the time 
of inflation due to poor positioning of the cannula and were 
discarded or were resistant to inflation by being more 
than usually stiff. This was especially the case if there 
had been leakage of the Karnovsky fixative from the cannula, 
which had caused rapid visceral pleural fixation thus pre
venting full inflation in the in situ position. I was anx
ious not to forcibly fill the lungs and cause overdisten
sion. Six animals' lungs were found subsequently to contain 
blood or other pathology on histological examination.
At the time of the analysis the animals were identified on 
the slides by an arbitrary routine experimental pathology 
number allocated by a technician unaware of the animals' 
genotype [or instillation programme (chapter 4)].
3a.13a
Results of morphometric analysis
A pilot point counting method recording the number of grati
cule points that fell on lung tissue, blood vessels, and air 
spaces was assayed first. The results, included in appendix
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3.al were satisfactory to some extent but did not appear to 
be sensitive enough to delineate the degree of lung change 
visible on lung histology and demonstrable on scanning
electron microscopy (chapter 3.b)

The point counting method was not quite discriminating 
enough to pick up the subtle alterations that will become 
apparent on the ogive plots shown below, but is quite sensi
tive enough to show the discrepancy in the blotchy male 
mouse lungs with regard to the percentage of tissue. The
other major disadvantage is the amount of time that this
sort of measurement takes, counting 2100 points in fifty 
fields is quite arduous. Analysis of a control male mouse 
lung against a Bio/Y lung using the 42 point grid showed 
that there was 42.2 percent tissue and 54.5 percent air 
compared to the emphysematous animal where there was 24.4 
percent tissue and 73.4 percent air.
Because I had reason to suspect on theoretical grounds that 
there might be an intermediate group in the Blo/X mice, I 
decided to examine the lungs using image analysis as de
scribed in Chapter 2.3a using a magnification of x 3 00.

Examples of raw data are attached in Appendix 3a.2.

[The data from the Cambridge system is in histograms and the 
frequency is displayed beneath: the Archimedes does not
have this facility. As described in Chapter 2. 3a the re
sults were amalgamated to give the ogive plots and the chi 
squared statistics were calculated from this pooled data, 
given in Appendix 3a.3.]
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3a.14
Results of image analysis using ogive plotting

Although theoretically it is possible to compare sets of 
data from any of the five groups of animals of each of the 
pheno and genotypes with any other at any time, it is pref
erable to compare variation between groups of animals at 
fixed time points. These data are summarised in the accompa
nying figures 3a.l0-3a.l6 
It is apparent there are substantial differences in the 

animals of varying phenotype. The plots show that the dif
ferences are manifest in the youngest animals examined. 
There is also a difference in the wild animals that is 
attributable to age alone. This is greater in the male 
animals than in the females. The male animals are larger at 
any time than the females and the increase in transect 
length in larger and older animals becomes increasingly 
obvious in those animals older than twenty weeks.

3a.14a
Results at three weeks
Figures 3.a.10 and 3.a.10a show that the homozygous animals 
are more greatly affected at three weeks than the hemizy- 
gous, which have larger airspaces than the heterozygote 
animals. All animals carrying the Bio gene are quite dissim
ilar to the control wild animals which both have remarkably 
similar profiles on cumulative plotting of the ogive results 
of measuring the transect lengths.
The differences in the female mice are shown in 3a.10a exam 
ined there is a distinct and statistically very significant 
difference between the 'double gene dosed' animals and their 
sibling controls, with the heterozygote animals with
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Figure 3a.10
Transect length across airspaces in three week old mice.

Ogive plot of cumulative frequency showing that the Blo/Blo 
female mice have the largest airspaces , with the hemizygous 
males and the heterozygous females' curves lying in an 
intermediate position, being significantly greater than the 
control wild mice of both sexes.
Figure 3a. 10a examines the three female phenotypes and gen
otypes alone.



Transect length at three weeks
Figure 3.a.10 all mice
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Transect length at three weeks
Figure 3.a.10a female mice
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varying degrees of lyonisation forming an intermediate

group.
3a.14b 
Six week data
The figures 3.a.11 and 3.a.11a which follows include the 
animals between 42 and 49 days. The plot for all animals 
together is almost identical to the three weeks data but the 
blotchy male hemizygous curve fits more closely to the homo
zygous female curve and is significantly different to the 
control groups (p «0.001) and the heterozygote female group 
at the ten percent level.
[ In the pilot study of mice performed at CXH the Cambridge 
image analysis machine gives one a mean value and it is 
apparent from the data shown in Figure 3.a. 12 that there 
was quite a wide separation of the data curves for the mean 
values for the wild mice controls from the hemizygous and 
homozygous mice except at the very end of the results at 30 
weeks plus when the curves for the two sets of male mice 
data come closer together. The curve for the wild mice 
never, however, crosses over the affected mice curves. The 
lyonised heterozygote mice again lie in the intermediate 
values for the range which is to be expected and at the 16 
week stage the values are identical to the wild mice. The 
ogive data shows however that the skewed distribution is 
better analysed by non parametric statistics, but 
nevertheless even using parametric analysis it is possible 
to perceive some differences in the groups].
3a.14c 

Ten week data
At the ten week stage there is separation of the data 
curves for mice carrying the blotchy gene from the wild
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Figure 3a. 11 and 3a. lia show data for the six week old mice 
with concordance for the homozygous and hemizygous mice and 
with the curve for the heterozygous mouse lying in an 
intermediate position The Blo/y and Blo/Blo mice are sig
nificantly different (p<0.01) from the Blo/X which are 
similarly significantly different from the wild type mice. 
The Blo/Y and Blo/Blo mice are highly significantly differ
ent from the wild type (p<0.001).



Transect length at six weeks
Figure 3.a.11 all mice
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Transect length at six weeks
Figure 3.a.11a females, all phenotypes
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Figure 3a. 12 Analysis of mean of means of transect lengths 
for mice measured using the Cambridge analysis system . 
Although the data had already been shown to have a skewed 
distribution, even a simple display like this highlights the 
differences between the groups of animals. The ogive plots 
are more informative especially in determining whether any 
rise in the mean or median is as a result of increase in 
large airspaces or loss of small, something that this dis
play cannot shed light on.



Blotchy Mice vs Wild
Figure 3.a.12 mean value of transects
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Figure 3a. 13 Ogive plot showing that the Blo/X mice can in 

some instances appear as severely affected as the hemizygous 

animals. This data may suggest that in these animals which 

were siblings that inactivation of the X chromosome carrying 

the normal allele may be more prevalent in these 2 animals.



Transect length at 10 weeks
Figure 3.a.13
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controls (p < 0.001) (Figure 3.a.13). No homozygous data was

obtained at this point but it is interesting to see that the 
effects of the lyonisation are variable, which is also 
illustrated in the relatively crude analysis of the pilot 
study means alone (figure 3.a 12) where the mean for the 
heterozygous animals appears to fluctuate, becoming more 
consistent after the sixteen week stage. At the ten week 
stage when there is still growth of lung tissue the small 
number of heterozygote animals, plotted using the ogive 
analysis have a similar curve to the hemizygous male mice, 
widely separated from the unaffected mice.
In the ogive plot of adult female data (all mice above the 

age of twelve weeks)(Figure 3.a.14) there was a similar 
significant separation of the homozygous curve from the wild 
type but the pooled data from all the mice in the intermedi
ate heterozygote group examined here appear consistently 
severely affected.
When the results for young adult males are examined for the 
12-18 week stage (Figure 3.a.15) there is a significant 
difference in the ogive plots which persists until 32 weeks 
the curves when the curves become similar (Figure 3.a.16). 
This is due not to any marked shift in the Blotchy male 
population but an alteration in the curve for the aged wild 
mice, with an increase in transect size, so that the curve 
comes to lie alongside that for the Blotchy male mice. This 
apparent affect of aging is discussed in chapter 5.
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Figures 3a.14 and 3.15 
The separation between the three genotypes and phenotypes 

of female animals persists in the adult females, although 
the curve for the Blo/Blo mice is not located as far to the 
right as it was in the six week data. Nevertheless there are 
still significant differences between the animals.
In the male mice the differences are more marked at 12-18 
weeks but become progressively eroded as will be shown in 
figure 3a.16



Transect length
Figure 3.a.14 adult female mice
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Transect length
Figure 3.a 15 young adult male mice 

(12-18 weeks)
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Figure 3a.16
By 32 weeks there is no significant difference between the 
male mice examined by ogive plotting of the distribution of 
airspaces.



Transect length
Figure 3.a.16 male mice at 32 weeks
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Table 3a.3
Table of chi squared values for Blotchy male mice and age 
matched controls

chi^ Value of p

At 3 weeks
Blo/Y vs Wild male 21.68 «  0.001

At 6 weeks
Blo/Y vs WM 51.15 "

At 10 weeks
Blo/Y vs WM 31.61 "

At 14 weeks
Blo/Y vs WM 11.56 0.001 < p <0.01

At 16 weeks
Blo/Y vs WM 52.24 «  0.001

At 18 weeks
Blo/Y vs WM 15.05 "

At 22 weeks
Blo/Y vs WM 31.08 "

At 24 weeks
Blo/Y vs WM 62.56 "
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At 26 weeks
Blo/Y vs WM 31.52 "

At 32 weeks
Blo/Y vs WM 3.41 n.s

From this table it is interesting that the mice retain their 
significant difference in airspace transect distribution 
until the control mice reach 32 weeks.
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Table 3a.4
Chi squared values for female mice with age matched controls

Homozygous chi^ value of p

3 weeks Blo/Blo vs WF 61.84 «  0.001

6 weeks Blo/Blo vs WF 50.85 "

18 weeks Blo/Blo vs WF^g 40.80 "

2 0 weeks Blo/Blo vs WF 21.46 "

24 weeks Blo/Blo vs WF 39.04 "

Hemizygous

3 weeks Blo/X vs WF 8.63 0.01 < p < 0.01

6 weeks Blo/X vs WF 10.44 0.001 < 0 < 0.001

10 weeks Blo/X vs WF 31.6 < 0.001

14 weeks Blo/X vs WF^g* 12.0 0.001 < p < 0.01

20 weeks Blo/X vs WF 7.83 0.01 < p < 0.02

24 weeks Blo/X vs WF 49.72 «  0.001
* no WF^4 animals were available so Blo/X^^ were compared to

MFl6
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Table 3a.5

Effect of homozygosity for locus: 'gene dosage'

3 weeks Blo/Blo vs Blo/X 54.55 < 0.001

6 weeks Blo/Blo vs Blo/X 10.44 0.001 < p < 0.01

18 weeks Blo/Blo vs Blo/X 3.99 n.s. *

20 weeks Blo/Blo vs Blo/X 18.07 < 0.001

24 weeks Blo/Blo vs Blo/X 67.49 << 0.001

*The variability of the value of chi squared may be as a
result of the effects of lyonisation, which acts as an
predictably unpredictable factor.

3a. 15 
Histology

The histological appearances of the different phenotypes 
are illustrated in figures 3.a 17a-d.

Just as in the case of the rat model, this study was not 
designed to measure the lung morphology by subjective quali
tative assessment, nevertheless some comments are needed for 
completeness.
The lungs had a predominantly centrilobular change in the 
lung architecture but some sub-pleural enlargement of air
spaces was seen and even an occasional bleb-like structure.
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Figure 3.17a Lung from control wild male mouse at twelve 
weeks showing regular pattern of alveoli and alveolar ducts. 
Haematoxylin and eosin x 70
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Figure 3a.17b Lung from Blo/X heterozygous blotchy mouse 
showing mildly irregular airspaces H&E x70
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Figure 3a.17c Lung from Blo/Y hemizygous mouse showing 
markedly irregular and enlarged airspaces H&E x 70
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Figure 3a.l7d Lung from Blo/Blo homozygous mouse showing 
similar irregularity H&E x 70
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Coalescence of airspaces was seen in some affected animals 
but it would be impossible to ascribe the pathogenesis of 
all the airspace enlargement to destruction on this evidence 

alone: this point is further discussed in chapter 5.
Alveolar ducts were the most commonly enlarged of the 
airspaces and residual foci of quite normal appearing alveo
li could be recognised even in the most severely affected 

animals; (this tallies with the numbers of small airspaces 
preserved in all phenotypes as demonstrated by the ogive 

plotting . Alveolar septa appeared shortened or absent in 
the most severely affected animals. Unlike Fisk and Kuhn's 
(1976) animals, subjectively there was some change in very 
old animals of all phenotypes, demonstrated better in the 

quantitative evidence displayed above (Figure 3.a.16). 

Inflammatory cells, predominantly macrophages, were seen 
within alveoli. These were more common in the homozygous or 
hemizygous Blotchy mice but not confined to them. Very 
rarely lymphocytes were seen, often close to bronchial 

walls. Two animals had intra-alveolar material not unlike 
that seen in desquamative pneumonia, or associated with 

Pneumocystis. Neither of these animals had been selected for 
quantitative analysis since the lungs had been resistant to 
inflation with fixative and were not suitable. In rare cases 
there was evidence of intra-alveolar haemorrhage which was 

recent. Since the tracheostomy was performed whilst some 

cardiac activity was present it is possible that this 

haemorrhage was occasioned by this procedure and represents 

a perimortem artifact.
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3a.16
Lung volumes in the Blotchy mouse model.

In addition to weighing the lungs of the mice in the fresh 
wet state as shown above, the fixed weight in air and the 
lung volumes in water were measured.
The measurement of lung volumes was by water displacement 
rather than the weighing method suggested by Lennox and 
quoted by Aherne and Dunnill (1982). This method uses the 
weight in air minus the weight in water to give the volume 
which is equal to the upthrust using Archimedes's princi
ples. This method requires the use of a suspension balance 
and I found that the inherent ability of the fixed and fresh 
lung to float was a problem leading to inaccuracy. The 
measurements were carried out on the fixed lungs after 
inflation, as described in 3a.13 and after a minimum of 48 
hours fixation the oesophagus and heart were dissected away 
from the thoracic pluck leaving the lungs joined by the 
trachea which was of a similar length in all specimens, 
having been transected at the sublaryngeal level after the 
trachea had been closed by a ligature.

The displacement method was used using a central reser
voir into which the lungs, weighted by a small bulldog clip 
of known volume, were dropped and the amount of fixative 
displaced was measured by means of a calibrated microburette 
of cylindrical shape which was attached by a manometric tube 
to the reservoir. A standard meniscus was drawn on the left 
arm and the right arm was manipulated to return the meniscus 
to the reference point; the volume change could be read off 

directly from the etched calibrated burette on the right.The 
apparatus is illustrated in diagrammatic form in figure
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Figure 3.a.18
Before immersion the level of saline is adjusted to 
zero in the standard (left) arm (the clip is in the 
reservoir). After immersion the standard arm is 
returned to zero by manipulation of the right arm 
and the difference in readings is the lung volume.

206



Lung volumes of mice
Figure 3.a.19 all phenotypes
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3a.18
3a.17
Results of lung volumes.
It can be seen from figure 3.a. 19 that the wild type mice 
had greater volumes of fixed lung tissue in early adult life 
and that the volumes of the mice affected with blotchy gene, 
especially the homozygous and hemizygous animals’ lung
volumes were smaller until 16 weeks of age. The difference 
although present was not highly significant (p< 0.05), at 
ten, twelve and fourteen weeks.
3a.18
Discussion of biochemical and morphological measurements in 
the Blotchy mouse.
The results above confirm and amplify the initial data
obtained by Fisk and Kuhn (1976) in hemizygous male blotchy 
mice. They also show that as predicted that there is an 
equally great change in airspace distribution in the homozy
gous female blotchy mice, which had not previously been 
bred. Unknown to us, the group in Chapel Hill were attempt
ing outcross experiments at the same time and also succeeded 
in producing outbred males and homozygous female animals
(Ranga, Grahn and Journey 1983). Their data differs from 
ours in that although their six outbred males had connective 
tissue anomalies elsewhere their lungs did not appear to be 
emphysematous, although they were able to demonstrate a 
reduction in elastic fibre length in the lungs of their
outbred male mice. Their animals were derived from a differ
ent source and their outcross was an Argonne hybrid, B6CFĵ . 
CXH Blotchy mice were bred from Harwell strain and may be 
different in some respects to those used in the American 
series especially with respect to the propensity for the
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development of fatal aortic aneurysms. The discrepancy with 
respect to the development of increase in airspace size may 
also reflect an altered expression of the gene, not found in 
the animals in this study where increase in transect length 
across alveoli and alveolar ducts was demonstrable not only 
in the homozygous and hemizygous animals of both outcross 
and inbred type over a range of ages but also in the hetero
zygote female animals where the effect of the gene was 
variable reflecting the degree of lyonisation for the enzy
matic defect in cross linkage conferred by the lysyl oxidase 
(LyOD) Bio gene.
Phillips' M.Phil thesis (1989) refers to this as the 'gene- 

dosage' on the X chromosome. Heterozygosity has not been 
shown before to have an effect on the distribution of size 
of airspaces but the results in 3a.13 show that there is an 
effect of gene dosage that parallels the alteration or loss 
of connective tissue in the lung, hemizygosity or 'double' 
gene- dose leading to smaller, lighter animals with the 
heterozygotes providing an intermediate but variable group. 
Measurement of body weight (Figure 3.a.4) show that these 
female mice are similar in weight to the control wild mice so 
that any effects on air space are not determined by size 
alone.

