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SUMIAHY OP THESIS :

STUDIES GIT PHLMOMRY ALVEOLI:

THE EPPEOT OP LUHG- V01ÜI/IE AHD OP EYPERVEIH IE  AT lOH

The s u r f a c e  t e n s i o n  p r o p e r t i e s  o f  t h e  i n t e r n a l  l u n g  s u r f a c e  p i e  

à. s i g n i f i c a n t  r o l e  i n  t h e  m e c h a n i c s  o f  r e s p i r a t i o n ,  by  p r o m o t i n g  

s t a b i l i t y  o f  t h e  a i r  s p a c e s .  H y p e r v e n t i l a t i o n  h a s  b e e n  shown by  o th e  

w o r k e r s  t o  r e d u c e  p u l m o n a r y  s u r f a c e  a c t i v i t y  a n d  c a u s e  i n s t a b i l i t y  c 

t h e  a l v e o l i .  D u r i n g  t h e  c o u r s e  o f  t h i s  s t u d y  i t  was r e a l i s e d  t h a t  tl: 

s h a p e  an d  s i z e  o f  a l v e o l i  w e re  o f  g r e a t  i m p o r t a n c e  when e v a l u a t i n g  

a l v e o l a r  s t a b i l i t y ,  a n d  t h a t  much m ore  w ork  was n e e d e d  t o  e s t a b l i s h  

t h e  d i m e n s i o n a l  c h a n g e s  o f  a l v e o l i  o c c u r r i n g  d u r i n g  t h e  r e s p i r a t o r y  

c y c l e ,  i n  t h e  n o r m a l  l u n g .

I n  t h i s  t h e s i s  t h e  m e t h o d s  a v a i l a b l e  f o r  s t u d y i n g  p u lm o n a r y  

s u r f a c e  a c t i v i t y  a r e  r e v i e w e d  a n d  t h e  e v i d e n c e  t h a t  a  s p e c i f i c  

s u r f a c t a n t  i s  r e s p o n s i b l e  f o r  t h e  p e c u l i a r  s u r f a c e  t e n s i o n  p r o p s r t i e  

o f  t h e  l u n g s ,  i s  c r i t i c a l l y  e x a m i n e d .  The few e x i s t i n g  p u b l i c a t i o n s  

o f  s t u d i e s  on t h e  s h a p e  a n d  s i z e  o f  a l v e o l i  a r e  a s s e s s e d .

PART 1 d e a l s  w i t h  s t u d i e s  on p u l m o n a r y  s u r f a c e  a c t i v i t y  i n  t h e  

n o r m a l  l u n g  and  f o l l o w i n g  a  p e r i o d  o f  h y p e r v e n t i l a t i o n ,  i n  t h e  

g u i n e a  p i g .  S e v e r a l  m e th o d s  w e re  u s e d ,

1 .  p r e s s u r e - v o l u m e  m a n o e u v r e s  d u r i n g  a i r  f i l l i n g .

2 .  m e a s u r e m e n t  o f  l u n g  c o m p l i a n c e  an d  c a l c u l a t i o n  o f  t h e  l u n g  

s t a b i l i t y  i n d e x .

3* e x a m i n a t i o n  o f  s t a b l e  l u n g  b u b b l e s  and  t h e  c a l c u l a t i o n  o f



b u b b l e  s t a b i l i t y  r a t i o s .

4 .  f l u o r e s c e n t  m i c r o s c o p y  f o r  a s s e s s i n g  l u n g  a u t o f l u o r e s c e n c e  

a n d  t h e  f l u o r e s c e n c e  o f  s t a b l e  l u n g  b u b b l e s .

RESULTS:

H y p e r v e n t i l a t i o n  c a u s e d  t h e  f o l l o w i n g  ,

1 .  t h e  d e f l a t i o n  c u r v e  o f  t h e  p r e s s u r e - v o l u m e  r e l a t i o n s h i p  m  

l e s s  s i g m o i d ,  and  t h e  p r e s s u r e  r e q u i r e d  t o  m a x i m a l l y  i n f l g  

t h e  l u n g s  w as  i n c r e a s e d .

2 .  l u n g  c o m p l i a n c e  was r e d u c e d  b y  3 0 ^  .

3 .  t h e  l u n g  s t a b i l i t y  i n d e x  was r e d u c e d  b y  1 7 ^  .

4 .  t h e  l u n g  b u b b l e  s t a b i l i t y  r a t i o  was  r e d u c e d  b y  1 1 ^  .

