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o UMMARY

A.'. pathophysiological study was made of spontaneously
breathing dogs anaesthetised by a neurolept-analgesic technique and
exposed to 100% oxygen at 2 ATA to demonstrate the time-course and
mechanism of response. The animals remained apparently norml for

some 18 hours, following which the majority developed a fulminating
intra-alveolar oedema and died of hypoxaemia within a few hours.,
There was no evidence of systemic nor pulmonary capillary hyper-
tension, and electron microscopy demogstrated complete absence of
damage to the endothelial and Type 1 epithelial cells of the alveolar h
septum, Changes were detected in the Type 2 cells, and oedemagenésis
was attributed to an oxygen-induced depression of surfactant activity.

Further experiments on similar animals showed that adren-
ergic neuronal blockade protected against oedema formation without
any effect on survival time, The protection was considered to be due
to a puimonary'arterial hypotension which followed blockade, rather
than to any modification of surfactant secretion,

Differential intubation of the two main bronchi allowed
dogs under similar conditions to breathe oxygen and air at 2 ATA on
"alternate lungs and showed that, at these pressures, the effect on

the lungs was direct, providing further evidence for the lack of

involvement of the sympathetic nervous.system. A possible synergistic
effect of ipsilateral vagotomy on such animals was also demonstrated.
Ancillary experiments demonstrated the presence of fine
adrenergic motor nerve fibres deep in the lung parenchyma and termin-
ating close to Type 2 pneumonocytes., Electrical stimulation_of the
stellate ganglion in closed-chest pithed cats, however, failed to

produce any change which could be attributed to disturbances of the
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surfactant systen,

A general review of pulmonary oxygen toxicity, and of

surfactant in relation to pulmonary oedema is included.
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TS OF PRESSURE AND ABBREVIATIONS USED

Phe modern practice of using S.l.units was not followed

&

in this thesis: one of the purposes of a thesis is to impart
information, and with parts of the diving world still struggling

with the conversion of feet t0 metres of sea water as a8 unit of

pressure, the step to kilopascals seemed Jjust too great,

The units of pressure used are: atmospheres absolute
(ATA) for ambient pressures; torr for tensions of dissolved gases

in liquids; and mm,Hg. or cms;Hzo as épproPriate for hydrostatic

A

pressurese.
A list of conversion factors to other commonly used units
is given below:

1 ATA™ = 33,05 feet sea water
10.33 metres sea water

' 14.696 1bs/sq. in.

1.033 Kg/sq. cm.
760 mm,Hg. (torr)

1,013 bars

101325 Newtons/sq. metre
‘101 kilopascals

* defined as a standard atmosphere, equal to
the pressure exerted by a column of mercury
760 mm, high at a temperature where the
density of mercury is 13,5951 g/cm3.
The respiratory symbols and abbreviations used are those
recommended by the Pappenheimer committee (Pappenheimer, Je (1950).

Standardisation of definitions and symbols in respiratory physiology. -

Fed. Proc, 9, 602-605); they are now universally accepted and will

not be detailed here,
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Several less well recognised abbreviations have been used,

particularly in the tables:

B.G.F; ” o 'Bloodgas*fac£or

C;f | *‘ L Compliance

'C.V.P. o Central venous pressure

Hb, | Hﬁemoglobin‘ |

Het, ‘ - Haematocrit

H;ﬁ. | r Heart rate.

O.H.P. | Oxygen a!t high press'umﬂ ‘,
fmA;P. Pulmonary arterial féessure h
P;A.P.*weégéd H Pulmonary arterial wedged presgﬁre
P.V.Re o Pﬂlmonary vascular resistﬁnce |
hQS/QT 1 Percentagé pulmonary shunt ratio

Qp Cardiac output

R. Respiratory exchange rétio

S.B.Po Systemic blood pressure

4 S.De © - Standard deviation
S.Ee Standard error of the mean
W/D ratio Lung'wet/dry'weight ratio

Stereometry abbreviations are defined on Page 4:12 et seq.
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FOREWORD

'From the greater strength and vivacity of the flame of
a candle, in this pure air, it may be conjectured, that it might
be peculiarly salutary to the lungs in certain morbid cases, when
the common air would not be sufficient to carry off the phlogistic
putrid effluvium fast enough. But perhaps, we may also infer from
these experiments thatrthough pure dephlogisticated air might be
very useful as a medicine, it might not be proper for us in the
usual healthy state of the body: for, as a candle burns out much
faster in dephlogisticated than in common air, so we might, as may

be said, live out too fast, and the animal powers be too soon

exhausted in this pure kind of air.,!

J. Priestle 1

Or, for those who would prefér to attribute the discovery

of oxygen to lLavoisier rather than to Priestley:

'eeeeo When there is an excess of vital air (oxygen)
the animal only undergoes a severe illness; when it is lacking,

death is almost instantaneous.‘

g

A.L. Lavoigier 1782
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INTRODUCTION

-

Priestley's original communication to the Royal Society

(Foreword) reveals that the awareness of possible toxic effects

of oxygen is d4s 0ld as the discovery of the gas itself,

Historical outline

g™

The most extensive ear1y research on oxygen poisoning
wﬁs théf describdbed by'Paul’Bert in his monumental'work,F'La Pression
Barometrique® (1878) which, in the hyperbaric world, has attained
the status of a classic. Bert was most interested in the central
nervous system manifestations of oxygen toxicity - with which his
name has become eponymous - but he also recognised effects on

cardiac function and on the lungs.

The first published report referring specifically to
pulmonary oxygen toxicity was not by J. Lorrain,Smith as is popularly
éupposed, but by Thompson, who in 1889 described severe pulmonary
congestion in a guinea-pig and a dog which had died following
exposure to high pressures of oxygen. It is noted that the animals
had cogvulsed and here in the first ever report in the literature
was sown the seeds of controversy regarding the possible centri-
neurogenic aetiology of pulmonary oxygen toxicity (see Sections 8

and 10).

To Smith, however, (1897, 1899) belongs the first detailed

description of pulmonary pathology following oxygen exposure. The

original text (Smith 1899) is worth quoting:

1:1



- *The lungs were deeply congested and sank in the fixing
fluid ....JEOn microscopic examination, the tissues of the lungs
showed intense congestion in the large and small blood vessels,
The alveoli weré to a great_e%tent filled with an exudate, which
was granular and fibrillated in appearance, but did not give the
fibrin stain by Weigert's method, nor'with eosin ... There were
no leucocytes in the exudate. The pneumonic condition was univer-
sal, and could therefore be compared only with the earliest stages
of croupous pnéumonia. The exudate itself was probably the cause
of the embarrassed resﬁirationand the animal's death;ﬂ It ié‘
inconceivable that with inflammation so extensive, thé animal could

hafe survived until the process had developed farther.®

These appearances are, of course, now known as the

o

Lorrain Smith effect,

He also clearly demonstrated that the response was dose
and time dependent; that the higher the pressure the less time the
lungs were able to withstand the consequence of oxygen exposure,
Carrying this further, he made a clear statement of the division

of oxygen toxicity into its two major manifestations:

) 'The one. consisting in the slowly developing inflammatory
effect seen most 'prominently in the lung tissuve., The other a
rapidly developing effect on the nervous tissue, which we may in

the meantime describe as functional ...e"

One of his observations is of direct relevance to the

work described in this thesis; that the lung changes in mice exposed

to '170 to 180 percent of an atmosphere! (1.8 ATA) were such that

1:2



they would interfere with the uptake of oxygen.(Smith 1897).

These historical aspects, and the large amount of experi-
mental work carried out during the early decades of this century .
have been exhaustively reviewed by Bean (1945). Other more concise
reviews covering the same period are those of Stadie, Riggs &

Haugaard (1944), and Ohlsson (1947).

Present interest

Investigation into the mechanisms of pulmonary oxygen
toxicity accelerated with the post-war revival of interest in

hyperbaric oxygen therapy, and the 1950's and 60's contributed a

large mass of data to the literature (Clark & Lambertsen, 1971).