In our data the lung wet weights were significantly lighter 
in the animals carrying the Blotchy gene when they were 
compared to controls, a finding in contradistinction to the 
work of Ranga's group (1981) and Starcher (1977). This 
discrepancy may be that in addition to any putative genetic 
differences the mice in Ranga's series were slightly older 
than the mice examined by Phillips and myself, being between
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17-20 weeks in the 1981 series and 10-11 weeks in the 1983 
series of outcrossed mice. We had chosen to look biochemi
cally at young adults where we postulated the effects of the 
gene would be most noticeable, as well as examining morpho
logically mice within the same and an extended age range as 
those previously examined. That there is an effect on air
space size with increasing age is borne out by the data 
collected in the older age mice. The changes in the aging 
control mice were uncannily similar to the shift in the 
ogive plots seen in the genetically determined affected mice 
at younger age (Figure 3.a.16 and 3.a.20). The increased 
body weight of the male mice may account for the greater 
shift in the male controls or there may be a genuine sex 
difference. Since the wild female animals never reach the 
same weights the question may remain unresolved.
Starcher’s 1977 analysis of Blotchy mouse lung also showed 

a decrease in the amount of extractable elastin in his 
eleven day mice compared to control, but Rowe et al (1974) 
had not found this, his results indicating normal or 
slightly increased amounts of elastin. Phillips* analysis 
using desmosine revealed a possible reason for this apparent 
discrepancy. By analysing desmosine , which is a marker for 
adult elastin, he was able to show that in the immature 
animals there was less elastin, consistent with Starcher*s 
observations but that in the sexually mature animals no 
difference in the elastin levels can be shown, in concord
ance with Rowe's observations. If the blotchy mice produce 
the same amount of tropoelastin precursor as their controls 
but fail to cross-link it as efficiently, then in the early 
stages of life one would expect there to be less elastin. In 
the older animals as the rate of growth diminishes and the
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Figure 3a.20
Ogive plot to show the effects of aging alone on the dis
tribution of airspaces in wild mice
As the mice progressively age it can be seen that the curves 
for this distribution become gradually shifted to the right, 
implying that an increase in airspace size is a function of 
age alone.
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secretion of precursors slows then the levels of elastin 
will increase as the slowed cross-linkage finally 'catches- 
up* with the amount of material to be cross-linked. Cross- 
linkage is therefore impaired but not abolished in the lysyl 
oxidase deficient animals. This is in keeping with an 
enzyme's role as a catalyst of a reaction that would proceed 
by itself albeit at a lessened rate in the absence of a 
catalyst. In the fully mature animal it is possible that the 
amount of desmosine could be the same as the control ani
mals .
All 12 week (adult) animals carrying the blotchy gene were 
shown by Phillips to have less lung collagen than their 
control siblings but at three weeks he was unable to show a 
significant difference. Collagen catabolism is dependent on 
the degree of cross-linkage, so that fully matured heavily 
cross-linked collagen is resistant to catabolism in vitro 
and more lightly cross-linked or uncross-linked collagens 
are substrates for catabolic enzymes (Harris 1972, Vater 
1979). Phillips was measuring hydroxyproline which is a 
constituent of both mature and immature forms of collagen 
and postulated that although there was a similar rate of 
production of connective tissue that the diminution of 
crosslinkage conferred by the gene dosage led to greater 
catabolism of collagen in the affected mice , reflected in 
their smaller stature and lower body weight. However total 
lung protein did not fall and it might be supposed that 
there might be enhancement of the immature forms of connec
tive tissue at the expense of mature forms of collagen. 
Maturation of both collagen and elastin frameworks has been 
recognised as an important part of lung growth, especially 
in the development of the alveolar distal lung.
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Development of emphysema in the affected animals may be an 
acquired phenomenon resultant on this immaturity of cross- 
linkage in both scleroproteins in early life. The relative 
weakness and immaturity of the lung scaffolding as a result 
of uncross-linked proteins may render it more vulnerable to 
distensive forces during periods of growth or to the actions 
of both endogenous elastases and collagenases. Tilson 
(1988) has proposed that there is a similar maturation 
arrest in formation of elastin in the walls of the aorta 
which results in the formation of aneurysms.

Range's mice were measured at 17-20 weeks and it is possi
ble that some of the changes which originate in the growth 
period may have been obscured by the aging process in these 
older animals as age alone can increase cross linkage of 
collagen (Mays 1989) . This data and its relevance to the 
morphologic and instillation studies in both the rat and the 
mouse are further discussed in the final chapter.
Thurlbeck (1983) has dismissed as non-emphysematous the 
increase in air space size shown in the lungs of blotchy 
mice and other animal models such as the copper deficient 
mice of O'Dell (1978) and the swine of Soskel and his co
workers (1982). He describes the lungs of these animals as 
showing diminished acquisition of alveoli as an effect of 
immature development rather than a truly destructive lesion 
such as emphysema. Although I did not carry out a radial 
alveolar count in these mice I saw no evidence that there 
was a significant diminution in numbers of alveoli compared 
to their controls and there was no problem in measuring 
small airspaces which were present in this model. The cumu
lative plots allow comparison of the data in the smaller
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histograms of transect across airspaces and the degrees of 
significant differences come not in the numbers of smaller 
airspaces but in the distribution of larger, when fields 
from animals of different phenotype and genotype were com
pared. The data from scanning electron microscopy would also 
appear to refute Thurlbeck's opinion.
The morphology of the airspaces in non-instilled blotchy 
mice as shown by scanning electron microscopy (SEM) is 
described in the following sub-chapter (3.b) and the effects 
of instillation of elastase in chapter 4.
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CHAPTER 3b.
Scanning electron microscopy of the Blotchy mouse lung.
3b.1
Introduction

Scanning electron microscopy (SEM) is a powerful tool for 
the pathologist, as the technique allows for a wide range 
of magnifications to be used when examining much larger 
specimens than can be evaluated using transmission electron 
microscopy (TEM). It is particularly suited to examinations 
of the complex surface of the lung and ideally tailored to 
examination of the lungs from experimental animals such as 
the rat and mouse. There is the facility of examining an 
interesting surface at several powers of resolution and 
although some critics have opined that SEM is just a pretty 
way of displaying material without the potential for more 
than mere illustration, there have now been several studies 
using quantitative techniques which have partly circumvented 
this criticism.
No quantitative morphological study of the Blotchy mouse had 
been published before this work was started and this sub
chapter documents the appearance of the lungs of animals of 
all phenotypes. The material was obtained from animals which 
had not been instilled with exogenous elastase and hence the 

appearances illustrated and described represent the spectrum 
of naturally occurring disease modulated by genotype.
3b.2
SEM and emphysema
SEM has been used to document the quantitative changes in 
human emphysema, notably in the study by Cosio et al (1986). 
This group used 'non-tumourous' lung resected at the time of
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surgery . They hoped to obtain with two dimensional images 
a better understanding of the three dimensional of the 
lung. They were able to demonstrate fenestrae, previously 
described on conventional light microscopy as 'isolated 
pieces of viable tissue apparently floating in space*(Nowell 
and Tyler 1971) but found it difficult to measure them, 
resorting finally to point counting and planimetry to give 
them a percentage area figure, for the amount of airspace- 
wall occupied by these spaces, which they believed to be 
enlarged but not more numerous structures. They minimised 
the errors inherent in any type of SEM evaluation, produced 
by focus and tilt, by insisting that the structures they 
were measuring were less than half of the size of the alveo
lar opening and that they were clearly in focus.
Kuhn and Tavassoli (1976) also reviewed some human material 
examining single cases of a congenital lobar emphysema and 
an acquired panlobular emphysema. They came to the conclu
sion that there are two processes leading to emphysema, the 
first similar to elastase induced coalescence (see below) 
of fenestrations leading to destruction of alveolar walls 
and the second the 'remodelling* by undefined mechanisms.
3b.4 
SEM on animal lungs other than mice
Studies of normal and emphysematous animals were carried out 
before those in humans. Horses, dogs, other primates and 
rodents have all been examined using this technique, which 
was initiated by Nowell and Tyler in 1971. The most exten
sive surveys of rodent lungs include the work of Kuhn and 
Finke (1972). These authors, in addition to examining the 
lungs of hamsters, rats and mice, evaluated the role of 
fixation and the artefacts it produced.
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They showed that expansion with air rather than a glutaral- 
dehyde based fixative at 20cms water pressure provided their 
best results. This gaseous inflation caused less distortion 
in the shape of the alveolus. The alveolus, which they 
believed had a rounded shape in vivo, became more polyhe
dral in the glutaraldehyde fixed lungs. However this techni
que of air fixation required Freon cooling, whole body 
immersion in liquid nitrogen and cutting sections in a 
minus 20® cold room, with three weeks freeze-substitution 
and critical point drying ( all facilities not widely avail
able) . Their pores of Kohn were circular and 3-6/zm in 
diameter. Kuhn and Finke also advocated that the fixation 
should be carried out with a beating heart, even though this 
produced some overdistension of capillaries and ridges when 
the capillary pressure exceeded the transpulmonary. This was 
thought preferable to the 'flat, featureless' appearance of 
the alveolar wall produced by prior exsanguination.
Kuhn in combination with Tavassoli (1976) examined the SEM 
appearances of the hamster model of experimental emphysema 
using a series of animals' lungs which had been instilled 
with a single intratracheal dose of PPE, for periods of up 
to one year. There were early changes, with dilatation of 
alveolar ducts and sacs at twenty-four hours with concomi
tant haemorrhage and exudate which were present for a week . 
They were also able to show enlargement in the pores of Kohn 
but not increase in numbers.

Groniowski (1972) had described the normal pore of Kohn in 
dogs, using SEM, as being 'circumvallated' (S.O.E.D., sur
rounded by a rampart or trench). The rampart represents the 
capillaries within the alveolar wall and it is loss of the
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capillary that is said to mark the evolution of a fenestra 
from a pore (Pump 1976) . [ The effects of differential
capillary and transpulmonary pressure in producing or flat
tening this bulging rampart are not discussed by either 
author.]
Nowell, Gillespie and Tyler in their original paper (1971) 
on equine emphysema also referred to enlargement and coales
cence of fenestrae in the course of the disease.
3b.5 
Pores of Kohn and fenestrae in mice
One of the reasons the lungs of the blotchy mice were ex
amined was to see whether there was an increase in the size 
and or number of openings in the walls of the airspaces in 
animals of the various phenotypes. As described in the 
introduction (1.4) these pores are openings between the 
alveoli that range from 2-10/Ltm in diameter.

Ranga and Kleinerman (1980) had investigated the regional 
distribution of alveolar pores in BALB/c (Bagg albino) mice 
using scanning electron microscopy and quantitative analy
sis. They showed that there were more pores in the subpleu
ra 1 and peribronchiolar regions than in the midzone of the 
lung. They also showed that there was no other difference in 
the number of pores per alveolus in each of the three re
gions in mice from 3 months up to twenty-six months. There 
was an apparent increase in numbers in the first three 
months of life ( although they did not examine very young 
animals) with a levelling off or plateau of finite numbers 
at the three month stage, akin to that described by Martin 
(1963) in the dog (10 per alveolus) and Gillespie and Tyler 
(1967) in the horse. Ranga and Kleinerman ascribed the dif
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ferences in the numbers of pores in different areas of the 
lung (also shown by Macklin (1936)) as being a reflection of 
putative increased macrophage activity in the peribronchio
lar region or alternatively to increased stress. One of 
their mice had spontaneously occurring emphysema when ex
amined at 28 months of age. These authors did not attempt to 
measure the size of the pores although they did record an 
apparent 'moderate' increase in size with age and in the 
discussion of their emphysematous animal they used the 
criterion of increased number of abnormally enlarged pores 
to diagnose the condition and differentiate it from the 
effects of ageing alone (Boren 1962, Gillespie and Tyler 
1972) .
Fisk and Kuhn included some SEM images in their original 
description of the blotchy mice (1976) but had not attempted 
any measurement of distribution or size of airspaces or 
pores of Kohn.

Busch et al (1984) used SEM and a technique of measurement 
very similar to mine in the light micrographs,(3a.13), 
utilising a transparent onlay which was placed over 
photographs of elastase and ammonium sulphate aerosol 
exposed rat lungs and their controls. The observers noted 
the chord length , using a three axis planimetric 
measurement across alveolar ducts and sacs deemed to be 
aligned correctly, avoiding oblique and eccentric chords but 
also measuring only those spaces where cut surfaces could be 
seen. Curiously they avoided measuring any space that they 
could not positively identify as an 'alveolar duct, sac or 
alveolus'. Whilst this would preclude them measuring vessels 
or bronchioles, it also prevented them measuring any space
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not easily assigned into any of those groups, which might be 
precisely those abnormal spaces in which one would be most 
interested. They state that they measured spaces at x 140 
but illustrate them at very low magnifications ( x 90 and 
150.) They attempted to measure only true cross sections 
rather than any ellipsoid or curved cylindrical structures. 
Their mean estimates were slightly higher than their median 
levels which would fit with data already examined in chapter 
2 which demonstrates the non parametric distribution of such 
data. Busch et al came to the conclusion that a determina
tion of the number of airspaces within a given field would 
also give a reliable estimation of the degree of involvement 
of the lung in emphysematous change. [ I would also endorse 
this finding, subjectively , the number of airspaces one 
was able to measure in any field varied with the degree of 
emphysematous change although I did not record the numbers 
of fields I was obliged to measure in order to record 200 
transect lengths.]
Busch et al (1984) also used an automated image analysis 
system to measure alveolar pores at a magnification of x 
1400 measuring ten pores per animal. They measured pores in 
a perpendicular plane to the axis of the section, finding 
that in elastase induced emphysema in rats whilst there was 
a significant increase in both pore diameter and circumfer
ence, that the increase in size was not a 'significant 
indicator for the degree of involvement'. Part of their 
difficulty may lie in the fact that they were comparing 
saline treated to elastase treated rats, which as has been 
shown in chapter 2, may be not be an appropriate comparison 
for the short-term , if not the long-term effects of instil
lation. They did comment that in the absence of emphysema it
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was difficult for them to count pore numbers, but questioned 
whether this was because of unfolding of the alveolar wall 
in their elastase instilled rats.
3b. 6 

SEM of the Charing Cross Blotchy mouse.
As stated above no previous quantitative study of the 
blotchy mouse using SEM has been reported.