Unfortunately the high expectations for hyperbaric therapy
have not been fulfilled and it is now realised that its indications
are limited. Almost concomitant with the decline of interest in
hyperbaric oxygenation, however, came the growing use of high
c;ncentrations of oxygen at normobaric pressures in the treatment of
patients by modern intensive care techniques, and along with this
the awareness that oxygen is a dangerous drug (Bendixen,ngbert,
Hedley-Vhyte, Lavef+& Pontoppidan, 1965; Nash, Blennerhassett &
Pontoppidan, 1967; Thomas & Hall, 1970; Green, 1970; Gould, Tosco,
Wheelis, Gould & Kapanci, 1972; Woo & Hedley-Whyte, 1973;fEditorials,
1974, 1975).

This interest in the possible dangers of a hyperoxic but
normobaric, or even hypobaric environment has received added impetus

over tr~ past two decades with the vast amount of effort expended

1
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on satellite and lunar space probes., There are many engineering
design advantages in the use of a single gas at low pressure, and
‘the practice has been, in the Western world at any rate, to'use
100% oxygen at a pressure of 5 p.s.i.u(0.34*ATA) in the capsule and

3.5 PeSei. (0,24 ATA) in the pressure suit (Lambertsen, 1963).

Much of the continuing interest in oxygen toxicity research
lies with the diving world and the recent very great expansion in
diving, both commercial and recreational in this country, has

provided an added stimulus,

It might be thought that oxygen toxicity is an academic
rather than a practical hazard of diving. Compressed air divers
(which.categary ought to include all amateur-divers) must descend
to 4Q metres (5 ATA) before they are breathing the equivalent of
pure -oxygen on the surface, and duration at that depth is limited by
inert gas considerations long before raised oxygen tension becomes
a problem. In commercial diving practice using oxygen-helium mix-
tures, it is relatively simple to adjust the inspired oxygen
concentratiﬁn to ensure an oxygen.partialipressure of below 0,5 bars

at any depth,

There are, however, three diving situations where danger-

ously high oxygen tensions may be encountered,

In very deep diving, because the penalty of prolongation
of decompression time increases with depth, 'bounce' diving is not
cost-effective and it is almost standard practice to use saturation
diving techniques where exposure to raised pressure lasts many days,

or even weeks, To maintain a normal oxygen tension at great depths,
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the fractional concentration of oxygen must be reduced to a very low
level (e.g. to obtain a P10> of 150 torr at 300 metres, F102=0.67T%)
and the accurate measurement and control of these extremely small

percentages becpmes a very real problem.(Miller, 1975).

Air saturation diving techniques are also used, mainly
by scientific divers engaged on sea-bed surveys (MacInnes, 1975).
These divers are of course at much shallower depths, but even so

they are exposed to much higher pressures of oxygen than normal for

very long periods of time,

The second circumstance is usually confined to the mili--
tary situation, where the use of pure oxygen closed circuit breath-
ing sets, by virtue of their extended‘duration.and:freedom.from
exhaust bubbles, allows the diver to proceed uﬁdetected in the
clandestine role, ﬁnder normal working or swimming conditions, such

divers in the Royal Navy are limited to a maximum depth of 8 metres

(1.8 ATA).

/!

The third situation is the increasing use over the past
ten years of a minimal-recompression high-oxygen therapeutic regime

in the treatment of acute decompression sickness (Goodman & Workman,

1965 ).

The standard treatment of this condition fof very many
,yearsshas been to return the injured diver to a fixed arbitrary depth
(50 metres) on air, the rationale being that the bubble causing the

symptoms will be compressed down to such a size as no longer to cause
problems. The main objection to this form of treatment is that the

patient is being subjected to an extra inert gas load at the very

1
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time when, by definition, his inert gas exchange mechanisms have been

damaged,

This disadvantage, together with éhe recent realisation
that bubble forpation per se is only a small part of the pathophysio-
logy of decompression sickness has led*to the‘idea of using pﬁre
oxygen at 3 ATA instead., In this way, a useful decreasé in,bubblé
size is stili obtained,(theoretically'down toiapproxiﬁatelyone‘third
of its initiallvolume), a much greater tissue-alveolar gas gradient
for the elimination of nitrogen is obtained, anmd tissue hypoxia can

be reversed,

A very great deal of research has been carried out on the
effects of breathing 100% oxygen up to 1 ATA, and also at pressures
above 5 ATA; the area in between,from 1 ATA to 3 ATA remains relat-
ively poorly investigated, yet it is with this range of pressures

that the latter two situations described above are concerned,

s

Organisation of the thesis

This thesis reports a study of the mechanisms involved in

the development of pulmonary oxygen toxicity at a pressure of 2 ATA.

It consists of seven self-contained sections (Sections 3
to 9), each describing one group of experiments, and each with its
own literature review and discussion4 Section 10 is a general

discussion sumarising all the findings,

This presentation departs from convention in that there

is no general introductory review of the literature. The most
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recently published review of pulmonary oxygen toxicity was written

by the author in conjunction with Dr, Graham Smith less than a

year ago and is presented as Appendix 1 to the thesis,

Section 2 is a short review of two specific topics whose
relevance become evident on further reading herein; the physiology
of surfactant production, and the influence of surfactant on the

formation of pulmonary oedema,

1
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REVIEW

SURFACTANT .

Discovery

 Assuming for the moment that alveolar respiratory mechanics
can be analysed in terms of a bubble~shaped model alveolus using the
Laplace equation, a simple calculation reveals a marked discrepancy
between the forces theoretically necessary to expand the lungs and

those actually observed in practice.

Thus, assuming a tissue fluid surface tension of 50 dynes/
cm. and an alveolar radius of 50 micrometres, it would require a
force of 20,000 dynes/cm. (equivalent to about 20 cms. of water) to

overcome surface forces alone,

The contribution of surface tension to the elasticity of
the lungs was demonstrated by von Neergaard (1929) in an elegantly
simple experiment in vhich excised lungs were distended either with
air or with a 7% gum arabic solution., He found that considerably
less pressure was required to inflate the ;ung preparation with
ligquid than with air, and from a comparison of the air and liquid
pressure volume curves concluded that the difference was due to
surface tension effects at the fluid/air interface and that true
tissue elasticity contributed only .... 'about ¥ to ¥ of the total
retraction pressuret!, He also noted that the separation of the
‘curves became greater (i.e. relative surface tension effect increased)
at greater'lung'volumes and e.e.ese 'that the pressure due to true

tissue elasticity regularly reaches the zero point at volumes much

larger than would be expected from the pressures in the collapsed



state?!,

Eg also suggested that the lowering of alveolar surface
ténéion might be due to the accumulation of surface active substances
at the alveolar interface and sees.es 'that this would be useful in
the mechanics of breathing, for otherwise the contraction pressures
of the lung might become so great as to interfere with adequate

expansiont,

Ofer the yeérs since von Néergaard's original experiment,
the presence of such a surface tension lowering agent has repeatedly
beer demonstrated, in extracts obtained from pulmonary alveoli by
such procedures as endobronchial saline lavage, the generétion of
foam from the alveoli, and the mincing or homogenising of whole lung
tissue., Not only did such extracts lower surface tension; they
also displayed the properties of surface.activity) i.e, the ability
to decrease surface tension in inverse proportion to the surface area
of the film (Clements, 1957;: Avery'&fMEad, 1959; Bondurant & Miller,
1062: Reiss, 1965). (NOte:'the difference betvween a detergent and.
a surfactant is that the former, being wholly soluble in the liquid
phase does not alter surface tension as the surface area changes,
vhereas the latter by virtue of its unipolar hydrophobic property
accumulates on the surface and is thus more active, within limits,

when the film is compressed.)

The knowledge that in certain circumstances, the surface
tension of a fluid can vary with its surface area is very old
(Pockels, 1891), This property explains the widening of the air/

liquid pressure-volume curves obtained by von Neergaard (at high

lung voli.es, 75% of the lung elasticity is due to surface tension
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forces, while at low volumes the contribution is only 30%), but the
real significance of this was missed at the time and it was left to
Clements to stress that, by such a mechanism, the alveoli are stabil-
ised and that many millions of tiny intercommunicating spheres of
different sizes can co-exist at different states of inflation in
spite of surface tension effects (Clements, Hustead, Johnson &
Gribetz,*l96l). More recent (Macklem, Proctor &.Hogg,‘1970) is the
demonstration that surfactant.is essentigl also for the maintenanee

of stability in small bronchioles,

An additional important function of surfactant emphasised
by Pattle (1958, 1965) is assisting in the regulation of the intra-

alveolar fluid volume; this aspect is discussed later in the section.

Biocﬁemistrx

In 1946, an unusual phosphatide, dipalmityl lecitﬁin, was
isolated from whole lung homogenate (Thannhauser, Benotti & Boncaddo,
1046) and it soon became apparent that this substance was an
important constituent of the surface active film (Salisbury-Murphy,
Rubenstein & Beck, 1966; Tierney, Clements & Trahan, 1967; Clements,

1971s Young & Tierney, 1972).

The 'semantic,conceptual and methodologic problems®
incurred in the isolation and identification of pulmonary surfactant
have been discussed by Clements (1970). The main problem, briefly,
is that through common usage, 'surfactant' has come to mean a single

compound to most people, while in fact it is made up of complexes

of different molecules possibly with different functions within the

‘surfactant system' (Allan, Goodman, Besarab & Rasmussen, 1973),
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and that as these compléxes become separated during the ﬁowerful and

relatively crude fractionating processes involved, their original

interactions become obscured.,

It is not surpfising therefore that for many years there

was disagreement as to the nature of the 'surfactant'! molecule,

One group of workers suggested thatusurfactant is a phospho-
11p0polysacchar1de (Clutario, Scarpelll+&.Taylor, 1966; Scarpelli,
Clutario & Taylor, 1967); another group claim that it is the phospho-
lipid itself, unassociated with protéins or pélysaccharides which is
f};e active molecule (Steim, Redding, ﬁauck & Stein, 196é)- A very
large number of studies have suggested that surfactant is a lipo-
protein complex (Pattle & Thomas, 1961; Abrams & Taylor, 1964£
Abrams, 1966; Klein & Margolis, 1968:; Frosolono, Charms, Pawlowski
& Slivka, 1970), and the observation by Spitzer & Norman (1971) that
the biological half-life for the l4C-leucine labelled surfactant

protein was almost identical to that of the JH-choline labelled sur-

factant lecithin, indicating that the surfactant lipoprotein complex

appeared to turn over as a single molecule provides strong confirma-

tory evidence,

All, however, are agreed that dipalmityl lecithin is the
most important constituent of surfactant and that although it probably

cannot function alone, it contributes most to the lowering of alveolar

gurface tension.

Site of formation
1) Cellular

Type 2 cells possess the morphological features character-

2
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"istic of secretory cells; a large rough endoplasmic reticulum, a

well-developed Golgi apparatus, and cytoplasmic inclusion bodies

(Sorokin, 1967; Schramm, 1967).

Macklip,-in 1054, commented on the similarities between
the silver-staining granules of the 'large pulmonary alveolar?
(Type*2) cells and granules obtained frdm.pulmonary washings, and
observeda(hy light micrpscoPy) that the granules within these cells
appeared to enlarge, coalesce and eventually become extruded onto
the alveolar surface, where they disappeared., . These findings have
been confirmed by electrontmicroécopy and several workers have
published micrographs showing inclusion bodies of Type 2 cells
dischargiﬁg their contents onto the alveolar surface (Bensch,
Schaeffer & Avery, 1964; Goldenberg, Buckingham & Sommers, 1969;

Kikkawa, 1970; Huber, Edmunds & Finley, 1971),

Niden (1967), however, pointed out that in fixed material,
it is difficult to distinguish between secretion and phagocytosis
and on the basis of histochemical evidence and the knowledge that
the Type 2 cell is actively phagocytic (Low & Sampaio, 1957: Ladman
& Finley, 1966) suggested that its main function was as an alveolar
phagocyte, and that surfactant is in fact produced by the non-

ciliated bronchiolar (Clara) cells,

This seems unlikely for several reasons; the osmiophilic
jnclusions of the Type 2 cells lack a polysaccharide lining which
is typical of phagocytic vacuoloes (Kuhn, 1968), labelled lecithin

precursors appear in Type 2 cell cytoplasm before appearing in the

Clara cells or in the alveolar lumen (Askin & Kuhn, 1971; Darrah &

Hedley-Whyte, 1973), and from morphometric analysis (Weibel, 1963a)
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of alveolar and bronchiolar cytology applied to known rates of lung
lecithin turnover (Tierney, Clements & Trahan, 1967) it becomes
obvious th;t while the Type 2 cells could synthesise sufficient
lecithin at a normal metabolic rate, the same production by the
known mass of Clara cells would require a 100-fold increase in their

oxygen consumption (Clements, 1970).

Nevertheless, the active secretory nature of the Clara
cells remains undoubted (Azzopardii&.Thurlbeqk, 1969), and it has
been suggested (Gil & Weibel, 1971b) that they and the Type 2 cells

may both secrete surfactant, each to their own areas,

The evidence that the secretory product of the Type 2

cell is surfactant is largely circumstantial,

Pattle (1958) observed that stable bubbles could be
expressed from foetal mice lungs af a géstational age of about 17
to 18 days; this'correlates well with the appearance of adult-
pattern surface actifity in mouse-=lung extracts at 18 days gestation

(Buckingham & Avery, 1962) and the appearance of osmiéphilic inclu-

sions in the Type 2 cells at 18 days (WOOdside.&.Dalton, 1958).

In foetal lambs, the temporal relationship betweenﬁthe
appearance of inclﬁsion.bodies, the riée in the lung's content of
dipalmityl lecithin, and the lung's attainment of adult mechanical
properties has been demonstrated (Brumleyj Cherﬁick, Hodson, Normand,

Fenner & Avery, 1967).

In foetal rabbits, injected corticosteroid was found to

accelerate the appearance of surfactant (Kotas &.Aver&, 1971);

the same treatment has also been shown to accelerate maturation of



~ the Type 2 cells and to increase formation of the inclusion bodies
(WVang, Kotas, Avery & Thurlbeck, 1971). It is of interest that the

treatment had no effect on the Clara cells,

§

In the human foetus, a surface active lining is present
in the lungs from about 5 to 6 months' gestation (Avery & Mead, 1959);
osmiophilic inclusions appear at about the same time (Campiche,

Gautier, Hernandez & Reymond, 1963).

Adult rats, rendered hyperth&roid, show & progressive en-
largement of the Type 2 cells together with an increased size and

nunmber of inclusion bodies and an increase in recoverable surfactant

(Redding, Douglas & Stein, 1972).

2) Ultrastructural localisation

The most compelling evidence for the Type 2 cell as the

origin of surfactant has come from autoradiographic studies of

surfactant synthesis.

V4

Following‘such a study by light microscopy, Buckingham
and her co-workers (Buckingham, Heineman, Sommers & McNary, 1966)
concluded that as the grains produced on the emulsion by labelled
surfactant precursors lay between but not within,the inclusion
bodies, the inciusions were storage rather than production sités
fof surfactant, They also.étated.thét more precise localisation
wbuld requife the then.ﬁnperfeCEed technique of electron microscopic

autoradiography.

This technique was used in 1971 by Askin & Kuhn, who showed
that 1.2 label (3H-palmitate) was taken up mainly by the Type 2

Eells. By electron microscopy it was seen that while the greatest
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number of autoradiographic grains were in areas of cytoplasm con-
taining mitochondria, small vesicles and endoplasmic reticulum,

-~

there was a 4 to 10-fold concentration of grains over the inclusion

bodies compared with the endoplasmic reticulum,

Tombropoulos (1971) demonstrated in vitro that lipid
synthesis occurs in both the mitochondrial and microsomal subcell-

ular fractions, but that the microsomal fractionmwas'much.more

active,.

Adamson and Bowden (1973) on the other hand, working with
lung tissue cultures, concluded that lecithin synthesis actually
took place in the perilamellar membrane of the inclusion bodies,

and not remote from them.