As part of the anthropometric analysis and in order to have 
an overview of the naturally occurring disease, lungs from 
thirty four mice from the different animal phenotypes and 
genotypes were selected for SEM analysis. Six blotchy male 
(Bio Y) and four mice from the other phenotypic and genoty
pic groups were killed at ten weeks of age and in addition 
two wild male mice and four blotchy male (Bio Y) mice ( two 
inbred and two outbred) were killed at 180 days to assess 
the aging process in these mice.
After scruff of the neck induction and subsequent intraper- 
itoneal overdose of barbiturate anaesthetic the lungs of the 
mice were inflated with cacodylate buffered Karnovsky's 
fixative using a constant head apparatus to deliver the 
fixative as described in chapters 2 and 3a and illustrated 
in figure 2.1. The lungs were left in situ and instillation 
occurred through a paediatric cardiac catheter or 27 gauge 
tubing ligatured into a tracheostomy. Initially there was a 
beating heart. Cardiac activity stopped within one to two 
minutes of starting the instillation. The lungs were left 
in the chest cavity with the sternum excised for one to one 
and one half hours and then tied off, cut through the tra
chea above the ligature and transferred to a container full 
of fixative. This technique has the advantage that fixation
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occurs quickly but that as the lungs are not suspended the 
visceral pleura is not fixed and does not prevent the lungs 
from achieving a relatively normal degree of expansion 
without either under or over inflation.
After fixation the lungs were stored and then dehydrated, 
critical point dried and sputter coated with gold after 
mounting on stubs. They were examined either in a Cambridge 
(CXH) or Hitachi (I of 0) scanning microscope and fields 
were photographed with standard bar grid references for 
quantitation at x200 and x750 magnifications. Ten micro
graphs from each lung section using non adjacent fields were 
taken at each of the two magnifications on each lung of the 
thirty four animals examined and the resultant 680 prints 
examined as contact prints and plates. For this thesis the 
lower power micrographs illustrated in figure 3b. 1 were 
reprinted as half plates.
The original prints after enlargement were examined initial
ly by inspection for qualitative assessment and later by 
image analysis using a digitised tablet and cursor in a 
similar fashion to the light microscopy of lung sections and 
the results of point counting and transect length printed as 
histograms. Animals of all phenotypes were examined and no 
effort to choose photogenic areas was made. The prints were 
renumbered and randomised to avoid measurer bias.
3b.7 
Qualitative results of SEM analysis
It proved easy to recognise the animals with the Blotchy 
gene as the low-power (x 200) electron micrographs were 
quite different, as can be seen in the montage of hemizy
gous, homozygous and heterozygous animals compared to a 
control unaffected animal in figure 3b.1. In the normal
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Figure 3b.1
Composite scanning electron micrograph at low power, origi
nal magnification x 200, of lungs from a wild mouse and 
three affected blotchy mice, representing all phenotypes, at 
ten weeks: (a) Wild female mouse (b) heterozygous (Bio X)
female mouse, (c) hemizygous male (Bio Y) mouse, (d) homozy
gous (BloBlo) female mouse. The pattern of the alveoli is 
regular in the wild mouse and slightly irregular in the Bio 
X mouse. There is focal increase in size of the airspaces 
and the pores of Kohn are more prominent in this 
heterozygous mouse (b). The lungs of the hemizygous(c) and 
the homozygous mouse (d) also show irregularity and increase 
in airspace size. A bar mark of ISO/xm is present*
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animal ( Figure 3b.la) the pattern of alveoli is regular 
and orderly and large airspaces are unusual. There is a 
ciliated bronchus present within the picture and a moderate
ly sized vessel. Six or seven airspaces with a diameter of 
greater than ISO^m are present but most of the airspaces and 
alveoli are much smaller. In the heterozygous Bio X mouse 
lung,(Figure 3b.lb) whilst no bronchi are present it is 
apparent that parts of this lung are quite unlike normal. 
There is an increase in the number of large air spaces, one 
of which, cut somewhat obliquely, is much larger than any 
structure present in the control lung field. It presumably 
represents an enlarged alveolar duct. Many of the alveoli 
are of normal size. This mixture of features may arise as a 
result of lyonisation of the gene throughout the lung tis
sue. The two more affected animals with unopposed gene 
action, either because of unopposed X in the hemizygous 
male. Bio Y,(Figure 3b.Ic) or two copies of the gene, 
Blo/Blo, in the homozygous animal (Figure 3b.Id) show much 
greater numbers of large airspaces and fewer alveoli within 
the area surveyed in the photomicrographs.
Nine sets of SEM electron micrographs were randomised, 

renumbered by another colleague and looked at by me in a 
'blind' fashion. I was able to assign the animals into three 
categories, placing all of the affected (4) males and homo
zygous female (1) in one severely affected group, correctly 
assigning the controls (2) into another unaffected group 
and one Bio X, of the two included, into an intermediate 
group. The exception was another Bio X which was assigned to 
the control category, which as has been shown in the quanti
tative studies of light microscopic sections in chapter 3a 
may not have been a grave error given the variation in
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heterozygous animals as a result of lyonisation. The possi
bilities of correct identification being due to chance were 
14 in 2187 so that p = 0.0065 in this qualitative assignment 
study.
As stated above in the animals examined at ten weeks there 
were marked differences in the hemi and homozygous animals 
when compared to their wild controls. There was an apparent 
increase in the airways of the size of alveolar ducts and 
fewer true alveoli could be distinguished.

Fisk and Kuhn had referred to shallow alveoli with 
shortened interalveolar septa in their blotchy mice and 
noted occasional enlarged septal pores. In order to assess 
this point the higher power micrographs taken at x 750 were 
examined.
In the normal wild mice at ten weeks (Fig 3b.2) the alveoli 
were quite regular and the pores roughly similar in shape. 
In the heterozygous mice (figs 3b.3 and 3b.4) some increase 
in airspace areas is seen and many of the pores have become 
more elongated whilst others more akin to fenestrae (seen 
best in figure 3b.4) have become more complex, as if coales
cence has occurred.
This feature is much more marked in the hemizygous mice 
(fig 3b.5) where larger, shallow saucer-shaped alveoli can 
be also be seen. The alveoli from both types of affected 
mice appear to contain more pores and fenestrae, giving a 
colander like appearance. The examples from the homozygous 
mice (figs 3b.6 and 3b.7) show a marked increase in the size 
of the alveolar ducts, with smooth walls and covering or 
occlusion of some of the pores by a membrane, possibly 
residual surfactant material. The complexity of the connec-
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Figure 3b. 2
Higher power micrograph of lung of wild mouse at ten weeks, 
showing remarkably uniform alveoli. The pores of Kohn are 
not enlarged and the pattern of distribution of the alveoli 
is regular. (Original magnification x 750; bar mark in 
legend 4 0/Ltm)
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Figure 3b.3

Heterozygous mouse lung at the same magnification as 3b.2 
but showing a much more irregular pattern of airspaces which 
vary more in diameter. The pores of Kohn are more prominent 
and appear more numerous.(Original magnification x 750, bar 
mark 40^m)
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Figure 3b.4
Another heterozygous (Bio X) animal at ten weeks with an 
area of persistent more normal appearing alveoli in the left 
lower part of the print, but also showing the variation of 
airspace diameter observed in 3b. 3. in part of the lung 
presumably affected to a greater extent by the effects of 
lyonisation of the affected X chromosome.( Original magnifi
cation X 750; bar mark in legend is 4 0/im)

228



I

s .

Figure 3b.5
Hemizygous male mouse ( Bio Y) lung at ten weeks with an 
increase in air space diameter and a range in the size of 
the pores of Kohn, which also appear to be more numerous 
than in the wild control (3b. 2) The number of air spaces of 
alveolar size appears reduced.( Original magnification x 
750; bar mark in legend is 40/Ltm)
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Figure 3b.6
Homozygous (Bio Bio) mouse lung at ten weeks at same magni
fication as figures 3b.2, 3b.3, 3b.4, and 3b.5. This animal 
shows enlarged and possibly coalescent air spaces. The pores 
of Kohn are not as prominent as in some of the other affect
ed animals but the number of air spaces of alveolar size is 
reduced and the number of larger airspaces increased. 
(Original magnification x 750; bar mark in legend on print 
AOfim)
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Figure 3b.7

Another homozygous (Bio Bio) mouse at ten weeks whose lung 

shows more airspaces of alveolar size . The alveoli are 

saucer shaped and adjacent to larger airspaces which have

many airspaces opening off them. There is variation in the
size of the pores of Kohn. (Original magnification x 750;

bar mark in legend on print is 4 0jLtm)
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Figure 3b.8
Scanning electron micrograph of hemizygous (Bio Y) male 
mouse at 180 days. In this older mouse there is persistence 
of the pattern of irregularity of airspace size seen in the 
younger mouse (3b.5) and many large defects are seen in the 
alveolar walls. These appear to be large and irregular pores 
of Kohn, but may represent acquired defects. The amount of 
alveolar wall available for gaseous exchange in this animal 
is severely reduced.(Original magnification x 750; bar mark 
4 0/xm)
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tions between adjacent airspaces is seen especially well in 
the 180 day male Bio Y mouse illustrated in figure 3b.8. In 
this picture it is almost impossible to decide whether the 
larger airspaces are alveolar ducts or enlarger alveoli.

3b.8
Quantitative assessment of the lungs of the Blotchy mouse

The technique of counting alveolar pores described by Ranga 
and Kleinerman (1980) on normal mice and used by Busch et al 
(1984) on instilled rats was not as easily performed in 
these mouse lungs with apparent emphysema where the alveoli 
were more distorted and coalesced. In addition having col
lected the data and shown differences in the various groups 
of animals using light microscopy I thought there was little 
to be gained from measuring spaces at a higher magnification 
but where it was less easy to establish whether an air space 
had been cut at right angles to the surface and where the 
depth of focus which gives the technique its descriptive 
advantage proves more troublesome when measurements of 
length are to be attempted. Similarly I did not think that 
attempting to measure the area or dimensions of alveolar 
pores or fenestrae was likely to be very accurate as these 
structures lie at varying depths of focus and are distorted 
by perspective. The advantages of the SEM when it comes to 
counting these objects at varying depths is not to be under
estimated and therefore the quantitative analysis of these 
sections was confined to assessment of frequency of inci
dence not size.
Data were collected on the distribution of airspaces of 

varying types using the low powered micrographs (x 200) to 
assess the presence of ciliated bronchi, alveolar ducts, and
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alveoli. One arbitrarily selected micrograph from each of 
the twenty six mice analysed at ten weeks was examined and 
the data collected using a point counting option to categor
ise the structures and produce a histogram of the pooled 
mean data. The results of this count and the assessment of 
the numbers of alveolar pores or fenestrae are shown in 
figure 3b.9. The number of pores was similarly collected 
from one arbitrarily selected print of the group of micro
graphs taken at x 750.

3b.9 
Results
The number of alveoli in the homozygous mice (Blo/Blo) was 
reduced compared to all other groups but the number of air
spaces of the size of alveolar ducts was increased. This 
observation is consistent with the observation that the 
number of pores of Kohn is also reduced in the homozygous 
animals. As more of the airspaces appear to be of the larger 
type, the area of the wall will have fallen and the amount 
of space available for pores to exist or for fenestrae to be 
formed will have declined.
It can also be seen from this figure (3b.9) that the criti
cism levelled by Thurlbeck (1989) and discussed in chapter 
3. a that the blotchy mouse is not emphysematous but that 
lung growth and in particular the growth in number of alveo
li is compromised appears not to be so from this data. The 
number of alveoli in the Bio Y male mice is not significant
ly different from the male control mice, nor is the number 
of pores of Kohn, at ten weeks. The consistent discrepancy 
in the counts in the homozygous mouse, leading to more large 
airspaces and fewer pores of Kohn, outlined above may indi-
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Figure 3b.9
Histogram of data obtained by low and high power counting of 
the distribution of airspaces in young blotchy and control 
mice at ten weeks.
Most of the data is not significantly different except for 
the number of alveoli in the homozygous mice (p<0.005)
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cate that the effect of two copies of the gene may affect 
the lung phenotype worse than one unopposed copy.

3b. 10 
Conclusion
The affected mice examined at ten weeks show that there is a 
evidence of a change in the number of alveolar ducts and in 
the shape of the alveoli. In the homozygous mice there is an 
increase in numbers of airspaces of the size of alveolar 
ducts and a fall in numbers of alveoli, whilst in the hemi
zygous mice the number of alveoli does not appear to de
crease as much as in the Bio Bio mice. There is however a 
small fall in the number of alveoli and a concomitant rise 
in number of alveolar ducts. The number of pores of Kohn is 
not affected in the male animals. In the heterozygous female 
mice, where there is the possibility of lyonisation, the 
number of alveoli is not reduced nor is the number of pores 
of Kohn in comparison to the wild female mice of the same 
age.
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Chapter 4.
Effects of instillation of human neutrophil elastase on 
blotchy mouse lungs. 

4.1 Introduction
In the preceding chapter the appearances and distribution of 
airspaces in the naturally occurring disease in the blotchy 
mice of all genotypes in comparison to wild controls is 
described. The results showed that there is an increase in 
airspace transect size modulated by the gene Bio on the X 
chromosome. In order to establish whether this naturally 
occurring enlargement could be further modified by the 
effects of an endogenous elastase or whether these changes 
limited the development of further increase in the size of 
airspaces distal to the terminal bronchioles, mice of all 
genotypes and phenotypes were subjected to instillation.
We chose to use a human leucocyte elastase (HLE) in contrast 
to the purified porcine pancreatic elastase which was used 
in the rat experiments detailed in chapter 2. This choice 
was made because of awareness of criticisms made of animal 
experiments (Kuhn et al 1980) using an essentially exoge
nous elastase of a type unlikely to be involved in the 
evolution of naturally occurring emphysema.
There has recently (Tetley 1992, Hubbard et al 1991) been a 

swing away from the theory that HLE is the main source of 
proteolytic and elastolytic enzymatic activity in the lungs 
of smokers that get emphysema and a corresponding increase 
in the putative role of the alveolar macrophage, and other 
inflammatory cells and lung structural cells capable of 
releasing proteases. Despite this the neutrophil and its 
major enzymes, elastase (HLE), cathepsin G, collagenase.
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gelatinase, proteinase -3 and plasminogen activator have all 
been extensively investigated in the naturally occurring 
disease and in the case of HLE as experimental model instil
lâtes. Although the major substrate for HLE is elastin, 
other connective tissue moieties such as types I-IV colla
gen, fibronectin, laminin and lung proteoglycans can also 
act as substrates. The immunohistochemical evidence for 
localisation of HLE (Daminano et al 1986) on to elastic 
fibres has been challenged (Fox et al 1988) but clinical 
studies continue to show increased numbers of neutrophils in 
BAL fluid. An increase in the neutrophil elastase load 
coupled to a decrease in inhibition of the enzyme has been 
shown clinically to correlate with the severity of chronic 
obstructive disease (Fujita et al 1990). Tetley (1992) also 
cites data from studies in alcoholic patients, who 
interestingly get less emphysema, and who also have with 
impaired neutrophil elastase function.
Leucocyte elastase instillation has been extensively used 
both in vitro and in vivo ( Kuhn, Yu, Chraplyvy et al 1976; 
Senior, Tegner et al( 1977) and Snider, Lucey , Christensen 
et al ( 1977) both in hamsters) ; Sloan et al 1981, (in
dogs); Snider, Lucey and Stone 1986) although the effects of 
neutrophil elastase are not as potent as PPE (Lucey, Stone 
et al 1988) . We wanted to examine the effects of instilled 
HLE on the mouse model using the enzyme both on normal 
control mice and in the mice with an inherent 
predisposition to lung disease, as part proof of my hypothe
sis that loss of structural integrity or abnormal repair 
mechanisms for structural proteins may explain the selective 
vulnerability of some smokers to develop emphysema. If it 
were possible to increase the effects of an exogenous elas-
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tolytic agent such as HLE in the blotchy mouse this would 
support the theory.
The failure of HLE to induce as much emphysema as PPE 
(Senior et al 1977) can be ascribed in part to the haemor- 
rhagic effects on the lung, increasing the antielastolytic 
load, and also in part to the enzyme’s effect on the walls 
of the airspaces. Snider (1986) describes the greater de
struction of the alveolar wall in HLE instillation which 
although it may expose more elastic tissue for binding, in 
addition strips off the very cells in which pinocytotic 
transport of the enzyme would normally be expected to occur. 
Other naturally occurring potentiating factors (Lonky and 
Wohl 1981, Lonky and McCarren 1983) may also be lost if 
haemorrhage ensues after instillation of HLE.