! Using a multiple-labelling autoradiographic technique,
Chevalier & Collet (1972) provided strong evidence for the sub-
cellulér site of surfactant synthesis and for its chemical nature,
3H-cholin.e, a specific precursor of lecithin,.was initially local-
'1;ed in the endoplasmic reticulum, then was rapidly transported by
previously undescribed small lamellar bodies via the Golgi body to
the inclusion bodies, The leucine label was also initially #confined
to the endoplasmic reticulﬁm, but then appeéred to be cérried by
multivesicular bodies, via the Golgi aéparatus, to the inclusion
 bodies. The galactose label was poorly taken up, but appeared also

in the inclusion bodies., The labels appeared in the intra-alveolar

surfactant at 120 minutes after injection,

These denmonstrations of intracellular transport of sur-

factant precursors are in agreement with the demonstrations by

Massaro and his colleagues (Massaro,‘Weiss & Simon, 1970: Massaro &

2:8



Mhssaro, 1972) of an intracellular: transport mechanism for secretory

protein within the Type 2 cell,

These studies and others performed since (Darfah_&.Hedléy-
Whyte, 1973; Dickie, Massaro, Marshal & Massaro, 1973: Gil & Reiss,
1975: Massaro & Massaro, 1974) have now confirmed that the Type 2

cell actively synthesises a lipoprotein complex and stores it in

the inclusion bodies,

Disease states and surfactant

Several pathological conditions and toxic substances are

associated with alterations in pulmonary surface activity; they

have been reviewed by Avery & Said (1965) and Forrest (1969),

In summary, these are: atelectasis dve to pleural effusion,
bronchial obstruction or pneumothorax (Tooléngardner, Thung &
Finley, 1961; Avery & Chernick, 1963; Sutnick & Soloff, 1963; Finley,
Tooley, Swenson, Gardner & Clements, 1964:; Yeh, Ellison, Manning,
Hamlin & Ellison, 1965): impaired pulmonary perfusion (Swenson,
Finley'&Guzman; 1961; Finley et al., 19643 Chernick, Hodson &
Gréenfield, 1966; Giammona, Mendelbaum, Foy & Bondurant, 1966; Huber
& Bdmunds, 1967: Morgan & Edmunds, 1967;: Said, Harlan, Burke & Elliot,
1968; Massaro, Weiss & White, 1971); inhalation of amniotic fluid,
or in drowning (Johnson, Permutt, Sipple & Salem, 1964; Mantkelow &
Hunt, 1967); lung transplantation.(Waldhausen, Giammona, Kilman &
Daly, 1965; Permutt, 1967); pneumonia (Pattle & Burgess, 1961;
Sutnick & Soloff, 1964); radiation pneumonitis (Warren_& Gates,
1940; Capers, 1961; Menzel, 1970); carbon dioxide poisoning

(Schaeie ., Avery & Bensch, 1964); inhalation of mercury vapour
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(MattheW)'Kirschner, Yow & Brennan, 1958), ozone (MEndenhalli&
Stockinger, 1962), and cigarette smoke (Bondurant, 1960: Miller &
Bondurant ,1962): and ingestion of dipyridylium herbicides (Mantkelow,
1067; Fisher & Clements, 1969; Fisher, Clements & Tierney, 1970;

Fisher, Clements & Wright, 1973a).

It seems likely, however, that in all of these conditions,
disorders of surfactant occur as a consequence rather than a cause

of alveolar cellular damage, and in none has a primary role of

surfactant been demonstrated.,

There appears to be only one condition, namely asphyxia
neonatorum, in which the pathological changes may possibly be due

to a primary deficiency of surfactant,

Asphyxia neonatorum

In this conditioﬁ, the newborn, usually premature, infant
has great difficulty in expanding its lungs despite maximal inspira-
tory effort, and eventually dies of asphyxia and exhaustion. The

pathological appearances in the lungs are of atelectasis, pulmonary
congestion and intrapulmonary haemorrhage, and the formation of

eosinophilic hyaline membranes within dilated alveolar ducts.

Gruenwald (1947, 1955) described the uneven expansion
pattern of such lungs when inflated with air, but not with kerosene
and concluded that the effect was due td'an.upset in surface tension

pechanisms,

Pattle (1958), following his observation that a surface-

active material appeared only late in foetal life in guinea-pigs

suggested.that ‘atelectasis neonatorum' may be due to a defect in

2

10



this material, Independently, Avery & Mead (1959)‘Performed surface
balance studies on infant lungs obtained at autopsy and found that
infants unéer lel Kg. birth weight, and thése of any weight, but
with atelectasi? and/or hyaline membranes, lacked surface active
material. These findings were subsequently confirmed (Gruenwald,
1960; Adams, Fujiwara, Emmanoulides &;Séudder, 1965) and extended
in pressure-volume studies which showed poor distensibility and the
tendency to collapse in lungs of infants with hyaline membranes
(Gribetz, Frank & Avery, 1959; Gfuenwald, Johnsaﬁ, Hus%eaﬁ &
-Clements, 1962). The lungs of infanté with atelectasis and hyaline
membranes were unable to form é nofmal surféce film and retainéd
less air after re-inflation and collapsé thén normal lungs (Pattle,
Claireaux, bavieé &:Cémeron, 1962). The same authors also auégested
that the high iﬁterfacial surface teﬁsion in the alvepli which the

infant manages to hold open accounts for the transudation and hyéline

nmembrane formation.

) Further evidence for the involvement of surfactant in this
condition came from Campiche, Jaccottet & Juillard (1962) who exam-

ined the lungs of eight ipfants with hyaline membranes and found a

reduction in the Type 2 cell inclusion bodies,

More recently, a clinical.and laboratory study on more than

400 mature and premature babies led to the conclusion that asphyxia
neonatorum is a primary'diéorder of lung development in which therg
is indeed a failure ts produce surfactant (Gluck,'Kulovich,iEidelman,
Cordero & Khazin, 1972).f This causes reduced alveolar distensibility
and triggefs secoﬁdaryfactorssuch as alveolar exudation (due to

Sl

incrcased negative intrathoracic pressure), a diminished pulmonary
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blood flow, hypoxia and acidosis, all of which contribute further

to a decrease in any lecithin synthesis,

Hyperoxia and surfactant

The similarities in the pathological changes in pulmonary
oxygen toxicity and asphyxia neonatorum were noticed many years ago

¢ -
i

(Liebegott, 1941; Pichotka, 1941),

With the growing realisation that asphyxia neonatorum could
be explained on the basis of surfactant deficiency, attention was
directed towards the effects of hyperoxia on surfactant. The results
in gencral have shown the development of defective surfactant mech-
anisms (as measured by raised surface tension in lung extracts,
altered pressure-volume curves, altered uptake of radioactive
palmitate, or structural .alterations of .the Type 2 cell indlusion

bodies) following exposure to 100% oxygen at both normobaric

(Fujivara, Adams & Seto, 1964; Caldwell, Giammona, Lee & Bondurant,
1965: Giammona, Kerner & Bondurant, 1965; Morgén, Finley, Huber &

fialkow, 19653 McSherry, Pannossian, Jaéger.&fVeith, 1968 lorgan,
1068; Beékﬁan.&.Weiss, 1969) and at hyperbaric (Bondurant & Smith,
1962: Jamieson & van der Brenk, 1964: Kennedy, 1966:; VWVebb, Lanius,

Aslami & Reynolds, 1966; McSherry & Gilder, 1970) pressures.

Additional evidence for the implication of surfactant in

oxygen toxicity comes from the synergism seen with Paraquat (Fisher,

Clements & Wright, 1973).

The biochemical and ultrastructural changes relating to
oxygen effects on surfactant described since 1970 are reviewed by

Smith and Shields (1975) and are presented on Pages Al:14-=16 of this
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thesis,

Since the writing of the 1975 review, it has been demon-
strated th-at long-term exposure of mice to 100% oxygen at hypobaric
pressures (632 and 315 mm,Hg.) causes lowered surfactant activity
and also that there is an adaptive response to gradually increased
oxygen tensions (Sheffield, 1975). This appears to indica£e that
the effect of oxygen is on surfactant synthesis, an active process

capable of adaptation, rather than by the passive direct inactivation

of pre~formed surfactant.

SURFACTANT AND PULMONARY OEDEMA

Before the advent of the electron microscope, the blood-
air farrier vas thought o consist of a single layer of tissue, and
the development of pulmonary oedema, explained on the basis of a
two~-compartment model, was considered to be the simple extravasation
éf a filtrate of plasma into the alveolar space, It is now realised
that the structure of the alveolar membrane is consideradbly more
complicated (Weibel, 1069; Ryan, 1969; Fishman, 1972; Szidon, Pietra
& Pishman, 1972; Weibel, Burri & Gil, 1972), and that any model of
fluid transport must allow for four anatomically distinct compart-

ments, i.e. the vascular, interstitial, alveolar and lymphatic compart-

ments,

Functional anatomy

The ultrastructural cytology of the alveolar membrane is

reviewed in Section 4., Here, the structure of the membrane is

considered at lesser magnification, and its relation to function is

2
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best appreciated by examining an edge-on view of the alveolar septum,

A%most invariably, the capillarieq when seeﬁ in either
longitudinal (Figure 2:1) or transverse (Figure 2:2) section are
found to be eccéntricaily placed within the septum, and tend to bulgé
into the alveolar lumen on one side of the septum only., This results

in the two sides of a capillary having distinct structural and func-

tional differences.,

The side which bulges into the alveolar lumen is extremely
thin (less than 0,5 micromgﬁres); it consists only of the finely
attenuated processes of the endothelial and Type 1 epithelial cells
together with their fused basement membranes, It is ideally adapted
to gas exchange. The opposite side is much thicker, and consists
of five separate anatomical layers; capillary endothelium, basement
membrane, interstitial space, basement membrane, and Type 1 epi-
thelium, Within the interstitial space are found bundles of elastic,
collagen and reticulin fibres in & mucopolysaccharide ground substance,
fibroblasts and macrophages, This side serves to support the capill-

ary and also plays the major part in fluid exchange (Fishman, 1972).

Fiuid leaving the pulmonary capillaries tends to do so on
the thick side where the much wider interstitial space can act as a
sump leaving the thin gas~exchanging portion of the alveolar septum
intact (Cottrell, Levine, Senior, Wiener, Spiro & Fishman, 1967).
It is then cleared towards'the alveolar ducts where it enters the
very extensive pulmonary lymphatic system (Miller, 1937; Ryan, 1969;

Lauweryns, 1970; Pump, 1970) for further transport towards the hilum.

The actual mechanisms involved in this transport are still

controversial, but it is generally accepted that between the alveolar
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and the more centrally-located interstitial spaces there are grad-
jents of sub-—-atmospheric pressure and that pressures in the inter-
stitial sﬁéce around the large textra-alveolar' (Staub, 1966)

vessels and airways are considerably subatmospheric (Howell, Permutt,

|

Proctor &:Riley; 1961; Permutt, 1965; Staub, 1970). Respiratory
movements probably also assist in pumping the lymph centrally
(Fishman,dl972). What is certainly known is that very large volumes
of fluid caﬁ be moved efficiently from the alveolar areas, and that,
éf there 1is ﬁ weak point in the sy;tem, it is in the dimensions of
the final outflow tract, i.e. the thoracic and right lymphatic ducts
(Drinker, 1950; Dumont, Clauss, Reed & 'I‘ice,“1963). When the flow
of lymph overwhelms the exit_lymphatics, interstitial oedema accunu-
lates centrally around the large vessels and airways (see Figures
3:25 and 3:26) and only at a late stage is there found any great
thickening of the ‘'sumps' in the alveolar septa (as denonstrated in
Figure 2:3) (Staub et al.,  1967; Meyrick, Miller & Reid, 1972:

Szidon et al., 1972; Staub, 1974).

/

Surfactant lining layer

The luminal side of the élveolar épitheliuﬁ.is covered by a
surface lining layer which consists of two phases, a' thin surface
film, and an underlying hypophase, It has only recently been visual-
ised by electron microscopy, and then only with difficulty, by means
of special techniques. such as perfusion-fixation and freeze-etching
(Weibel & Gil, 1969; Gil & Weibel, 1968; Kikkawa, 1970; Brooks, 1971:

Gil & Weibel, 1971: Untersee, Gil & Weibel, 1971).

The lining layer consists of a very thin osmiophilic surface

7o

2:15

*®



film, presumably a monomolecular layer of surface-active lipo-
protein, and an underlying hypophase thought to consist mainly of
mucopolysﬁécharides (Roth, 1975) which can-attain a thickness of
several micrometres, for example in clefts between capillaries,

It has been seen to extend to fill and obliterate a pore of Kohn

(¢il & Weibel, 1969).

The most striking feature of perfusion-fixed lung tissue
is that by virtue of this lining layer, the alveolar lumen presents
a perfectly smooth surface, . Freeze-etching techniques have demon-

it

strated that the lining is continuous (Untersee et al., 1971),

Fluid excﬁange across the alveolar septum

Permeability of septal membranes

oY

1) Endothelium

The pulmonary capillary endothelium has similar permeability
characteristics to capillaries elsewhere, and does not provide any
s;eciél barrier to the passage of water and small molecules; it
has been likened to the capillaries of cardiac and skeletal muscle
(Wangens%eén,'Wittmers& Johnsbn, 1969; Taylorﬁ&rGaar, 1970)., Elec-
tron nmicroscopy has revealed clefts épproximately 200 Angstroms wide
between adjacent endothelial cellé, with narrowings along the clefts
of dowp.fo 50 to 80 Angstroms in places, Tﬁése allow for continuity
of tﬂé intravascular and extravascular compartments,and their dimen-
sions and numbers (1 to 2 x 10° per square centimetre of capillary
wall) are consistent with their representing the 'small pores' of
the physiologists’ theory’of capillary transport (Pappenheiﬁér, 1953;

Schneeberger~Keeley & Karnovski, 1968; Szidon et al., 1972). The

2316



dimensions of tbe 'small pores' are not fixed, however; it has been
shown that at normal pulmonary capillary pressures they are suffic-
iently small to arrest the‘passage of a marker such as stroma-free
haemoglobin (molecular weight 64,000, diameter about 60 Angstroms)
whereas when capillary pressure is increased, the pores stretch and

allow the marker to pass (Shirley, Wolfram, Wasserman & Mayerson,

1957; Szidon et al., 1972).

Molecules of molecular weight greater than 90,000 must
cross the endothelial barriervby other means, On physiological
grounds, a system of 'laige pores' about 500 Angstroms in diameter
has been postulated (Pappenheimer, 1953) and it has been suggested
that the pinocytotic vesicles seen in the endothelial membranes
(Bruns & Palade, 1968; Bensch & Dominguez, 1971) represent the ana-

tomical equivalent of these large pores (Mayerson, Wolfram, Shirley

& Wasserman, 1960).

2)- Epithelium

In contrast to the above, physiological studies have shown
that the Type 1 epithelial membrane forms a barrier £6 muéh smaller
molecules; calculations show that, by the pore theory, the pores
of the epithelial membrane are only about one tenth the diameter of
those of the endothélium.(Chinard, 19663 Wangensteen et al., 1969;
Taylor & Gaar, 1970). Electron microscopy has revealed that the
junctions between adjacent epithelial cells are 'tight' and that the

cleft is completely obliterated by fusion of the cell membranes . to

form zonulae -occludentes (Szidon et al,, 1972),



Hydrostatic forces across the alveolar membrane

The movement of liquid across an endothelial membrane

(Starling 1896) can be expressed by:

Q = Kf (Pc - Pi.s.) = ('Itpl =T i.s.)
where Q = rate of liquid movement across & unit .
surface area of capillary.
Ke = capillary filtration coefficient (a
o physical constant incorporating capillary
permeability and actual surface area units).
P, and Pi.s. = hydrostatic pressures in the
capillary and interstitial space.,

TC p1 @nd YL 3,5, = Plasma and interstitial space

oncotic pressures,

Drinker (1950), using this approach and allowing 10 mm.Hg.
for Eulmonary capillary pressure, 30 mm,Hg. for plasma oncotic
pressure and a variable 5 to 10 mm.Hg. net intrathoracic negative
pressure due to respiratory movements, found a balance of 10 to
15 mm,Hg., in favour of alveolar ﬁryness. This, however, was class-
ical two-compartmental analysis; Drinker did not believe in a
continuous alveolar epithelial lining, and thought that any alveolar
fluid was immediately removed by the lymphatics., He failed to allow

for the oncotic pressure of the interstitial space, and ignored

completely the effects of surface tension,

If one again allows for a spherical alveolus 50 micrometres
in diameter, an intra-alveolar surface tension of 55 dynes per

centimetre would produce an additional 16 mm.Hg. negative pressure

in the interstitial space, and under these conditions, transudation

would be continuous,



That this is not the case is due to the surface tension

lowering effect of the surfactant layer,

L

" Even allowing for this effect, however, it is obvious that
there is a very fine balance of hydrostatic forces across the pul-
monary capillary membrane, Pulmonary capillary pressure is not
uniform throughout the lung, being influenced by gravitational
forces (West, 1970), and is pulsatile; it is likely therefore thaf
there are minute to minute fluctuationé in interstitial lung water,
The tight epithelial cell junctions prevent this from entering the
alveolar space, and by collecting initially in the sumps of the

interstitium, it does not interfere with gas exchange,

Significance of alveolar geometry

The calculations of the contribution of surfactant to
pulmonary mechanics and capillary transudation outlined in this
section have assumed that alveoli are spherical,

’ I£ is now known that this is an over-simplification,

Weibel (1963b)compared the alveoli to a film of soap, where the
bubEles formed irregular polyhedra, Staub & Storey (1962) described

the walls between édjacent alveoli as being flét, and only where the

alveolar wall did not abut directly on another alveolus was the

surface curved. Reifenrath & Zimmerman (1973) demonstrated that
unfixed sub-pleural alveoli form a dense packing of polyhedra with

common boundaries.