4.2
Experimental protocol
Blotchy and control mice were to be instilled with human 
neutrophil elastase or saline at the ages of three and six 
weeks in order to assess by morphological and biochemical 
analysis whether there was any effect on weight and the 
naturally occurring change in the distribution of airspace 
size and the biochemical data with respect to protein, DNA 
content, hydroxyproline and desmosine in these mice. The 
biochemical analyses were carried out by Gary Phillips using 
the methods described in chapter 3a.12 and the relevant 
appendices.
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4.2a
Method
Experiments were carried out at three and six weeks. In 
order to collect the morphological data there were three 
animals in each group of mice. Mice of the hemizygous male 
Blo/Y, heterozygous female Blo/X and homozygous Blo/Blo 
female genotypes were to be compared to wild males and 
females of the same age and to the control data obtained 
from the animals described in chapter 3. Mice were instilled 
with human leucocyte elastase or saline as described below. 
For the biochemical analysis there were five animals in each 
group all of six weeks of age.
One hundred microlitres of 1.6mg/ml human leucocyte elastase 
or sterile 0.15 molar saline was instilled into the animals 
under cover of 0.05 ml of anaesthetic , a mixture of subli- 
mase, hypnodil and water for injection (in volumetric pro
portions (v/v) 1:4:15). They were allowed to recover for
seven days and then killed, those for morphological examina
tion by overdose of anaesthetic as described in chapter 3 
and those for biochemical analysis by carbon dioxide asphyx
iation.
The instillation at three weeks proved extremely problemat
ic for a variety of reasons. Several of the animals died 
before the week after instillation had elapsed, two were 
autopsied, both had signs of pneumonic consolidation. Data 
are only shown in respect of the blotchy male mice and wild 
controls, where sufficient numbers were obtained. It was 
decided to abandon the three week experiment for reasons of 
animal wastage and difficulties in inflation using the 
apparatus at the preselected pressure in these very small 
mice. By six weeks consistently good filling of lungs with
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the fixing fluid was achieved and data on all types of mice 
was obtained.

4.2b 
Results
The animals that had received instillations did not vary 
from their sibling controls with respect to body weight 
(data not shown). After instillation, both hemizygous and 
homozygous blotchy mice had significantly heavier lungs than 
their untreated genetic controls; (p < 0.05). The lyonised 
heterozygote animals did not show this change in lung wet 
weight (Figure 4.1) and the lungs from the animals with the 
wild phenotype were not heavier one week after instillation 
than their controls.[data shown + SD]
4.2b.1 
Lung protein and lung DNA

The human elastase treated homozygous and hemizygous 
Blo/Blo and Blo/Y animals had significantly more protein 
than the wildtype or heterozygote mice. Interestingly the 
saline instillation did not result in a significant change 
in the lung protein (Figure 4.2) in these Blo/Blo:Blo/Y 
mice but had a slightly greater effect on the heterozygotes. 
The lung DNA will reflect the effects of any recruitment of 
neutrophils to the tissue but the measurement of lung DNA 
did not show any significant differences to exist between 
instilled animals using either instillate, in comparison to 
their age and genematched controls (data not shown) which 
were illustrated in figure 3.a.7.
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Figure 4.1
Histogram showing the lung wet weight with and without 
instillation
Blo/Y and Blo/Blo animals' lungs were significantly heavier 

than controls (p< 0.05) . The data in the wild mice shows a 
fall but this is not significant [Data shown + SD].



Lung wet weight after Instillation
Figure 4.1
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Figure 4.2
Histogram of lung protein in mg after instillation 
The data [+SD] shows the reduced lung protein in the smaller 
blotchy animals that have not been instilled. Instillation 
with elastase causes a rise in lung protein in the homozy
gous and hemizygous mice and saline a rise in the Blo/X 
mice.



Lung protein after instillation
Figure 4.2
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4.2.b.2
Lung hydroxyproline and desmosine after instillation of 
human leucocyte elastase or saline.
The data for hydroxyproline is shown in figure 4.3. The 
elastase treated lungs contained less hydroxyproline than 
control untreated lungs of six or eight week animals. This 
result is significantly different in the Blo/Blo:Blo/Y group 
and the saline-instilled animals from this group also had 
less hydroxyproline than their untreated controls. What is 
interesting is the fall in hydroxyproline across the board 
in these animals, which appears to be as marked in the wild 
animals as in the animals with the Bio gene so that the 
significantly different results seen especially in the six 
week untreated animals appear to be eroded by the instilla
tion technique.
The data for desmosine in the instilled animals, which 
failed to show a difference between instilled and non-in- 
stilled animals is not shown.
4.2.b.3
Lung volumes in instilled mice.
No significant change in lung volumes using the displacement 
apparatus illustrated in figure 3.17 was shown in any of the 
groups of instilled animals (data not shown).

4.2.C
Discussion of biochemical results of instillation experiment
This data has shown that there is an increase in the lung 
wet weight in the animals expressing the Blotchy allele 
alone with a concomitant increase in the total protein, but 
not in the amount of DNA extractable. Phillips' data sug
gests that this increase in total protein is not due to an
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Figure 4.3
Histogram of hydroxyproline levels with and without instil
lation

The use of the HLE caused a fall across the board of hydro
xyproline. Saline also produced a similar effect but had a 
less great effect on the Blo/X mice.



Hydroxyproline after instillation
Figure 4.3
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increase in mature elastin or collagen. There is in fact a 
fall in the amount of collagen using hydroxyproline as a 
marker, but there was no discernible difference in the 
desmosine levels which would indicate turnover of elastin. 
This apparent anomaly with regard to the amount of collagen 
lost when human leucocyte elastase is used as an instillate 
will be discussed further in chapter 5. The remainder of 
this chapter will deal with the morphological analysis of 
the lungs of animals similarly instilled with HLE and saline 
and examined using the technique described in chapter 3a.13.

4.3
Morphological analysis of instilled animals' lungs using 
image analysis.
The animals examined after instillation of elastase and 
saline were examined after fixation with Karnovsky fluid 
using the methodology described in the preceding chapter. 
The results of the cumulative ogive plotting are displayed 
in the figures 4.4-4.8.

4. 3a
Results of ogive plotting of instillation data

Not all the animals could be examined at three weeks due to 
the limitations of the technique of inflation with the 
fixative and the results of the instillation were not as 
quite as marked as in the six week old mice. This might be 
due to failure of instillation or reflect a greater propen
sity to prevent damage. The data for this limited group of 
male animals are shown in figure 4.4. Although there is 
some shift of the curve to the right in the blotchy male
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Figure 4.4
Ogive plot to show effects of instillation
This rather confusing graph shows that treatment with 
elastase slightly but not significantly alters the distribu
tion of airspaces in the Blo/Y mice but does not have as 
marked an effect as the gene itself, since all blotchy male 
mice, with or without elastase showed an increase in larger 
airspaces. Treating the wild mouse with elastase also pro
duced a significant difference from control (p<0,001)



Instillation at 3 weeks
Figure 4.4 male mice
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Figure 4.5
Effects of instillation of saline and HLE on wild female 
mice at six weeks.
At six weeks the HLE produced a dramatic effect on wild 
female mice, much greater than the effect of saline, which 
was however significant.



Instillation data at six weeks
Figure 4.5 wild mice
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Figures 4.6, 4.7 and 4.8
The effect of instillation on Blo/Blo and Blo/X mice

That it is possible to damage further lungs that are al
ready significantly different from controls is illustrated 
in this figure which shows that the 'double gene-dosed' 
female mouse lungs are capable of response to the exogenous 
elastase stimulus and the airspaces become larger. A similar 
pattern of response is seen in the Blo/X mouse lungs treated 
with HLE.



Instillation at six weeks
Figure 4.6 Blo/Blo female mice
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Instillation at six weeks
Figure 4.7 Blo/X mice
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Instillation at six weeks
Figure 4.8 female mice of all types
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Blo/Y animals instilled with the elastase there is no degree 
of significant difference between the three curves, elastase 
or saline instilled compared to control Blo/Y mice. However 
all are significantly greater than the wild male mouse 
instilled with elastase control which shows some shift away 
from the untreated control wild male mouse but not as marked 
a separation in the upper part of the plot where the two 
curves coincide.
Six week data
All pheno and genotypes of animals were successfully in
stilled and one week later inflated with fixative. In figure 
4.5 it can be seen that there is an effect of instillation 
in the animals without the allele for Blotchy. The human 
leucocyte elastase treated wild type animals have a highly 
significant increase in air space transect size. There is 
also an effect of saline alone ( as might have been predict
ed from the data on the rats described in chapter 2).
The Harvard Graphics package precludes plotting more than 
eight curves simultaneously but the curves for the animals 
homozygous for Blotchy show that at six weeks it is possible 
to increase the size of the transects across air spaces by 
instilling elastase (and saline) and that these animals 
which already have inherent lung abnormalities can have them 
augmented by instillation (Figure 4.6).
The heterozygous female animals can also be significantly 
affected by the use of instillation as shown in figure 4.7. 
The effect of saline is again observable. These animals have 
less inherent lung abnormality due to the effect of lyonisa- 
tion but appear to be affected by instillation in a similar 
fashion as the wild type and homozygous animals. Figure 4.8 
illustrates this point. The curve for the untreated wild
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female animals lies furthest to the left, being less than 
the curve for the control, untreated heterozygous mice. 
Blo/X control mice have a similar distribution of airspaces 
as the wild mice instilled with saline. Both are less than 
the heterozygous Blo/X mice instilled with saline, whose 
curve is similar to the control, untreated homozygous 
Blo/Blo mice. Saline instillation into homozygous mice 
shifts the curve to the right, but not as much as elastase 
instillation into the heterozygous mice. The greatest shift 
in the distribution of airspace size is seen in the Blo/Blo 
mice treated with elastase.[ WF< Blo/X control = WF saline < 
Blo/Blo control = Blo/X saline < Blo/Blo saline < Blo/X HLE 
< Blo/Blo HLE].

Data on the male mice at six weeks is not illustrated but 
there were similar curves in the wild type male mice when 
instilled were compared to untreated mice and the hemizygous 
Blo/Y male mice responded to instillation in a similar 
fashion to the homozygous Blo/Blo mice, as might be expect
ed.

4.4

Discussion of morphological data from instillation experi
ment using HLE and saline.

The image analytical technique and the plotting graphically 
illustrates significant differences between groups of ani
mals. This is a sensitive method of analysing and displaying 
changes between the various pheno and genotypes that have 
been subjected to instillation.
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The instillation of the enzyme resulted in a change in 
distribution of airspaces in all types of animal. The 
change was proportionally greater in the wild mice such as 
those illustrated in figure 4.5, than in those animals which 
already had genetically determined lung disease. The effect 
of the Bio allele alone is to increase the number of large 
airspaces as was shown in the last chapter and these lungs 
may have immature elastic networks with crosslinking occur
ring later and more slowly than in the wild controls. The 
lungs from the animals with the Bio allele could therefore 
be less vulnerable to the effects of instilled elastase, 
which is assumed to target the mature form of elastin and 
has been demonstrated in clinical studies (Damiano et al 
1986) to be bound to the elastic fibres although this has 
been disputed by other workers in the Charing Cross group 
(Fox, Bull et al 1988).
This experiment used HLE rather than the more widely used 
PPE. HLE or human neutrophil elastase (HNE) as it is also 
known as , has, in short-term human lung culture, been shown 
to result in less and slower binding to elastic fibres 
(Snider et al 1991). Studies in the hamster model have shown 
that PPE is taken up by pinocytotic vesicles (Morris et al 
1986) and is able to penetrate the interstitium to a great
er extent than HLE, which conversely results in greater 
epithelial damage, thus effectively preventing such uptake. 
In the mouse there may be a further problem with the use of 
HLE. Work on the tight skinned mouse (Gardi et al 1990) has 
shown that there is an unexpectedly high affinity for murine 
collagen in the case of HLE when compared to other elas- 
tases. This increased affinity may explain the fall in lung 
collagen measured by Phillips (4.2.b.2) and the marked
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effect in the wild-type control animals if there is concomi
tant change in the collagen network as well as affinity for 
mature elastic tissue, the enzyme effectively having two 
targets despite having been purified: this duality echoes
back to the early days of instillation induced emphysema 
when enzymes such as papain were less selective as discussed 
in chapter 1.
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CHAPTER 5
Concluding discussion.
In chapter 1 the aims of this thesis were listed. This 
final chapter will attempt to assess whether those aims were 
achieved and to present an overview of the three experiments 
presented in the preceding chapters. The discussion will 
address three questions , the relevance of the animal models 
chosen, the validity of the morphometric data and the 
implications of the biochemical results.
5.1
Recapitulation of aims and summary of results
I wished to evaluate two distinct animal models of emphyse
ma; using the Wistar rat (thought not to have inherent lung 
disease) and the Blotchy mouse (an animal known to have a 
defect in copper metabolism, leading to lysyl oxidase defi
ciency) and examining the effects of instillation of an 
elastase into these animals.
Experiment 1 on the rat model is described in chapter 2.
I was able to show that instillation of purified pancreatic 
elastase (PPE) was able to produce an increase in airspace 
size, measured by computerised image analysis of the trans
ect length analysed using non parametric statistics and 
displayed graphically using an ogive plotting method. In
stillation of saline, previously used as a control and 
assumed to have a negligible and transient effect, also 
produced significant (although lesser) change in airspace 
size. The parallel biochemical analysis showed an increase 
in desmosine excretion, used as an independent marker of 
elastolysis, following instillation.
Multiple (triple) instillation in these animals had a great
er cumulative effect than a single bolus and this was borne
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out by the desmosine excretion which became significantly 
greater in the animals that had received three doses of PPE. 
The effects of triple doses of saline were however much 
greater than might have been conjectured from other au
thors' work. Moreover the waning effect of a single PPE 
bolus instillation measured at four and six days suggested 
great 'plasticity'of the rat lung with an ability to repair 
and renew damaged connective tissue. My conclusion was 
therefore that I could produce a measureable effect on 
distribution of airspace size and lung connective tissue 
using a low dose of exogenous elastase but that these ef
fects might be more transient and the effects of the techni
que of instillation more traumatic than previously supposed. 
Experiment 1 established the efficacy and sensitivity of 
the ogive plotting and nonparametric analysis of computer
ised image analysis of transects across airspaces as an 
index. Estimation of desmosine excreted in urine was used as 
an independent method of assessing breakdown of elastic 
tissue within the lungs. The appropriateness of using an 
exogenous pancreatic elastase to induce lung disease has 
been questioned before and in experiment 3 a leucocyte 
elastase was used as the instillate into the Blotchy mice.

Establishing and outbreeding Blotchy mice to produce all 
genotypes including the homozygous female Blo/Blo mouse was 
the aim of experiment 2. This breeding experiment was suc
cessful, providing homozygous female and hemizygous male 
animals that phenotypically were small, with uniformly pale 
coats, heterozygote female animals that had a mixed coat 
colour and the wild phenotypic male and female control 
agouti mice. The outbred males were robust and the death
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rate from aneurysms, previously described in inbred males, 
was not increased.
In order to use these mice as an experimental model for 

elastase instillation it was important to determine the 
level of 'background' inherent lung disease in mice of all 
phenotypes and genotypes using the form of image and sta
tistical analysis of air space size used in the rat model 
and to compare and contrast this data with biochemical 
analyses of lung structural proteins and their breakdown 
products. These findings in normal mice are described in 
chapter 3a and scanning electron microscopic findings show
ing increased airspace dimensions and abnormally shaped 
alveoli and alveolar ducts are described and discussed in 
chapter 3b. The effects of lyonisation of normal and abnor
mal alleles for the gene Bio in the heterozygous mice had 
not been previously commented on as having an effect on the 
structure of the lung, but both the transect data and the 
SEM illustrated that these mice form an intermediate (and 
variable) group differing from both the the wild mice and 
the homozygous and hemizygous animals.
Chapter 4 examined the effects on young mice of instillation 
of human leucocyte elastase and saline. The results showed 
that instillation of elastase of an analogous type more 
likely to occur within the lung (unlike PPE), did produce 
changes in the distribution of airspace size in all pheno
types. These were again measured using the image analysis 
and ogive plotting technique coupled to non parametric 
statistical analysis. The biochemical analyses of lung 
structural proteins carried out in parallel showed that 
there was an unexpected fall in lung collagen, especially 
prominent in the wild control animals, as measured by hydro-
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xyproline in instilled animals but that the results for 
desmosine were not significantly different in instilled and 
untreated animals.

5.2
Elastase induced emphysema
Elastase induced emphysema has been an experimental model of 
emphysema for many years (see 1.7). Leucocyte derived elas- 
tases have been instilled as crude homogenates (Mass et al 
1972, Fonzi and Lungarella 1979) or as purified elastases 
(Janoff et al 1977, Senior et al 1977, Snider et al 1984 ) 
such as the HLE used in experiment 3. The resulting decrease 
in lung elastin, increase in airspace size and volume shown 
by these authors is much less great than the effects on lung 
tissue produced by the 'exogenous' enzyme PPE although 
their ' half-life' in the lung is similar (Stone et al 
1984) . There may be substrate preference (Senior 1976) and 
the failure for HLE to be transferred into the alveolar wall 
by pinocytosis has been discussed.

In choosing an experimental technique to evaluate with a 
novel method of measurement, it was important to choose a 
method and model which had been the subject of many publica
tions. This was the rationale behind the choice of the 
Wistar rat and PPE instillation. The data we obtained were 
both sufficiently similar to other workers findings and yet 
dissimilar in that we were able to discern more subtle 
changes in some animals especially those undergoing saline 
instillations. Having established that we could for the most 
part support other workers findings (see chapter 1.8a and
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2.1) in the rat and that we could extend the sensitivity of 
establishing changes in air space distribution using the 
novel measuring technique, that were difficult to discern 
subjectively it was necessary to see whether the technique 
of elastase and saline instillation could alter the statis
tically different changes I had been able to document in the 
varying phenotypes of blotchy mice (chapter 3a and 3b).
The first questions that were addressed were whether elas
tase instillation is an effective technique at producing air 
space alteration and is it a representative model ? 
Experimental emphysema models using instillation techniques 
have shown that the elastase is rapidly cleared from the 
lung, being absent after four hours (Kaplan,Kuhn and Pierce 
1973). Pressure volume curves are shifted to the left at 
three weeks and continue to move in this direction for up to 
a year after a single insult (Snider and Sherter 1977 and 
Snider et al 1977) . Despite this the net loss of elastin, 
which is maximal at three days, is transient, normal values 
returning by three weeks or thereabouts. This effect can be 
counteracted by administration of oral synthetic elastase 
inhibitor (Janoff and Bearing 1980). There is also a contem
poraneous suppression of elastin synthesis which continues 
for a longer period and may last for three months. These 
facts are consistent with the hypothesis that there is 
extensive remodelling of the elastic moieties in the lung, 
evidenced by loss followed by an irregular rearrangement of 
fibrils examined using TEM. Resynthesis of the structural 
proteins of connective tissue can occur without architectur
al preservation (Sandberg et al 1981) and the homeostasis of 
chemical quantitative integrity does not necessarily imply 
similar structural qualitative maintenance. The formation of
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a scar may disrupt the host tissue so much that normal 
function can never be reattained. This phenomenon is seen 
most vividly in the cornea or in cardiac muscle but even in 
the lung where it is not usual to think of emphysema as a 
scarring disease the rearrangement of even such a relatively 
simple structure as elastin after exogenous elastase may 
result in loss of continuity between collagen -elastin 
meshworks and disruption of the intervening proteoglycans.

5.2a 
The rat model
In the rat experimental model used here the biochemical 
analysis of desmosine showed that a single bolus of 18 
units of elastase caused elevation of this breakdown product 
in excess of the saline treated animals and their untreated 
controls by the second day. This excretion remained higher 
at a level of 1.478 nmols of desmosine per day . This result 
is unlike that of Kuhn et al (1983) who demonstrated a 
tripled excretion rate within 24 hours that returned to 
their control rate within one week. Several possible reasons 
for this discrepancy exist; these investigators used a 
hamster model and their doses of elastase were higher. In 
addition the amount of desmosine recovered from this type 
of experiment by urine collection is only a partial record 
of the degree of elastolysis. Goldstein and Starcher (1978) 
showed that only 40% of desmosine calculated to have been 
produced judged by the amount of elastin lost can be reco
vered and in our pilot study on the rat only 33% of the 
calculated value was recovered (T. Tetley personal communi
cation) .
Species variability may also be an important factor. The
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hamster is thought to have naturally occurring lower levels 
of serum alpha 1 proteinase inhibitors and this could ac
count for a more rapid rise in urinary excretion of desmo
sine. Janoff's group's (1983) experimental animal was the 
sheep and after a much higher dose (1000 units) into one 
lung, this group also showed a rapid rise of urine desmosine 
at 24 hours. Our group chose to monitor the effects of a 
much smaller dose of elastase in a rat model but produced a 
more longlasting effect. This prolongation might be due to 
greater retention of the elastase than in other models, to 
lessened clearance, or alternatively production of a range 
of sizes of elastin remnants not all of which are cleared at 
the same rate. Stone et al (1982a) demonstrated alpha 2- 
macroglobulin-elastase complexes in the hamster. Variable 
breakdown of similar complexes in the rat with prolonged 
release of elastase could account for a more constant pat
tern of elastolysis.
Clearance could also be a reflection of macrophage activ
ity; the Sandhaus and Janoff rat data (1982) showed that 
labelled elastases could be demonstrated within lung paren
chyma up to two weeks after instillation but that there were 
several fates for instilled PPE . They used 25 units, which 
is not a too discrepant dose for comparison with our data. 
Over half of the instillate was present at 7 hours but most 
was contained within macrophages rather than in or on alveo
lar walls. These authors thought that rat was a more aap- 
propriate model for human disease compared to hamster, 
citing the similarity of the use of al-AT as the primary 
defence system of the lung and the vulnerability of the 
human and rat al-ATs to inactivation by chloramine-T in 
contrast to that of the hamster.
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Whilst there appears to be a general agreement about the 
fate of PPE and the eventual localisation of at least some 
enzyme within the interstitium, not all authors agree that 
there is a similar localisation of neutrophil elastase to 
elastic fibres, conflicting views being expressed by Damiano 
et al (1986) and others from our group (Fox, Bull et al
1988) .
The effects of instillation have been described as including 
an initial intraalveolar haemorrhagic phase with oedema of 
the interstitium and around the bronchi and vessels (Busch 
1984). These authors observed these phenomena in both saline 
and elastase treated rats. In their saline treated animals 
they did not see any recruitment of polymorphonuclear cells 
or macrophages. In their introduction to their methods they 
admit that in pilot studies, the mortality amongst the 
Sprague-Dawley rats was so high, despite SPF status and 
three week isolation that subsequent rats had to be given 
tetracycline antibiotic cover to prevent the development of 
suppurative pneumonia. The organisms that were cultured were 
Pseudomonas and Staphylococcus, The volume of their instil
late was much higher than ours however. In contrast to our 
SOOjLil of saline or elastase they were using varying volumes 
ranging from 0.91 to 1.9mls, which represents a much larger 
ratio of instillate to lung volume. (In bronchioalveolar 
lavage of rats, 6-8ml, immediately recovered, is used to 
wash out the lungs, this is an amount that does not drown 
the animal.T Tetley, personal communication).

5.3
Discussion of measurement of emphysema in these models.
The measurements of lung transects in chapters 2,3 and 4 use
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a technique of measurement in which the theory behind the 
technique is similar to that evolved in point-counting using 
the Delesse principle and developed by Dunnill. It has been 
asserted that quantitative studies of emphysema must circum
vent the problems of inappropriate sampling avoiding obser
ver error or bias and selection of a method has previously 
been determined by whether extent or severity of the degree 
of emphysema is to be measured (Busch et al 1984) . These 
authors used four differing techniques including mean chord 
lengths in a conventional Weibel (1963) parallel line array 
and a 'sextant' like pattern and a four cornered grid which 
was unable to measure alveolar ducts and sacs in the same 
fashion as other airspaces, which was an unfortunate pair of 
exceptions since these are airspaces one is most likely to 
want to measure. Their criticism of parallel measurement was 
the bias in terms of direction and possible compression. In 
the series of measurements reported here no consistent bias 
as to directionality was observed and was unlikely given the 
non-orderly arrangement of the lung sections on to the 
slides and the lack of preselection by the measurer before 
air spaces underwent quantitative analysis. No subjective 
analysis as to the presence or absence of emphysematous 
change was made at the time of analysis, the lung sections 
were projected or 'grabbed' and digitised and the only 
requirement was that the lung should have become inflated 
during fixation. If lungs did not inflate whilst under the 
head of pressure then extensive analysis was not performed. 
Some of these lungs were examined at a later date when I 
reviewed the entire series subjectively using a conventional 
microscope. In cases when inflation to the desired degree 
had not occurred there had been pleural tears and in others
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problems of tying in the tracheostomy tube ( I think it 
unlikely that this led to any selective bias, i.e. choosing 
lungs that inflated easily, as these mechanical problems do 
not relate to the inherent distensibility of the lung, but 
to the clumsiness of the operator in initiating inflation 
and fixation).

5.3a 
Advantages of the method
If emphysema as a destructive process is to be measured, 

some estimation of the loss of alveolar wall is essential. 
The effect of loss will change the ratio of tissue to air
space and this can be recognised as increased separation 
between the gas-exchanging surfaces across the airspaces 
which become larger by coalescence. In a point counting 
technique, using a method when the number of intercepts made 
by a standard straight line is counted, the loss of tissue 
becomes apparent when the number of 'hits' on alveolar wall 
goes down and the number of points that fall on air-space 
goes up. Whilst this is an accurate form of measurement, 
particularily if a large number of points are counted over 
multiple fields, it is a very tiring, repetitious procedure 
and more subtle changes may be missed: I am certain that
this is the reason that changes in the hetereozygote animals 
have not been commented on before.

A similar estimate of the change in ratio of tissue to 
airspace is achieved when the length of a straight line 
crossing the altered airspace is measured in comparison to 
controls. The advantages of semi-automated image analysis 
are firstly that the measurements can be made directly off
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the projected or televised image which is magnified to a 
size where the accuracy of measurement is sensitive and 
reproducible, owing to the accuracy of the digitised pad. 
The second factor is the ability through greater comfort and 
less fatiguability of the observer to make more measurements 
in a shorter time and the third the ability of the machine 
to perform the initial statistical analysis and to store and 
print out the data.
That this is a sensitive and accurate method of analysis is 
borne out when the data is examined by the nonparametric 
analysis and ogive plotting. Whilst it may be easy to dis
tinguish between the effects of the Blotchy gene acting 
unopposed or in the homozygote by direct comparison and 
subjective analysis, the differences being readily apparent 
even on casual examination and readily confirmed by estima
tions of Lm and ISA (and SEM) the effects of the random 
inactivation, lyonisation, of the X chromosome carrying the 
gene in the heterozygote females has not been demonstrated 
in the lung before. That there is lyonisation of the skin 
genes is reflected in the coat colour, that there is also a 
patchy distribution of the effect of lysyl oxidase defi
ciency within the lung tissue had defied detection before 
but in our data the animals form an intermediate but hetero
genous group , some animals being affected to a greater 
extent than others. The non-parametric statistic also helps 
to define this difference more accurately with the ability 
to look at the median rather than the distribution about the 
mean and to examine the effect of the gene-dosage at the 
95th centile where the greatest discrepancy between affected 
and unaffected animals can usually be seen.
The histogram displays of the results shows that there is an
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increase of results falling more than two standard devia
tions outside the control mean and on ogive plotting this 
results in a right shift of the data with the curves for the 
homozygous and hemizygous mice lying furthest to the right.

5.3b 
Criticism of the method

The methodology was criticised in a letter from Wilkinson 
(1988) who used a Kontron analyser to measure one of the 
photographs published in the article McCartney et al (1988) 
and showed discrepancy in the means between measurements in 
two planes. He assumed that all our measurements had been 
made in the same plane but this was not the case. However, 
since there is evidence to suggest that the alveolus is not 
a spherical structure there might be some argument in favour 
of performing measurements in one direction in comparative 
studies. Wilkinson (1988) suggested two modifications of the 
technique, one to use plastic embedding rather than paraffin 
wax to obviate what he perceived as compression artefact 
and secondly to use an automated form of analysis as used by 
Gould et al in 1988. His calculation for the effects of 
shrinkage was wrongly calculated as he reached a figure of 
40%, adding together area loss of 29% from shrinkage and 
loss by compression of a further 11%, from data presented 
as an abstract in 1983 (McLean and Lamb) . This assumption 
that the two figures should be added together seems unwar
ranted. We felt in a letter published in reply to his criti
cism (McCartney et al 1989) that provided that the loss of 
area due to shrinkage artefact remained constant, compara
tive studies between genotypes and treated and untreated
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animals were valid. Aherne and Dunnill had suggested that 
there was likely to be little or no compression error in 
tissue embedded in paraffin wax if careful floating out was 
performed but had some reservations about epon embedded 
sections. Rehm et al in unpublished data prepared before the 
criticism had shown that there was a constant shrinkage 
artefact as there was a high degree of consistency between 
and within samples when areas were selected in a less random 
fashion than was the case when the data was collected for 
this thesis. No significant compression artefact occurred in 
the data collected by me and Rehm's data supported this. I 
personally did not have the opportunity to use the Magiscan 
but others in the Department did and their experience was 
that the ability to collect larger amounts of data was to be 
counterbalanced against the convenience of the type of image 
and speed of measurement that I was making at that time. The 
Magiscan's image is generated in the form of a binary image 
and the setting up of an appropriate captured image requires 
considerable human effort to set the grey levels and sharpen 
the image to give the correct amount of edge image. In my 
own experience subsequently using digitised images and an 
Archimedes image analysis system I also think that semiau
tomated analysis with an 'intelligent' measurer may be more 
appropriate when a general analysis of large amounts of lung 
tissue is to be performed.
Detailed description of smaller amounts of tissue can be 

gathered more accurately using a fully automated system such 
as the Quantimet. The measurement of AWUV on CT and patholo
gical specimens appears to be method of the future since 

the technique avoids certain pitfalls (Burrows 1991), al
though our technique is used by a Dutch goup working on
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emphysema on a regular basis ( T.Tetley personal communica
tion 1992). The advantages and disadvantages inherent in 
these scanners are discussed by Aherne and Dunnill, who also 
would seem to favour semi-automated analysis for this type 
of work but automated analysis in areas such as cell count
ing when the machine is up to two hundred times quicker, 
being able to count and measure cells in 2,000 fields per 
hour whilst others can scan 10 million cells per second 
compared to 5 by human observation.
5.4
Pores of Kohn and fenestrae.
The results reported in chapter 3b show that there is a 
quantitative and qualitative change in the scanning electron 
microscopic features in the varying phenotypes of mice 
examined.
Unsurprisingly these mirror the changes delineated in the 
light microscopy and reported in chapter 3a and discussed 
above. What cannot be assessed adequately in light microsco
py is the role of the development of enlarged pores of Kohn 
or fenestrae in these animals lungs. Unfortunately I was not 
able to examine aged examples of the varying phenotypes of 
mice in the SEM study and so cannot comment on the effects 
of aging on pores of Kuhn in the mouse lung which Ranga and 
Kleinerman had believed to be negligible (1980).
Cosio's work (1986) indicated that fenestrae tend to deve
lop in the terminal airways, alveolar ducts or respiratory 
bronchioles rather than in the peripheral airspaces. The 
limitations of scanning electron microscopy are unfortunate
ly related to the advantages, greater freedom of spacial 
tilt also alters the accuracy of measurements because of 
the angle of tilt and the rotation of the specimen. Counting
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of the numbers of openings is easy but identification of the 
opening as a pore or fenestra is more problematic as confu
sion with the opening of alveoli is possible. Cosio's solu
tion was only to measure openings parallel to the surface 
and avoidance of holes with openings larger than half of a 
normal alveolar mouth. Alveolar duct spaces account for 35- 
45% of normal airspace and Lm is likely to remain in the 
normal range (0.350 mm) in man until destruction is marked 
enough to allow for enlarged airspaces to be measured by the 
intersecting line. Their conclusions indicated that the 
number of airspaces is likely to decline as they become 
larger but that this enlargement is likely to diminish 
recoil and that elastic fibres are not involved until late 
in the disease process. This concept is also indirectly 
supported by the findings of Bull et al (1989) determining 
immunogold labelling of elastase (HLE) in human emphysema
tous lungs.
The idea that fenestrations become coalescent in the evolu
tion of emphysema has lingered on since some of the earliest 
SEM observations. Kuhn and Tavassoli (1976) noted the dis
crepancy between their observations on human lungs where 
they thought increased fenestrations had played a part in 
the evolution of the disease, and attempted to square this 
with their observations that in the sequentially studied 
elastase induced experimental form of emphysema, this mech
anism did not appear to be important and that the process 
was one of dilation of alveolar ducts and retraction of 
alveolar walls as had been described by Hartroft, using 
light micro^ 

in 1945.
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5.5
Instillation in Blotchy mice, a parallel with smoke induced 
emphysema in a subset of humans?
The instillation experiments were designed to test the 
hypothesis that in a lung with diminished lysyl oxidase 
activity, whether inbred or acquired, [ as in the case of a 
smoker, whose LyO activity is disturbed (Hoidal 1983) and 
whose protease burden is heightened (Smith et al 1985)] that 
the usual rapid repair mechanisms are impaired. This impair
ment, mediated through inadequate cross-linking of immature 
proteins, might lead to the development of emphysematous 
-like lesions or imply greater distensibility (Rehm et al
1989).
The body-weights of the mice were unaltered after the 

administration of human leucocyte elastase but the lung wet 
weights were altered as was the total lung protein.
5.6