The effect of this configuration on the progression of

oedema formation has been described by Reifenrath (1975). He

suggests that as surface tension is zero along the flat surfaces of

2319



a polyhedron, the balance would be much in favour of dryness, and
any movement of liquid would be inwards towards the capillary lumen.,
Only at th; corners, with their sharp radii of curvature would the
balance of forces favour transudation. This perhaps explains the
phenomencn that intra-alveolar oedema tends to develop first in the
corners (Staudb et al,, 1967; Staub, 1970). Experimental evidence
for increase in surface tension effect at the sharp alveolar corners
comes from Staub (1966) who raised alveolar pressure slightly above
pulmonaryéapillary pressure in anaesthetised cats and demonstrated
by a rapid freezing histological technique that the capillaries of
the flat alveolar walls were compressed and occluded, whereas the

capillaries at the wall junctions, acted on by surface tension,

i

remained patent.

The alveolar walls are known to be persistently wet
(Macklin, 1955); Reifenrath suggests a mechanism whereby the balance
of fluid in the alveolar space might be achieved., He postulates
that too little fluid will cause a very small radius of curvature,
and henée a large surface tension force at the alveolar corners,
leading to an influx of fluid. With increasing radius of curvature,
the surface tension forces fall anﬁ influx decreases, Eventually a
balance between influx and efflux dependent on an equilibrium radius

(i.e. equilibrium surface tension) is obtained.

This mechanism could also contribute to the 'run-away'
phase of progressive pulmonary oedema; the ‘'oedema begets oedema!
phenomenon, Once s0 much fluid enters the alveolus that it totally
£fills the corners and in effect makes the fluid/air interface spher-

ical, a further increase in influx will, in contrast to the situation

2:20
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described above, make the radius of curvature smaller rather than
creater and will cause an increase rather than a decrease in surface
tension forces. The result would be a rapidly increasing (positive

feed-back) influ# of fluid, further enhanced by the known inactivat-

ing effect of fibrinogen on surfactant (Taylor & Abrams, 1966),

Summary

There can be no better summary of the functional morphology

of the alveolar membrane in relation to pulmonary oedema than that

of Szidon et al. (1972):

'*Apparently, the alveolar septum is & supporting structure
for anendo£helial tube of ordinary permeability. The epithelial
lining of alveoli prevents the ready access of water and solutes
into the alveolar spaces. Fluid and solutes leaving the capillaries
are prevented from interfering with gas-—exchanging function of the
alveolar-capillary septum by a combination of ﬁechanisms: ‘'sumps! of
cognective tissue in the alveolar septum soak up excess fluid, there-
by protecting the thin portion; and a system of physical forces
promotes its rapid transfer from the connective tissue sump of the
septum into a capacious interstitial space in a non-gas-exchanging
- portion of the lung where it can be stored temporarily until removal

by lymphatics. Only when water filtration exceeds the combined

storage and reabsorptive ability of the interstitial spaces does

alveolar oedema occur,!?!
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. SECTION 3

DOG EXPERTMENTS SERIES 1

PATHOPHYSIOLOGICAL STUDY AT 2 ATA



DOG  EXPERIMENTS SERIES 1

ODUCTION

In 1899 J. Lorrain.Smith.described the histopathological.
appearances of acute pulmonary oxygen toxicity as those of atelectasis,
consolidation, congestion, inflammation, and intra-alveolar oedema
and haemorrhage., These findings have been repeatedly confirmed since
(Bean,1945) and seemed to leave little room for doubt as to the cause
of death, Very little had been done to determine the time-~course of
the condition but the tacit assumption appeared to be that the animal
went into a steady inexorable decline from the moment it started to

breathe high tensions of oxygen and that it finally succumbed from

an 'oxygen burn' to the lung,

~In 1963 however, Smith, Lehan & Monks, working on conscious
dogs ;breathing 100% oxygen atTatmOSPheric pressure showed that the
Iblood gas and cardiovascular parameters were maintained substantially
normal for about 95% of the exposure and that the animals went into
respiratory collapse only some two to three hours before death. At

autopsy the lungs were dark red, haemorrhagic, ocedematous and congested.

Two years later, Durfey (1965) challenged.the pathological
appearances as possibly being due“tb post-mortem artifact, He drew
attention to the progression of appearances dependeﬁt on the time delay
between death ad histological preparation and demonstrated in mice
that any delay in.autoysy'following exposure to high concgntrations of
oxygen could produce the gross picture of the classical description of
'oxygen toxicity' before such changes had in fact occurred. He hypo-
thesised that this possible artifact might be due either to the

inactivation or alteration of surfactant by'high oxygen concentrations
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causing an increase in surface tension, or by lack of inert gas

'splinting' of the alveoli.

As animals suffering from acute pulmonary oxygen toxicity
die in apnoea and not primarily in asystole, uptake of oxygen t«rill
continue across thejalveolar rembrane as long as the heart continues
to pump; if the elveoli contain only a totally absorbable gas such.
as oxygen,’ they will collapse., The importance of this was demonstrated,
also in 1965, by Ptatt wh_o described different histological*eppearerﬂlces
of the lungs of oxygen poisoned animals which had been allowed a few
breaths of air immediately before death compared with those which had

died while breathing pure oxygen.

These findings, and those of Smith et al, (above) would
appea;r to have been confirmed in a recent study from Ledingham's
laboratory at Glasgow F(Cle.rke; Smith, Sandison & Ledinéham,1973). In
this work, six spontaneously l;reathing anaesthetised dogs breathed 100%
oxygen at 2 ATA until death, which occurred at'a mean time of 18% hours.
A wide range ofﬁ"physiological parame ters was monitored throughout the
experiment anri the results showed that there wwas very little change

until within a few hours of death. The animals died in apnoea, and in
order to prevent post-mortem artifact the lungs were fixed irmediately
following this by instillation of buffered formalin. Histological

appecarances in these lungs were described as being remarkably normal,

. The paper can be criticised on several grounds. The first
(discussed by the authors themselves) is that by distending the lungs
with buffered formalin one might not only reverse any alveolar collapse,

but would also tend to mask any intra-alveolar oedema present,

Secondly, the authors chose to present their results as a

comparison between ‘'early!'! amd 'late! findings and did not concentrate

2
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on the time course of the vitally important fimal three hours. This
arose probably because of the large number of parameters being measured

and also because of the cumbersome nature of some of the techniques

used,

Finally, and this follows largely from the above, no
definitive cause of death was established. .0f six experimental animals,
four appeared to die in apnoea secondary to cardiovascular collapse and
in the remaining two, largely due to the lack of any positive findings

to.the contrary, death was attributed to central nervous system oxygen

toxicity causing respiratory failure,

These criticisms, of course, arise easily with hindsight
and the paper remains as a valuable pilot.study, serving to direct

attention,to the crucial areas for research,

The *Dog Series 1l' experiments were designed to repeat the

work of Clarke et al. with streamlining of techniques to permit intensive

investigation of the three hours immediately preceding apnoea amd to

prepare the lung tissues by 'a method which would eliminate as far as

possible any fixation or post-mortem artifact.,

ity
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CHOICE AND DEVELOPMENT OF THE ANAESTEETIC TECHNIQUL