HLE and its effects on collagen
In the mice experiments collagen was not increased in 

amount and neither was mature elastin. The immature forms of 
both of these scleroproteins are not effectively shown by 
our methods, since uncrosslinked collagen is included when 
hydroxyproline is measured and immature elastin excluded. 
There was however an interesting fall in total collagen 
measured in the form of hydroxyproline in all phenotypes, 
which was especially marked in the wild phenotype 'control' 
animals.
Elastolytic activity of human leucocyte elastase is general
ly regarded as being more marked than collagen degradation, 
although the enzyme is not exclusively elastolytic. It is 
possible that this fall in collagen is due to an unsuspected
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interspecies potentiation of enzymic activity between man 
and mouse. Work on the tight-skin mouse (Gardi et al 1990) 
has shown that whilst mouse leucocyte elastase and PPE 
produce similar results , when tested against elastase 
inhibitory activity, using a chloramine T assay, the effects 
of HLE were inappropriately disproportionate. These workers 
concluded that HLE should not be used on their mouse model.
It is also interesting to speculate on the importance of 

reduced cross linkage for potentiating damage to collagen 
given Mechanic et al's (1987) data on the 60% reduction of 
cross links in affected blotchy mouse lungs. The effects of 
the HLE on collagen and subsequent impairment of repair may 
be extremely relevant to interpretation of our results from 
this model. Mechanic detailed the lack of aldehyde formation 
in naturally occurring disease in the lungs of non-instilled 
animals and contrasted it to the relatively 'modest* defi
ciency in tail tendon and bone collagen. It is likely 
(although unproven) that lung collagen has a higher rate of 
synthesis and turnover, due to its disproportionate amount 
of repetitive stretching activity than either of these other 
tissues rather than that there is disproportionate decrease 
in lysyl oxidase activity in lung tissue.

The effects of age alone on lung collagen were deter
mined by Mays et al (1989) on Lewis rats using radiocarbon 
labelled hydroxyproline to show that total lung collagen 
production falls rapidly from the age of fifteen months to 
reach one quarter of its previous rate but degradation falls 
20 fold over the animals' lives. However only a small 
proportion of all the collagen synthesised is deposited into 
the extracellular matrix. As the animals age the site of 
degradation switches from extra to intracellular. A decrease
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in the degradation pathway for newly synthesised collagen 
allows for greater incorporation into the matrix. This fact 
hints at an attractive pathogenesis for those interested in 
lung fibrosis but has potential for elucidating blotchy 
mouse lung collagen metabolism as well.
If the major rationale for such destruction of newly formed 

collagen in periods of rapid growth is to limit the incor
poration of faulty or poorly crosslinked collagen into the 
matrix whilst at the same time allowing flexibilty for
growth then it is likely that these pathways of destruction
are not compromised by the lack of lysyl oxidase, rather 
they may be promoted by it as there is more non-crossed 
collagen to destroy. This may therefore mean that the lung 
matrix remains essentially 'unfilled' (and therefore dis
tensible) by the appropriate collagen. As these animals age, 
the normal timed diminution in destruction may allow for
greater incorporation and less relative difference when 
compared to control animals going through the same age 
determined cell cycles. This hypothesis allows one to spec
ulate that the lessened effects of the blotchy mice gene 
when the middle-aged animals are examined may be due to 
greater incorporation of collagen and late remodelling and 
also accounts for the much greater changes in the elderly 
control mice when their transect lengths are compared to 
their juniors.

5.7
Possible fields of investigation suggested by this current 
investigation.

The discrepancy between our results and those of other
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investigators need to be more fully investigated by bioche
mical analysis and automated analysis including the techni
que of AWUV. It is apparent from the small series of instil
lation experiments that the young mouse lung may be more 
inherently distensible than the adult. The propensity for 
over inflation is well recognised by those responsible for 
resuscitation techniques and anaesthetic administration in 
young humans. Immature lungs can be damaged by inappropriate 
deliveries of gas and it might be more sensible to inflate 
the lungs through a tracheostomy with an intact ribcage 
rather than rely on visual assessment of inflation, simi- 
larily different pressures should be examined with regard to 
expansion and overdistension. Our selected pressure may be 
too high for infant mouse lungs. The advantages of a fixed 
and arbitrary pressure in this series of experiments was 
that the results could be compared to one another and that 
one set of variables was diminished.
In view of the disquiet expressed by the group working on 
the tight-skin mouse, it would seem desirable to investigate 
the effects of mouse rather than human leucocyte elastase.

Many of the biochemical results point towards the interde
pendence of the collagen-elastin proteoglycan networks and 
further work to assess the other two types of structural 
proteins would seem suitable. Another modification would be 
to examine and assay the more primitive and immature forms 
of elastin and their breakdown products, as desmosine is 
evidently more useful in examining changes in adult elastin. 
Desmosine itself whilst a useful monitor of breakdown suf
fers from the relatively small amount that is collectable 
from urine; Phillips was unable to recover the postulated
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amounts of desmosine from a group of motivated adult humans 
using urine collection in his parallel study of pulmonary 
elastolysis in man, not otherwise reported here.
Assay of lysyl oxidase levels and activity within the lung 
of the Blotchy mouse model would also be a useful addition 
to this work. This assay was not available at the time the 
experiments were carried out.
A further modification would be to assess the distribution 
of the instilled elastase within the lung electively examin
ing those regions where the enzyme is likely to impact upon 
the lung surface. This could be achieved by using a marker 
incorporated into the instillate. Randomisation of microsco
py and the 'averaging' of biochemical analyses may be ob
scuring a greater regional effect than that which has been 
demonstrated.
One other parameter that has not been examined in this 
thesis is the possible role of disruption of the surfactant 
and its elution during instillation techniques.

One further avenue of research in the mouse model would be 
to establish whether the absolute number of airspaces is 
dissimilar between blotchy and wild mice and whether this 
discrepancy is due to failure of the airspace to develop 
appropriately or whether increase in transect length is due 
to coalescence. Our instillation work would seem to indicate 
the latter but more work on noninstilled animals at very 
early ages would strengthen the argument.
Another and quite separate line of inquiry would be to 
investigate, both by genetic linkage studies and culture of 
lung cell lines from affected patients whether there is an 
underlying abnormality in the homeostatic or assembly mecha
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nisms for lung scleroproteins although in vitro culture 
techniques can never adequately reproduce the intricate 
interrelationships between cells in the lung and their 
spatial distribution.
One other group of patients in which it might be fruitful 

to examine are those with overt connective tissue diseases 
especially those involving elastic tissue such as dissecting 
aortic aneurysms (with and without Marfan*s disease). A 
recent clinical survey published in abstract form has shown 
that these patients may have occult lung disease evidenced 
by changes in FEV and diffusing capacity (Demette et al 
1992) .

5.8.
Concluding remarks.

Instillation of small doses of porcine pancreatic elastase 
results in enlargement of air spaces. The effects of the 
enzyme were greater when the animals were examined at four 
days rather than six days using the larger single bolus of 
18 units of PPE and the effects of a triple split dose were 
greater at six days than a single bolus. A single dose of 
saline at four days had an intermediate effect on transect 
length being significantly higher than control but signific
antly lower than a single dose of PPE.
Split doses of saline and PPE showed a similar pattern at 
six days, with the saline curve lying between the PPE and 
control, being significantly different from both but by the 
time the animals had reached six days , the effects of 
single doses of both PPE and saline were lessened although
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the intermediate position was maintained by the saline 
curve.
Phillips* data showed single doses of saline did not have a 
significant effect on desmosine but that multiple doses did. 
He also showed that a single bolus of PPE resulted in sig
nificantly raised urinary desmosine at 48 hours but that at 
24 hours the multiple doses of saline resulted in greater 
excretion of desmosine than the instilled elastase.

The conclusions from the rat experiment were that PPE can 
induce changes in transect length i.e increase in air space 
size, that there is an enzymic effect but that instillation 
alone can produce some changes. That there is an element of 
destruction is evidenced by the increase in the breakdown 
products of elastin in the form of desmosine. That this may 
not be a complete method of defining destruction is shown by 
the inability of this method to mirror all the changes 
defined by the morphometry.

The morphometric method selected had the advantage of 
greater sensitivity and it seemed appropriate to continue to 
use it to define the second animal model in order to compare 
the varying phenotypes of blotchy mice and their unaffected 
control siblings.

Using the statistical manipulations of the K-S analysis and 
ogive plots enabled us to have greater confidence in deter

mining subtle changes in lung architecture .

The results of the morphometric study in the blotchy mice 
showed that the effects of having two copies of the gene for
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lysyl oxidase defiency carried on the X chromosome in the 
homozygous females resulted in significant changes in the 
transect length and the hemizygous animals were also sig
nificantly different to their controls at three weeks. The 
lyonised heterozygotes, a variable group, also showed a less 
significant change at this time. This difference persisted, 
with the heterozygous animals remaining an intermediate 
group until the effects of age alone after twenty two weeks 
resulted in a shift to the right in both wild subgroups. 
Instillation of human leucocyte elastase resulted in a 
greater effect than saline alone, although there was a 
measurable effect of saline instillation as was shown in the 
rat model. This elastase effect was greater than predicted 
and may be due to a previously unsuspected potentiation of 
the effects of human elastase on murine lung tissues, espe
cially lung collagen.

This was shown by a dramatic fall in lung collagen in all 
the phenotypes given elastase. The biochemical evidence may 
indicate that there is also a maturation arrest in collagen 
and elastin due to the faulty cross linkage in the animals 
with the genetic defect, dependent on the gene dosage.

Both animal models show demonstrable alteration in the 
airspace size and evidence of destruction biochemically but 
the postulated maturation arrest in the animals with lysyl 
oxidase deficiency means that desmosine and isodesmosine may 
not be the ideal markers to document this process. Both 
animals are however useful models for emphysema and the 
importance of the structural integrity of all connective 
tissue elements and the interplay between them in response
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to proteolytic enzyme instillation offers a dynamic dimen
sion to the use of these models in research into this crip
pling disease.

My conclusions are therefore that manipulation of the lungs 
of animals with an inherent connective tissue abnormality is 
a valid method of experimentation. Emphysema in humans 
almost always arises as a sequel to cigarette smoking, a 
process whereby the intricate balance between the home
ostatic mechanisms for maintaining lung scleroproteins is 
disrupted. Although this balance depends on the elastase- 
antielastase ratio, the nature of the substrate for elasto
lysis or proteolysis is also important. In the case of alpha 
-1 antitrypsin deficiency, it is likely that the emphysema- 
genic effects of smoking arise both as a result of ineffi
cient antiprotease activity and increased elastolytic activ
ity from the number of macrophages and more importantly 
leucocytes recruited by the inhalation of smoke. In most 
smokers, emphysema does not occur, whilst the cellular re
cruitment to the lung is similar, as documented by lavage 
studies. In the small proportion of patients in which 
emphysema does arise, assuming there is no paresis of the 
antielastotic systems then postulating an underlying predi
sposition to damage of the lung parenchyma is one possible 
mechanism whereby a variable repense might occur to similar 
noxious stimuli.

Using the blotchy mouse as a model for this hypothesis it 
was possible to show that similar stimuli, in this case 
exogenous elastase, gave differing results in animals of 
different genotypes. In animals unaffected by lysyl oxidase
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deficiency it was possible to induce lung damage as we had 
shown in the rat pilot study. In animals with either two 
copies of the defective gene (Blo/Blo) or a single copy 
which was not opposed, the hemizygous male animals, instil
lation did give rise to increased alterations in air space 
size. In the heterozygous animals, where the X chromosome is 
lyonised, the results were more variable, some animals being 
affected to a greater extent than others. The blotchy mouse 
is deficient in lysyl oxidase and therefore not able to 
cross-link lung scleroproteins efficiently. There is not 
thought to be any problem with assembly of such proteins 
other than crosslinkage. These animals are likely to be most 
vulnerable to instillation when their lungs are still grow
ing. The experiments showed that it is possible to damage 
further lungs, that are already genetically predisposed to 
emphysema. Gross gene alterations that lead to overt 
changes in coat colour and posture can be recognised early 
and easily in animals such as the laboratory mouse, leading 
to documentation of an enzyme deficiency. More subtle alter
ations buried in the human genome may take longer to deter
mine but may underscore the apparent resistance of most 
smokers to the development of this disease, whilst explain
ing the otherwise capricious and not necessarily dose 
dependent development of emphysema in those who inhale 
cigarette smoke.
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5.9.
Originality of research presented in this thesis

The originality of this research has been
1. to record a previously unshown effect of the effect of 
saline on transect length in instillation experiments. 
Saline has been previously used as a 'control* instillation. 
There is however an effect on airspaces measured by transect 
length, not dependent on exogenous enzymatic action.

2. to show that semiautomated image analysis of transect
length is a sensitive and less tedious method of documenting 
changes in air space size especially when used with ogive 
plotting and non-parametric statistics.

3. by using this method, it was possible to show the effects
of lyonisation of the X linked gene for lysyl oxidase defi
ciency on lung tissue for the first time.

4. to show that use of human leucocyte elastase in mouse 
models of emphysema may result in an effect greater than 
predicted, arising probably as a result of the enzyme's 

activity on lung collagen.

5. to show that animals with genetically determined lung
disease are still vulnerable to exogenous elastases

6. To postulate that emphysema in smokers might arise as a 
result of manipulation of the elastase antielastase balance 

in the presence of an underlying defect in lung scleropro- 
tein assembly or homeostasis which might be congenital 
rather than acquired.
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Appendix 1.1
Biochemical methods and reagents

Phillips used Analar grade reagents and those not listed 
below were from B.D.H. Chemicals and Sigma Chemicals from 
Poole, Dorset.
Reagents
Merck (West Germany) supplied the dimethylaminobenzaldehyde. 
Fisons (Loughborough) the 2 methoxyethanol
Amersham Radiochemicals the jl25 Bolter-Hunter 
reagent
Elastin Products (U.S.A.) the desmosine
Guildhay (University of Surrey) the donkey anti-rabbit 
antisera
Bio-rad (Watford) the biogel P2
The purified porcine pancreatic elastase was supplied by 
Sigma (Poole, Dorset), and was of type III which had specif
ic activity such that 1 unit (O.OlSmg) would hydrolyse 229 
mgs of bovine nucheal elastin in one hour. The purified 
enzyme was dissolved in 500 microlitres of 0.15 molar NaCl; 
for 6 units of activity O.OSmgs were dissolved and for 18 
units 0.27mgs.
As stated in chapter 2, 6 and 18 unit preparations of puri
fied porcine elastase were used in the dilutions given.

The human elastase was prepared by Dr Noel Roberts from 
Roche and for the study in the Blotchy mice (chapter 4) the 
human leucocyte elastase was prepared equivalent to 6 units 
of PPE and dissolved in lOO/xm of 0.15 molar sodium chloride. 
This equated to 1.6mg/ml human elastase.

Phillips and Tetley prepared a purer desmosine than that
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commercially available (94%) using the technique described 
by Starcher and Goldstein (1979) and raised antibodies 
according to the technique of Yu et al (1979) to the chro- 
matographically pure desmosine. This desmosine was also used 
as the standard for the radioimmunoassay (RIA) Fig Al.l 
They also prepared 1^25 labelled desmosine and the first 
peak samples were antigen tested.
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standard radioimmunoassay pt
Figure A.1.1.
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Appendix 1.2 
Modified Karnovsky fixative
2% paraformaldehyde, 2.5% Glutaraldehyde in 0.1 M sodium 
cacodylate buffer.
0.2 M sodium cacodylate buffer pH 7.2 -7.4 50 ml
10% paraformaldehyde in HgO 20 ml
25% glutaraldehyde in H2O 10 ml
Distilled water to make 100ml
Add CaCl2 to give a final concentration 1 -3 mM/100 ml
10% paraformaldehyde in H2O
Dissolve 2g Paraformaldehyde in 2 0 ml distilled water. To 
get the paraformaldehyde to dissolve, warm to approximately 
60 ° C add 5 -6 drops fresh N NaOH, add more NaOH and or
warm until the solution clears. Cool before use.

The above fixative has a pH 7.2 -7.4 and osmolar ity of
approximately 1000 mOs.
The fixative is used at room temperature for 4 hours and the 
tissue is then washed in a cacodylate sucrose rinse and 
placed in the fridge at 4°C.
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Appendix 2.1

Transect values for rat lungs in lO/Lun intervals 
Pooled data of number of observations in each category

Control rats
4 25 109 132 95 132 95 70 59 37 26 12 9 9 3 7 3 1 1

Rats at six days after three separate doses of 6 units of 
PPE
3 5 45 69 44 50 42 31 26 15 17 13 10 4 5 4 5 3 4 2 2 1 
Rats at six days after single dose of 18 units PPE
2 28 118 125 140 101 75 45 39 41 25 11 17 6 7 6 3 4 1 1 1 1
0 2
Rats at six days after single dose of saline

3 3 15 39 34 23 22 15 12 10 2 5 5 3 2 1 1 0 2 1 0 0 1 0 1 1

Rats at six days after three doses of saline
7 9 34 59 47 48 42 25 23 14 22 9 9 9 5 5 2 3 7 4 1 3 3 1 1 4 
0 2

Rats at 4 days after single dose of 6 units of PPE
2 18 110 99 82 52 47 49 31 28 20 18 11 12 7 4 6 2 1

Rats at 4 days after single dose of 18 units of PPE
6 12 65 85 69 49 54 50 47 30 32 28 17 19 9 12 3 3 4 2 2 0 2
Rats at 4 days after single dose of saline
0 1 9 26 43 38 25 13 15 9 6 3 3 4 20 2 0 2
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Appendix 2.2
Table of critical values of [D] in the Kolmogorov-Smirnov 
two sample test for large samples and two-tail testings 
(adapted from Siegel 1956 and Smirnov 1948)

Level of significance p Value of [D] required to
reject null hypothesis

[D] = maximum S^^fX) - Sn^(X)
.10 1.22 Vnl ± n2

nln2

05 1.36 V nl + n2
nln2

025 1.48 V nl + n2
nln2

01 1.63 V nl ± n2
nln2

005 1.73 V nl + n2
nln2

001 1.95 V nl + n2
nln2

Values of chi squared with two degrees of freedom 
.01 = 4.6 ; .05 = 5.99 ; .02 = 7.82 ; .01 = 9.21 ; 
.001 = 13.82.
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Appendix 3a.1

Point counting technique to establish distribution 
of air to blood vessel to tissue in the mouse models

Conventional point counting( see chapter 1.15a) was under
taken using a Weibel grid in order to establish the relative 
distributions of three components, vessels, air and tissue

by volume fraction (V^ eg.V^ vessel, '̂ vair, V^air.
The assessment is made by placing the grid, which is etched 
on a graticule, in the eye piece and counting a given number 
of points determining where they fall on the image of the 
lung section. Assessment was made on images at a magnifi
cation of X 40 using a xlO eyepieces.The counting was 
carried out on wildtype mice, an external control Balb/C was 
also incorporated, and hemizygous Bio/Y and heterozygous 
Blo/X mice.

Results of point counting
In the Balb/C external control mice the relative distribu
tion of the 2100 points counted was that 1145 fell on air, 
65 on vessel and the remaining 890 on tissue within the 
walls of airways and airspaces [no judgement as to the type 
of airspace is incorporated and the method does not exclude 
bronchi and bronchioles as does my method].
The figures for the wildtype mouse lung were similar, 1098 
points falling on air, 44 on vessels and 960 on tissue. The 
figures for the Blo/Y mouse were significantly different, 
1542 points fell on air, 46 on vessels and only 512 on 
tissue so that the percentages of lung sections occupied by 
tissue fell from 42.38% in the Balb/C and 45.72% in the 
wildtype mice to 24.38% in the Blo/Y mice. There was a
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slight fall in the percentage of the section occupied by 
vessels in the Blo/Y mouse lung, the percentage falling from 
the 3% in the control mice of both groups to 2.1% in the 
Blo/Y. This fall in vessel volume is not as dramatic as the 
45.8% loss of other tissue when the Blo/Y mice are compared 
to controls (chi squared = 197, p«0.0001).
With this type of significant result it should not be 

necessary to count more than 400 points to show the differ
ence between the groups of mice.
However when using this smaller number of fields and 

points in the Blo/X mouse lung, of 420 points counted 45.5% 
(191) fell on tissue, although the lungs were clearly abnor
mal on inspection.
Discussion
The relative standard error (RSE) obtainable by use of the 
formula introduced by Rally and quoted by Aherne and Dunnill 
(1982, page 39), assuming a standard error to be desirable 
at 2.5% or less will give a value for the number of points 
to be counted as 880 points, or 25 fields. I decided to 
count many more, settling on a figure of 2100, and as is 
shown above this figure gave a clear difference in distribu
tion between the control mice and the Blo/Y emphysematous 
mice with a highly significant result.
In Aherne's work he showed that 500 points would be suffi
cient to achieve a standard error of 5% but in the Blo/X 
example above , where 420 points and their distribution were 
determined in comparison to 2100 points in the three other 
types of mice ( wildtype, Blo/Y and an external control of 
Balb/C mice) this does not appear to be the case and since 
subjectively these Blo/X lungs had been deemed to be 
'slightly ' emphysematous by three separate observers una-
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ware of the others opinions I decided that the method would 
not be sensitive enough for my needs and developed the 
technique of semiautomated analysis used in chapters 2,3a 
and 4 which also has other advantages described in the 
discussion in chapter 5.3a.
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Appendix 3a.2.

Pooled data from transect length measurements.

Blotchy male mice at three weeks n=3
Number of transects in lO/um intervals

12 21 63 96 84 54 75 39 30 21 24 21 27 3 9 9 3 0 0 0 3

Heterozygote females at three weeks n=3
Number of transects in lOjLtm intervals
14 28 103 76 68 78 58 29 45 34 18 11 11 16 5 0 2 0 0 0 1 1

Homozygous female mice at three weeks n=5
Number of transects in lOjum intervals
8 8 47 88 91 83 78 65 72 41 44 38 28 22 12 11 14 13 9 3 5 3
3 2 5

Wild male mice at three weeks n=3
Number of transects at lO/xm intervals
21 53 124 110 76 58 43 40 26 15 16 9 5 2 1 2 1

Wild female mice at three weeks n=2
Number of transects at lOjitm intervals
2 10 44 88 72 70 30 36 16 16 10 2 0 0 2 2

Blotchy male mice at six weeks n= 3
6 23 83 102 80 61 50 35 33 27 22 23 22 11 7 4 7 4 3 2 1 0 4
1
Heterozygote female mice at six weeks n=3
1 3 95 89 62 31 15 20 24 24 8 15 1 1 1 0 0 2 8
Homozygous mice at six weeks n=2
5 10 55 69 55 43 34 26 20 20 11 11 6 10 3 4 4 3 3 2 2 0 2 1

291



wild male mice at six weeks n=2
6 35 103 87 51 40 23 19 14 8 7 1 4 1 0 0 1
Wild female mice at six weeks n=3
10 26 125 132 68 49 30 25 14 6 3 0 0 2 2 0 1 0 0 1

Blotchy male mice at ten weeks n=3

1 44 117 109 77 47 38 26 22 15 18 10 13 7 10 2 4 0 0 1 2 2 1
2

Heterozygote mice at ten weeks n=2
0 20 65 97 50 40 21 20 26 16 18 8 6 4 4 6 0 0 4 4 
Wild male mice at ten weeks n=4
9 105 224 172 102 62 55 25 18 8 14 6 1 1

Wild female mice at ten weeks n=2 
4 48 133 71 38 35 23 16 20 0 2 8 0 2 
Blotchy male mice at twelve weeks n= 5
15 55 243 180 117 60 62 37 43 32 23 22 11 5 2 1 2  2 1

Heterozygote mice at twelve weeks n=3
10 106 162 127 62 38 25 27 12 6 13 4 0 2 3 2 
Wild male mice at twelve weeks n=4
18 136 207 147 91 45 40 38 18 13 14 8 3 2 1 5 2 2 2 1

Blotchy male mice at fourteen weeks n=6
6 126 34 265 227 145 117 96 79 55 37 32 23 12 19 13 9 8 6 4 
3 1 0 0 0 1

Heterozygote female mice at fourteen weeks n=l
0 25 57 51 22 13 11 7 4 1 3 2 0 1 2 1

Wild male mice at fourteen weeks n=l
6 50 59 34 23 12 8 4 1 1 0 2
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Blotchy male mice at sixteen weeks n=3
14 86 108 93 48 42 59 34 31 11 17 13 9 8 4 0 0 2 0 0 0 0 0 0 
1
Wild male mice at sixteen weeks n=3
21 126 166 129 45 39 19 19 9 11 9 7 3 0 1 0 1
Wild female mice at sixteen weeks n=2 
8 95 122 60 55 27 14 4 8 3 1 2 1 
Blotchy male mice at eighteen weeks n=l
3 58 34 30 18 7 11 5 3 9 6 7 2 1 2 2 0 0 0 1 0 0 0 0 0 0 1

Heterozygote mice at eighteen weeks n=l
0 4 38 46 35 16 16 9 9 4 5 3 3 3 2 3 2 
Homozygous blotchy female mice at eighteen weeks n=l
1 2 53 38 23 21 13 13 1 35 1 0 1 0 0 1 5 1

Blotchy male mice at twenty weeks n=l
0 11 35 42 28 16 17 11 6 7 5 7 4 4 3 1 0 1 0 0 0 0 1 
Heterozygous mice at twenty weeks n=4
16 94 183 155 107 65 52 46 33 21 10 8 4 5 2 2 3 2 2

Homozygous mice at twenty weeks n=2
2 32 73 60 61 34 25 25 17 12 12 16 10 3 6 2 0 2 2 1 3 1
Wild female mice at twenty weeks n=l
4 35 55 31 24 16 7 10 5 6 5 1 1 0 0 1 0 1

Blotchy males at twenty-two weeks n=4
17 83 176 156 95 48 44 44 27 33 22 22 16 5 6 3 2 7 8 3 1 1

1 1
Heterozygote mice at twenty-two weeks n=l
0 4 34 34 47 25 14 16 6 5 6 2 0 3 2 1 0 1 1

Wild male mice at twenty-two weeks n=3
11 101 170 122 65 35 28 15 16 6 8 6 7 3 2 1
Blotchy male mice at twenty-four weeks n=3
2 39 97 69 84 73 64 61 36 21 18 8 10 4 0 3 6 2 1 0 0 1
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Heterozygous mice at twenty-four weeks n=3
12 99 133 89 65 47 32 13 11 4 2 3 1 2 0 1 2 

Homozygous mice at twenty-four weeks n=3
5 38 78 94 100 52 50 28 27 23 58 18 3 11 0 12 4 2 1 2 0 2
Wild male mice at twenty-four weeks n=2
7 94 138 135 74 72 38 17 15 4 3 3 0 2 1 2 
Wild female mice at twenty-four weeks n=2
3 8 113 159 124 62 61 32 21 3 2 1 2

Blotchy male mice at twenty-six weeks n=l
0 22 42 38 29 9 12 12 8 7 8 2 2 2 0 0 1 2 0 1 0 0 1 1 1 2

Heterozygous mice at twenty-six weeks n=l
3 33 58 40 20 15 13 5 4 2 1 3 0 1 0 0 1 0 0 1

Homozygous mice at twenty-six weeks n=l
2 20 37 45 21 18 15 10 7 6 2 2 3 5 1 1 2 1 1 0 0 0 0 0 1

Wild male mice at twenty-six weeks n=l
6 35 78 33 20 14 5 7 1 0 0 0 1

Blotchy male mice at thirty-two weeks n=4
24 68 130 138 118 82 46 30 16 32 22 12 0 2 10 0 1 2 2 2 
Wild males at thirty two weeks n=4
12 64 175 165 104 67 74 39 20 28 12 2 3 1 0 0 4 0 1 2 
Blotchy male mice at forty-two weeks n=4
24 104 125 59 36 43 40 48 62 24 13 15 17 2 3 0 12 8 7 9 0 0
4 0 3 13 4 0 4
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Appendix 3a.3

Compliance studies in the blotchy mice

Compliance can be measured by whole body plethysmography or 
by static volume- pressure curves in saline filled lungs ( 
Park et al 1969, Paré et al 1982).
This latter technique was used in a small series of blotchy 
mice and controls at the start of the blotchy experiments. 
The technique was similar to that used by Karlinsky, Snid
er, Franzblau et al (1976) and Snider, Shorter, Koo et al 
(1977). Karlinsky and Snider (1978) state that the increased 
static lung compliance and increased lung volume at standard 
transpulmonary pressure of 25cms HgO can be measured on 
anaesthetised animals.
The lungs were degassed by occluding the trachea at the end 
of expiration and the animals were asphyxiation at the end 
of ten minutes of 100% oxygen administration. The heart lung 
pluck was dissected free and the diaphragm removed so that 
the whole preparation rested in a bath of normal saline. The 
trachea was cannulated to a saline filled syringe and incre
mental injections of 1ml of saline made. The changes in 
volume were recorded using a manometer. Inflation continued 
until a plateau was reached and then the deflation curve was 
made.

The technique of over oxygenation, degassing and produc
tion of 'adsorption atelectasis' as described by Fisk and 
Kuhn (1976) was also used. The lungs were filled with air to 
25 cms water pressure and then after ten minutes stabilisa
tion deflated by 0 .2ml aliquots, the lung volumes being
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calculated as percentage of total lung capacity. The results 
are shown in Figures A.3.2 a and b. of the compliance and 
static P-V curves. There is a slight shift to the left of 
the P-V curve in blotchy lungs but not as marked as Fisk and 
Kuhn illustrate. The compliance curves are similar for both 
sets of animals and this may reflect the findings of in
creasing senile air space enlargement in the control mice 
shown in Chapter 3a [figure 3.a.16] as both the control and 
the blotchy mice were 22 weeks old. I did not think that 
this data was as useful at establishing the disease status 
in these animals as the morphometric analysis. The small 
number of experiments detailed by Fisk and Kuhn may indicate 
that they also found this technique difficult ( Fisk and 
Kuhn 1976).
Because the problems of leakage, (an effective wastage of 
animals), were greater than I had envisaged, no attempt was 
made to describe compliance measurements in all groups of 
animals. We were also unhappy about the effects on subse
quent biochemical analysis after the forced 'wash-outs' 
dependent on these studies which may influence the pro- 
tease-antiprotese balance.
After my series of measurements an attempt to define com

pliance by whole body plethysmography was made by Bridge 
(Bridge 1988; unpublished) comparing the blotchy mouse 
(Blo/Y and Blo/Blo not BI0/+) model to wild type when lungs 
were inflated to pressures in excess of total lung capacity 
(TLC). From the collapsed state, (0-4 cms water) deemed to 
be the pre-inflation phase, to the phase of inflation to TLC 
from 6-16 cms water, there was a smooth sigmoidal increase 
in lung volume but after TLC was achieved increasing pres
sure caused leakage. If the pressure was decreased then the
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lungs deflated in a series of steps with plateaux present 
between each level of decrease in lung volume. There was 
retention of saline in both animals but this was more 
marked in the blotchy mice (0.3ml). Although the blotchy and 
wild type mice lungs had similar volumes at any given pres
sure at any point in inflation or deflation, the volume at 
any given pressure in deflation was greater than in infla
tion.
There was a significant decrease in compliance in blotchy 
lungs and this data supports the concept of decreased elas
tic recoil in the affected animals.
[ In an interesting experiment comparing expected lung 

volumes calculated from the cuboidal relationship V= 4/3 pi 
r^, using values of radius taken as transect lengths 
Bridge speculates that although the relationship between 
radius and volume is exponential the data do not support the 
hypothesis that the alveolus in the blotchy mouse is sphe
roidal. ]
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Appendix 4.