éreat importance was attached to the choice of anaesthetic

agent,

|
Many early experiments on pulmonary oxygen toxicity (Beén,

1945) were performed on conscious animals ard, while this allowed
for an accurate description of the mode and time of death, it did
not permit access to the animal for detailed study of the mechanisms

involved,

General anaesthetic agents are well known to px:otect against
both the central nervous system (C.N.S.) manifestations (Jamieson,
1966a; Behnke, Shaw, Shilling, Thomson & Messer, 1934; Gersh & Wagner,
1945: Harp, Gutsche & Stephen, 1966) and the pulmonary manifestations
(Bean & Zee, 1965, 19663 Jamieson, .1966b) of oxygen toxicity. The
exact mechanism remains unclear dve to the multiple interaction of
factors involved. For example, it has been suggested that the pul-

monary and C.N.S. manifestations of oxygen toxicity occur completely
independently (Brauer, Parrish, Way, Pratt & Pessotti, 1970; McSherry

& Veith, 1968); Brauer showed that the exposure of rats to altitude
increased their pulmonary tolerance to l,1 ATA but decreased their
central nervous system tolerance to 7,0 ATA of oxygen (Braver et al.,
1970). However, a variety of insults to the central nervous systenm -
e.gc. mechanical trauma to the head (Bean & Beckman, 1969; Beckman &
Bean, 1970; Beckman, Bean & Baslock, 1971), drug- (and oxygen-)
induced convulsions (Bean, Zee & Thom, 1966; Tennekoon, 1954), raised
intracranial pressure, both in the clinical (Ducker, 19“68) and experi-
mental (Ducker, Simmons & Anderéon, 1068:; Berman, Ducker & Simmons,

1969) situations, and hypothalamic hypoxia‘(Hoss, Staunton & Stein, 1972)

P
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can lead to a pulmonary pathology apparently identical to that
produced by OHP and it is not known to what extent this interaction
exists at different tensions of oxygen. It has been conclusively
demonstrated both that severe 1pulmonary' damage can occur at high
pressures of oxygen whgn convulsions have been prevented by drugs
(Jamieson & Cas_s, 19673 Thompson & Akers, 1970), and that convulsions
due to OHP are not inevitably followed by pulmonary damage (Bean &

Zee, 1966; Wood, Stacey & Watson, 196_5) (see also page 3:31).

Anaesthetic technique developed by Iedingham

A series of preliminary.experiments by Clarke and Ledingham

(unpublished) had demonstrated the unsuitability of the more common
anaesthetic agents, such as barbiturates,trichﬁlorethylene and phene
cyclidine in this type of investigation and that at 2 ATA pressure an
| alteration in the mode of anaesthesia caused a definite alteration iq
the mode of death, In particular, when halothane was used, the animals

vould remain remarkably stable over & 24 hour period breathing 40%

Oo at 1 ATA but at 2 ATA of oxygen the period of stability lasted

only some 12 hours when the animals developed an acute respiratory

failure - a central nervous system death (Smith & Ledingham, 1971

Smith, 1971), They had decided therefore to use a neurolept-analgesic

technique with Droperidol (dehydrobenZOPeridol) (Janssen Pharmaceuti-
cals) as the neuroleptic combined with a long-acting analgesic RX 320 M

(N-(cyclopropylethyl)l9-isopentylnororvinal hydrochloride) (Reckitt and

Colman).

This had several very important advantages.

In the first place, the animals were extremely lightly anaes-

thetised - so lightly in fact that local anaesthetic had to be injected

>
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prior to making skin incisions -~ and the mode of death did not appear
to differ to any great extent from that of animals dying at similar

pressures of oxygen (Winter, Gupta, Michalski & Lanphier, 1967).

The a!nimals were able to breathe sponté.neously throughout

the experiment; this allowed for recognition of the possible develop-
ment of pulmonary oedema and alveolar collapse which could have been
masked by positive preésure ventilation and permitted demonstration
of the fact'that death was preceded by apnoeca, The mean time of death
in their subsequent experiments (Clarke et al., 1973) was 187 hrs.,
whereas Trapp (Trapp, Yoshida & Grant, 1963) maintained mechanically

ventilated anaesthetised dogs alive at identical pressures of oxygen

far in excess of 36 hours,

The technique preserved the normal sigh mechanism intact
throughout; this periodic hyperinflation is thought to be of import-

ance in the reactivation of surfactant (Clements, Tierney & Trahan,

1963).

Development of technique

In each of the four series of dog experiments described
in this thesis, this neurolept-analgesic technique was used, In the
first series ('Dog Series 1'), the method of administration was identical
to i:hat of Clarke et al, - i.e, an initial induction dose of RX 320 M
25 )Jg/Kg. plus Droperidol 0,75 mg/Kg. administered intravenously,
followed by increments of Droperidol (10 mg.) and, less frequently,
RX 320 M (100 pg) as necessary throughout the experiment to maintain

anaesthesia, -

This technique proved adequate but was less than ideal in



that it produced a fluctuating levei'of'anaesthesia. At the end of
the first series therefore, the quantities and times of administra-
tion of anaesthetic agents were analysed (for 14 dogs). rThe
increments required tended to remain fairly constant for much the

greater part of the experiment (Table 3:1), although there appeared

to be a marked 'tailing-off' in the terminal stages.

TABLE 3:1

Administration of Anaesthetic Agents in Dog Series 1,

,

Mean requirements in J4 dogs.,

INDUCTION

MAINTENANCE
Increments required in experimental

-~ dogs (N=11)

MAINTENANCE
" Increments required in control

dogs (N=3)

In the following three series of experiments (Sections 5 8
and 9 ), anaesthesia was maintained by continuous infusion of both
Droperidol and RX 320 M in Ringer-lactate delifered via a 'Perpex'ﬁ
infusion pump. The méintenance dose was 'rounded up! ‘somewhat from
that shown in Table 3:1 on the grounds that some of the increments

given in the Series 1 experiment might not have been noted:

2
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in practice._ the chosen dosage of Droperidol 0,2 mg/Kg/h.r and
RX 320 M 1 )Jg/Kg/hr (which remained considerably less than that

required for the control animals) proved entirely satisfactory.

From the Series 1 experiments it was also ascertained
that to maintain fluid balance (as monitored by haemoglobin,
haematocrit and central venous pressure measurements), 1l litre of
fluid had‘ to be infused on average every 1O hours. 500 ml, bottles .
of Ringer-lactate or Dextrose with the appropriate dosage of

anaesthetic were set to infuse via the pump over 5 hours and the

rate was finely adjusted to maintain optimum anaesthesia,

In the terminal stages of the experiment, the animals did
not seem to require nearly as much anaesthetic as in the early
stages, a finding already reported by Trapp, Patrick & Oforsagd (1971).
At this point the infusion pump wae slowed down or stopped altogether

and fluid balance maintained vie.ﬁ a separate drip set and cannula,

It was noted also that the test animals (on 2 ATA 02)

-

required much less anaesthetic throughout than the controls; this
fact was also noticed and commented on by Smith (Smith, 1971) and

would tend to suggest a central depressant effect of OHP,

Control experiments for effects of anaesthesia

Over the three series of dog experiments, a total of
eleven air-breathing control animals were _used. Of these, six were
'specialised' controls in that they were either vagotomised or had
had some other manoeuvre performed, Of the remaining five, three
breathed 10% 0,/9072N, at 2ATA (equivalent for inspired oxygen partial

pressure to air-breathing at 1ATA) until sacrificed at 24 hours, and

528



the other two breathed air at ambient pressure until sacrificed

at 24 hours. The outstanding feature in these animals was a
remarkable degree of cardioPulménary stability over the 24 hours:

the results for the latter two animals are shown in Tables 3:2 a & b,*

and the more important values are plotted in Figures 35:1 a & b.

Histological appearances of the lungs, both by light and

electron microscopy were normal,

Objections to the use of Droperidol

There are two possible disadvantages in the use of

Droperidol,
1) Protective effect

The first lies in a reference to Novelli, Pagni, Pirani,

Ariano & Pallhini (1967) quoted by Claz;k.& Lambertsen (1971) - which
has not been sighted in the. original - where Droperidol *!provided
considerable pulmonary and less effective central nervous system
protection in rats exposed to 5 atm, of Or for 30 minutes!., There is
no indication of the dosage used, and the different pressures (5 ATA
02) and species (rats) involved alters the experimental model com-
pletely. Certainly some protection is afforded by Droperidol as
unanaesthetised animals die more rapidly at similar pressures; whether
or not it is more than that ;fforded by any other general anaesthetic
technique ié not so certain.ria possible answer might be in the second

disadvantage, that Droperidol may have a degree of alpha-adrenergic

blocking activitye.