Mean data from transect length measurements in instillation 
experiments in Blotchy mice n=3 in each group

Hemizygous males Bio Y instilled with human leucocyte
elastase at three weeks.

0 1 26 34 50 24 12 14 14 12 6 8 6 4 0 6 4 0 4 0 0 2 

Hemizygous males Bio Y instilled with saline at three weeks

0 0 14 33 30 32 22 17 17 17 6 3 4 2 1 1 
Control Hemizygous Bio Y males at three weeks

4 7 21 32 28 18 25 13 10 7 8 9 1 3 3 2 1 0 0 0 1

Hemizygous Bio Y males instilled with human leucocyte
elastase at six weeks
1 26 35 26 25 12 15 13 6 8 6 5 0 5 5 0 4 0 0 2

Hemizygous Bio Y males instilled with saline at six weeks
0 3 18 33 34 33 18 25 11 8 5 4 2 1 0 3 1 1

Hemizygous Bio Y male mice controls at six weeks

6 23 83 102 80 61 50 35 33 27 22 23 22 11 7 4 7 4 3 2 1 0 4
Heterozygous Bio X females instilled with human leucocyte 
elastase at six weeks
2 12 49 56 65 66 72 50 43 43 33 34 18 11 5 8 6 8 3 3 2 3 4 1 
2
Heterozygous Bio X females instilled with saline at six 
weeks
1 4 38 20 30 28 15 13 10 12 3 12 8 3 2 0 0 1

Heterozygous Bio X controls at six weeks
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0 2 48 44 31 16 7 10 12 12 4 7 0 1 1 0 0 1 4

Homozygous BloBlo females instilled with human leucocyte
elastase at six weeks
1 6 24 58 55 64 61 62 39 34 38 36 34 19 14 13 16 8 7 7 1 1 2
4 2

Homozygous BloBlo females instilled with saline at six
weeks
0 2 36 69 54 49 44 38 28 34 26 15 11 11 2 3 4 6 1 1 0 1 0 1

Control homozygous BloBlo female mice at six weeks
5 10 55 69 55 43 34 26 20 20 11 11 6 10 3 4 4 3 3 2 2 0 2 1 
0
Wild male mice instilled with human leucocyte elastase at 
six weeks
5 8 54 94 73 60 42 33 25 13 7 10 7 3 7 0 1 3 1 1
Wild male mice instilled with saline at six weeks
2 20 46 34 27 26 15 7 6 5 5 1 2 1 1 1 1 
Control wild male mice at six weeks
6 35 103 87 51 40 23 19 14 8 7 1 4 1 0 0 1
Wild female mice instilled with human leucocyte elastase at
three weeks
1 17 42 45 22 22 9 3 10 6 3 1 4 2 1 1 1 2 
Wild female mice controls at three weeks
1 5 22 44 36 35 15 18 8 8 5 1 0 1 1

Wild female mice instilled with human leucocyte elastase at 
six weeks
5 71 123 113 68 84 73 48 50 43 19 27 22 19 15 5 8 6 4 2 0 4 
1 2  1
Wild female mice instilled with saline at six weeks 
1 23 31 41 20 19 21 11 10 4 3 2 4 1 
Wild female controls at six weeks
10 26 125 132 68 49 30 25 14 6 3 0 0 2 2 0 1 0 0 1
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Appendix 5
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Appendix 6.
Examples of values of chi squared for specified comparisons 

e.g. For control mice at three and six weeks

( Figs 3.a 10 -3.a 11) chi Value of p

Bio Y3 vs Wild] 8.84 0.02< p < 0.01

Bio Yg vs Wild Mg 51.25 «  0.001

Bio Xg vs Wild Fg 12.81 0.001 < p < 0.01

BloBlOg vs Wild Fg 50.86 «  0.001

BloBlOg vs Bio Xg 10.45 0.001 < p < 0.01

Wild Mg vs Wild Fg 0.796 n.s

Effects of instillation

For Fig 4.4
Bio Ygsal vs BI0Y3 3.92 n.s

Bio Y3HLE vs Bio Y3 
For Fig 4.5
Bio Ygsal vs Bio Yg
Bio YgHLE vs BloYg

21.65 «  0.001 For

8.97 0.02 < p < 0.01
21.65 «  0.001

For Fig 4.8

Wild FgSal vs Wild Fg 12.81 0.001 < p < 0.01

Wild FgHLE vs Wild Fg 82.74 «  0.001

Wild FgHLE vs Wild FgSal 7.75 0.05 < p < 0.02
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BloBlOgHLE vs BloBlOg 60.15 «  0.001

BloBlOgSal vs BloBlOg 12.0 0.001 < p < 0.01

BloBlOgHLE vs BloBlOgSal 19.88 «  0.001

BloBlOgHLE vs Wild Fg 261.37 « <  0.001

Bio XgHLE vs Bio Xg 61.41 «  0.001

Blo XgHLE VS Bio XgSal 21.65 «  0.001

Blo XgSal vs Blo Xg 10.24 0.001 < p < 0.01

Blo XgHLE vs Wild Fg 191.0 <<< 0.001
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SUMMARY

Inheritance of the Blotchy allele at the X-chromosomal Mottled \ocus of mice results in changes in the lung which 
resemble emphysema. Previous studies using measurements of mean linear intercept have recognized emphysema in the 
hemizygous, Blo/Y, male and homozygous, Blo/Blo, female, but not in the heterozygous, Bio/+ , female.
The aim of this study was to develop a rapid, accurate method for analysis of emphysema and to establish whether it 

would identify emphysema in the heterozygote.
Lungs from wild type and outbred Bio mice were inflated with fixative at a pressure of 25 cm and then sectioned and 

stained. Transect lengths across air spaces were measured using computerized image analysis and the results were 
plotted as histograms. Data were also expressed as cumulative frequencies (ogives) and subjected to statistical analysis 
by the non-parametric Kolmogorov-Smirnov test.
Emphysema was shown by significantly increased (P<0-001) transect lengths in the Blo/Blo female and Blo/Y male 

compared with the wild type controls. The heterozygous Bio/ + mice form an intermediate group significantly different 
( P < 0-001 ) from the wild and blotchy mice. The sensitivity of the method is illustrated by the fact that the Bio/ + female 
formed an intermediate group between wild type and the Blo/Y male and Blo/Blo female.
KEY WORDS— Blotchy mice, emphysema, morphometry, computerized image analysis.

INTRODUCTION

The Blotchy mouse has been recognized as a 
model for connective tissue abnormalities in the 
lung which resemble emphysema.^ Inheritance of 
the Blotchy allele at the X-chromosomal Mottled 
locus is associated with emphysema in the hemizy- 
gote male (Blo/Y) and in the outbred homozygote 
female (Blo/Blo) but has not been described in the 
heterozygote female (Blo/-t-).^

The conventional method of assessing emphy
sema in experimental and human studies uses the 
measurement of mean linear intercept, a time- 
consuming method.^ The aim of this study was to
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develop a rapid and more sensitive method of 
analysis. We used the Blotchy mouse model of 
emphysema to test the method and to distinguish 
the lungs of heterozygote BI0/ +  mice from those 
of wild type, hemizygous Blo/Y and homozygous 
Blo/Blo mice.

MATERIALS AND METHODS

We cross-bred animals as shown in Table I. The 
resulting progeny provided oflfspring of all geno
types. There were no matings between parents and 
their offspring.

The mice were killed by CO2 asphyxiation. The 
lungs were inflated using a constant-pressure 
apparatus which delivered Karnovsky fixative at a 
pressure of 25 cm H2O through a soft polythene 
tube inserted into the trachea. After 30 min, the 
thoracic contents were removed and placed in fresh
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Table I— Breeding protocol

Cross Progeny

1. +/Y X -E/ + + /Y +/+
2. + /Y X +/B\o -b/Y; Blo/Y -b/+; +/BI0
3. Blo/Y X -f/Blo -b/Y; Blo/Y Blo/-b; Blo/Blo
4. + /Y X Blo/Blo Blo/Y + /BI0

+ /Y; + /+ = W ild  type 9; Blo/Y; Blo/Blo =  Blo S, 9; 
Blo/ +  =  heterozygous 9-

chosen at random, at low magnification ( x 40), and 
up to 5 fields per animal were used in order to oMain 
about 200 measurements of transect lengths on the 
parallel guide lines.

The data were expressed as histograms (Fig. 2). 
The cumulative proportion of results in each 10//m 
interval for animals of the same genotype was 
calculated. The groups were compared by the 
Kolmogorov-Smirnov two-sample test.^’̂  This test 
uses as its test statistic the largest absolute difference 
between the cumulative proportions in the two 
groups at any of the 10 /zm intervals.

fixative for a further 24 h. Both lungs were pro
cessed, embedded in paraffin wax, and then cut 
longitudinally in the sagittal plane. Sections 5 //m 
thick were prepared and stained with haematoxylin 
and eosin.

The images of these sections were back-projected 
onto a translucent glass tablet of a computerized 
image analysis system at a screen magnification of 
X 300 as calibrated from a stage micrometer. A 
series of parallel lines, drawn on a sheet of clear 
acetate, were laid over the projected image (Fig. 1).

Cumulative distribution plot (ogive)

The cumulative proportions were expressed 
graphically as ogives by plotting the transect 
lengths, in \0pm  steps, on the horizontal axis and 
the frequency scale (0-1) on the vertical axis. The 
median transect length was obtained from the 
point on the ogive corresponding to a cumulative 
proportion of 0 5, while the 95th centile was that 
corresponding to a cumulative proportion of 0 95
(Fig. 3).

Fig. 1— Back-projected image o f mouse lung with overlying 
cellulose acetate showing transverse lines, for measuring transect 
lengths

The pen was used to measure the length of those 
lines which fell across spaces (excluding bronchi) 
from epithelium to epithelium. This length was 
defined as a transect length. The lung fields were

RESULTS

The method of analysis was found to be fast, 
taking approximately 30 min per sample to perform 
and print out. The results frqm single animals were 
expressed as histograms and examples from the 
three female genotypes are shown in Fig. 2. 
Although it was possible to see a difference between 
the genotypes by looking at the sections (Fig. 4) and 
at the histograms, it was only when we analysed 
these using the non-parametric Kolmogorov- 
Smirnov test for cumulative data that the more 
subtle differences became apparent, and these were 
particularly striking when illustrated by an ogive 
(Fig. 3). Thus, while there was no difference between 
the ogives for Blo/Blo and Blo/Y lungs, the ogives 
clearly illustrated the highly significant difference^ 
in the distributions of transect length between the 
wild type and Blo mice. The maximum difference in 
cumulative proportion between wild type and mice 
carrying the Blo gene was at a transect lengtn 
between 35 and 45 pm (F < 0  001). However, the 
range of transect lengths over which there were sig 
nificant differences varied (Fig. 3), being greater 
between wild type and the Blo/Y male or Blo/Blo 
female mice than that between Blo/-I- females anu 
wild type or that between Blo/4- females and B\oj\
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Fig. 2— Histograms of lung transect length frequency for individ
ual wild type, Bio/ -t-, and Blo/Blo female animals. Shaded bars 
denote categories o f length which are more than two standard 
deviations above the control mean

males or Blo/Blo females. Although there were dif
ferences in the transect lengths at the median 
between these groups of mice, these changes are 
more clearly seen at the 95th centile, where wild type 
was 74/tm, Blo/Blo 123//m, Blo/Y 127//m, and

BI0/+  104 /zm. There was no evidence of increased 
numbers of inflammatory cells in microscopic sec
tions of lungs from Bio mice compared with those 
from wild type animals.

DISCUSSION

We have described a simple method for analysing 
the type of changes in the air spaces in lung tissue 
which are associated with emphysema. These 
changes, which in man are thought to arise from the 
loss of inter-alveolar septa, appear to involve only 
small changes in the ratio of tissue to air space but 
are evident as an increased separation between gas- 
exchanging tissue boundaries within the air spaces. 
A simple and sensitive measure of such a change is 
the length of the straight line that can be drawn 
across the air space between these tissue boundaries. 
This principle is the basis of the previously described 
method of counting the number of intercepts made 
by a standard length of straight line with air-space 
boundaries.^"'* However, with the advent of semi
automatic electronic measuring devices, such as the 
one we have used, it is now easy to make direct 
measurements of length on projected images of a 
microscopic specimen and thus to increase the sensi
tivity of the method by gathering large amounts of 
accurately measured data. Similar apparatus has 
been used to determine the mean maximum length 
of transect of alveoli in a scanning electron micro
scopic study of emphysema.^ In the present study, 
we attempted to minimize selection of the measured 
values, and other sources of observer bias, by 
arranging that the transect lines are random with 
regard to the specimen and by recording the lengths 
of all transects of air spaces within the alveolar 
portion of the lung.

In the lungs of mice carrying the Bio gene the 
emphysematous changes are reflected in an alter
ation, with respect to the wild type, in the frequency 
distribution of transect lengths. This is evident on 
a simple histogram display of the results as an 
increase in the numbers of transects in categories of 
length falling more than two standard deviations 
above the control mean. On the cumulative fre
quency plots, this same change shifts the whole 
curve to the right of the wild type and, in this form, 
can be directly analysed by the Kolomogorov- 
Smirnov test.

Due to expected random inactivation of one of 
the X chromosomes (Lyon hypothesis), females 
heterozygous for the Bio allele at the Mottled locus
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(BI0/ +  ) are likely to have regions of tissue express
ing the Bio gene and others which express the 
wild type gene. In contrast, homozygous ( +  /-I-; 
Blo/Blo) and hemizygous (-I-/Y; Blo/Y) animals 
have inherited, and therefore express, only one type 
of gene, either +  or Bio. Thus, there are no differ
ences between lung transect lengths of Blo/Blo and 
Blo/Y mice, in whom only one Bio gene is expressed.

Although it is possible to see that the Blo/Y males 
and Blo/Blo females have emphysema on micro
scopic examination and on photomicrographs, it is 
difficult to differentiate heterozygous Bio/4- lungs.. 
Evidence of the efficiency of our method is that for 
the first time we have been able to measure emphy
sema, i.e., an increase in the frequency of long

transects, in the Bio/ -F female which previous 
studies have not described. Moreover, these changes 
are of a degree of severity which places these animals 
in their expected position," that is, intermediate 
between the wild type and the Blo/Y and Blo/Blo 
mice, and significantly different from both. We feel, 
therefore, that the method we have used should be a 
useful tool for the assessment of morphological 
changes associated with emphysema both in exper
imental animals and in man. Clearly, since human 
emphysema is very heterogeneous in its distri
bution, tissue sections would need to be sampled 
with care.

It is important to note that emphysema in the 
Blotchy mouse model does not exactly fulfil the
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m
Fig. 4— Lung tissue sections from (a) wild type, (b) Bio/ + ,  and (c) Blo/Blo mice. (All at standard magnification x 80)

definition of emphysema in man, since there is no 
evidence of inflammation and destruction of lung 
tissue; there is simply an alteration in architecture of 
the connective tissue, thought to be due to defective 
cross-linking of collagen and elastin. However, this 
does not rule out such mechanisms as contributory 
factors in the development of emphysema in man.
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Fio. 1.

Frontispiece
Taken from Waters (1862) Figure 1: his drawing shows ' a
terminal bronchial tube, with a group of air-sacs or lobu- 
lette, connected with it, divided transversely (human). 
a, the terminal bronchial tube; b, the dilated extremity of 
the terminal bronchial tube; ccc individual air-sacs. At d, 
a bristle is seen passed into an air-sac; one end is seen 
opening into ,.the common cavity in which the bronchial tube 
terminates. At ee are seen the openings of other air-sacs 
which lie below those which are exposed; six sacs are seen 
converging to the common centre. The markings in the air- 
sacs denote the boundaries of the alveoli.'
Quoted and illustrated by courtesy of the Librarian, Royal 
Society of Medicine.