2) Alp.a— blocking properties

Droperidol has long been known to reduce the pressor effects

* prescated in Appendix 2
9
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of adrenaline. There remains controversy, however, as to whether
or not this is a specific effect mediated by blockage of the alpha-

adrenergic receptors,

In a carefully controlled study in dogs, Yelnosky, Katz
& Dietrich (1963) concluded that alpha-blockade was prdbably'the
case, and quoted a 50% block to adrenaline-induced blood pressure
rise following a dose of 0,125 mg/Kg,qwith é duration of block in
excess of 30 minutes., In the same year, however, S.chaper, Jageneau
& Bogaard (1963) stated that,in dogs, Droperidol produced no
myocardial depression and that the other haemodynamic effects were
minimal,

In 1970, in a review of the pharmacology of drugs used
in #eurolept-analgesia,Edmonds—Seali& Prys-Roberts (1970) stated:

'We are of the opinion that the alpha-adrenergic blockiﬁg

activity of the butyrophenones has been overemphasised

and would appear to be inconsistent with the cardio-
vascular stability which has been well documented.®
This action of Droperidol was appreciated at the outset,
but did not assume importance until the belated realisation that the
synpathetic nervous system might be intimately involved in the

pathological process of pulmonary oxygen toxicity.

The dosage used, 0.2 mg/Kg per hour might be expected to
produce a much smaller blocking effect than a single intravenous dose
of 0,125 mg/Xg, and there was little evidence of block in any of the
experimental traces; it remains, however, a potential source of

criticism of the model,
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L. L

MATERIALS AND METHODS

EQUIPMuNT .

Pressure vessel

The chamber used in these experiments was the large com-
pressed air operating theatre of the Hyperbaric Oxygen Unit at the
Western Infirmary, Glasgow (Figure 3:2). This chamber, which has a
pressure capability of 3 ATA is a walk-in facility with sufficient
room for several investigators amd a large amount of monitoring
equipment. If is equipped with on-line oxygen from a cryogenic source
and is provided with ample outlets for special gas mixtures, A built-
in gland carries telemetry cables to the laboratory outside. Full air
conditioning allows rapid‘control over environmental temperature and
humidity and the total gas content of the chamber is changed every
8 minutes at 2 ATA ensuring against the build-up of expired oxygen and

carbon dioxide.,

a It should perhaps be stressed at this point that the chamber
environment consists of compressed air (supplied from its own compressor

room, manned on & 24 hour basis by two members of the hospital engineer-

ing staff) and that only the experimental animal (or the patient)

breathes pure oxygen.

Over the twelve years that this chamber has been in use a
considerable record of exposures of patients and staff to pressures
up to 3 ATA has been built up. There has been no incidence of any of
the decompression disorders and in particular, no case of aseptic bone
necrosis for which all members of staff are screened, It seemed reason-
able, Yowever, to expose the investigators to pressure for as short a.

time as possible and therefore, following the setting up of the experi-
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ment at pressure, the staff decompressed in the air-lock leaving the
chamber unmanned except for periods covering the 'runs' of measure-
ments. During the remainder of the time, the experiment was super-
vised from a laboratory immediately adjacent to the chamber, Vital
parameters were monitored on an outside oscilloscope by telemetry and
the animal was observed from outside the chamber on closed circuit
television. In order to protect the animal against an unexpected
lightening of anaesthesia during this time, a syringe containing 10 mg
of undiluted Droperidol was connected via a Harvard syringe pump

(remotely controlled from the laboratory) to a separate venous cannula,

In this way exposure to pressure was limited to approximately
6 hours per 24 hour experiment, (Over the whole series of experiments

described in this thesis, the author was exposed to 2 ATA on 374

sepa%ate compressions, totalling 352 hrs., 35 minutes.)

All the experiments are described.asbeiﬁg at 2 ATA, In
practice, when set at this pressure the chamber maintains its pressure
at a constant 770 torr above ambient barometric pressure; the
experiments therefore were performed over a range of pressures varying

from 1520 to 1541 torr,

Figure 3:3 demonstrates the amount of space available inside

the chamber and shows the general experimental lay-out,

Gas delivery and measurement of ventilation

Several gas delivery systems involving inlet demand and
expiratory valves of increasing complexity were tried in the early

pilot studies but all failed because of the occurrence of inward leakage

of air through the expiratory valve(s). They were finally abandoned

5:12



in favour of the original {Simplest} system, In this, oxygen was
supplied via a simple Wolff's bottle bubble humidifier at chamber
temperature to a large reservoir (a 100 litre Douglas bag) and from
there via a perspex non-breathing valve to the animal, The rate
of oxygen flow into the Douglas bag was deliberately set too high so
that there was a constant spill out through the expiratory valve: in

practice thlis completely prevented any inward leakage of nitrogen.

FIGURE 3:4 GAS DELIVERY SYSTEM

b
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The non-rebreathing valve was connected to the animal's
endotracheal tube via the two-way tap on the delivery arm of a
spirometer (Godart Pulmotest); this allowed the animal to be switched
into the spirometer circult for the recording of respiratory para-

meters as necessary (Figure 3:4). A tapping in the expiratory line

just distal to the non-rebreathing valve was led to a nitrogen analyser

" \ i : .
(Godart Nitrograph) to provide visual assurance of freedom from con-

tamination,

Ik

FIGURE 3:5 BRIDGE CIRCUIT MODIFICATION TO PULMOTEST
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In the first four experiments in this series ventilation
was measurgd with a pneumotachograph flow head connected to an
integrating spirometer (Mercury Electronics CS3). This system proved
so unpredictable in its responses and so difficult to calibrate
accurately at pressure (a i)roblem still not resolved at the time of
writing) that its use was abandoned in févour of a conventional bell
spirometer., This was modified to give an electrical output to the
pen :;ecorder by leading the operating cord over an extra pulley con-

nected to a ten turn 50 Kohm potentiometer forming one arm of a

Wheatstone bridge circuit (Figw:'e 3:5).

Intra-oesophageal pressure changes were recorded from a
balloon sensor produced by tying a rubber finger-cote to a Portex
cannula, It was found convenient to introduce this by taping it to
a thermocouple lead and inserting both into the oesophagus together.
Mid-oesophageal temperature was displayed on adirect reading tempera-~

ture gauge (Ellab, Copenhagen).,

Cardiovascular pgrameters

Systemic arterial, pulmonary arterial, central venous and
intra-~-oesophageal pressures were measured using capacitance transducers

(Elema Schonander EMT 35 and 33), Three~-way taps on the inputs to
each transducer allowed connection direct to either a mercury or water

manometer for calibration: this was dope before each run of measure-

ments and in practice needed very little adjustment once set, '

The output from the transducers together with that from the
spirometer, and a Lead 2 electrocardiogram from four limb leads was

displayed on an eight-channel ink-jet recorder (Elema Schonander Mingo-

graph 81), The electro-manometers on this piece of equipment have
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Cardiac output was measured

cardiac output

A\

Bradley, 1968) using

-
- |

computer and a Devices

— . - Ao - .
by 4 thermal dilution technique

Devices Instruments Type 37

Swan-Ganz Size /F catheter



(Swan, Ganz & Forrester, 1970) (Figure 3:6), This is a triple lumen
catheter with a balloon am thermocouple at the tip. It is inserted
via the ju-gular vein and advanced through the right atrium and ven-
tricle until the tip lies in a fairly small branch of the pulmonary
artery, and is so designed that when in this position, a proximal
opening lies in the right ventricle, 'Blood samnples can thence be
obtained from the right ventricle or pulmonary artery, and pulmonary

artery pressure can be recorded. Alternatively, by inflating the

balloon and occluding the pulmonary artery, one can obtain the so-

called pulmonary artery wedge pressure; since the small pulmonary

arteries are end arteries, this reflects the left atrial pressure..

To measure cardiac output a known quantity of cold Dextrose
(of known temperature) is injected via the proximal opening ami from
the changes in temperature recorded at .the distal thermocouple an
electronically computed measurement of ;:ardiac output can be obtained

in less than 30 seconds,

) This technique of measuring cardiac output has been shown
to have a high degree of correlation with the well-proven dye dilution

method (Douglas, lMcDonald, Milligan, Mellon & Ledinghanm, 1975).

Before each set of measurements the apparatus was 'zeroed!
by triggering the elcctironic integration process in the absence of
any injectate aﬁd setti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>