5 .  a u t o f l u o r e s c e n c e  o f  f r o z e n  u n f i x e d  s e c t i o n s  o f  l u n g  t i s s u e

w as  r e d u c e d ,  b u t  t h e  f l u o r e s c e n c e  o f  s t a b l e  l u n g  b u b b l e s  i;

u n a l t e r e d .

T h u s  h y p e r v e n t i l a t i o n  c a u s e d  a n  i n c r e a s e  i n  t h e  f o r c e s  w h ic h  

t o  be  o v e rco m e  d u r i n g  l u n g  i n f l a t i o n  a n d  d e c r e a s e d  t h e  s t a b i l i t y  c 

t h e  a i r  s p a c e s ,  r e s u l t i n g  i n  a  t e n d e n c y  t o  p r e m a t u r e  c o l l a p s e  o f  i  

l u n g s .

PART 11  d e a l s  w i t h  t h e  m e a s u r e m e n t  o f  t h e  s h a p e  an d  s i z e  o f  

a l v e o l i  an d  a l v e o l a r  d u c t s  on  t h i n  m i c r o s c o p i c  s e c t i o n s  o f  t h e  l u r  

o f  g u i n e a  p i g s  w h ic h  h ad  b e e n  r a p i d l y  f r o z e n .

A t e c h n i q u e  w as  d e v e l o p e d  by  w h ic h  l i v i n g  a n a e s t h e t i z e d  g u in e  

p i g s  c o u l d  b e  a r t i f i c i a l l y  v e n t i l a t e d  w i t h  a  p o s i t i v e  a n d  n e g a t i v e  

c y c l e ,  a n d  r a p i d l y  f r o z e n  a t  t h e  i n s t a n t  o f  c e s s a t i o n  o f  v e n t i l a t d  

a t  a  p r e s e l e c t e d  p o i n t  on t h e  r e s p i r a t o r y  c y c l e .  The m o r p h e m e t r i e



m e th o d s  u s e d  a r e  d e s c r i b e d  i n  d e t a i l  a n d  t h e  v o lu m e  s h r i n k a g e  due 

t o  p r o c e s s i n g  o f  t h e  l u n g s  was e v a l u a t e d .

Two s e t s  o f  e x p e r i m e n t s  w e re  c a r r i e d  o u t  u s i n g  t h e s e  t e c h n i q u i  

t h e  n o r m a l  r e s p i r a t o r y  c y c l e  w as  i n t e r r u p t e d  a t  d i f f e r e n t  d e g r e e s  o; 

i n f l a t i o n  ( l )  a f t e r  s p o n t a n e o u s  b r e a t h i n g  , ( 2 )  a f t e r  a p e r i o d  o f  

h y p e r v e n t i l a t i o n .

RESULTS:

The t o t a l  n u m b e r  o f  a l v e o l i  a s  w e l l  a s  t h e  t o t a l  a l v e o l a r  su r :  

a r e a  w e re  f o u n d  t o  d e p e n d  on  b o d y  w e i g h t .

E f f e c t  o f  l u n g  v o l u m e .

1 .  t h e  t o t a l  v o lu m e  o f  a l v e o l i  i n c r e a s e d  d u r i n g  l u n g  i n f l a t i o i

2 .  t h e  t o t a l  v o lu m e  o f  a l v e o l a r  d u c t s  c h a n g e d  l i t t l e  d u r i n g  l i

i n f l a t i o n  u n t i l  t h e  l u n g s  w e r e  ^Ofo i n f l a t e d ;  t h e r e a f t e r  i t  

i n c r e a s e d  s t e e p l y .

3 .  t h e  t o t a l  a l v e o l a r  s u r f a c e  a r e a  i n c r e a s e d  s t e e p l y  d u r i n g  l i

i n f l a t i o n  f r o m  lo w  l u n g  v o l u m e s ,  b u t  l e v e l l e d  o f f  when t h e

l u n g s  w e re  m ore  t h a n  50/? i n f l a t e d .

4 .  t h e  v o lu m e  t o  s u r f a c e  r a t i o  o f  a l v e o l i  was u n a l t e r e d  du r ing  

l u n g  i n f l a t i o n .

E f f e c t  o f  h y p e r v e n t i l a t i o n .

1 .  t h e  t o t a l  a l v e o l a r  v o lu m e  was r e d u c e d  b u t  t h e  t o t a l  a l v e o l î  

d u c t  v o lum e  w as  u n a l t e r e d .

2 .  t h e  t o t a l  a l v e o l a r  s u r f a c e  a r e a  was r e d u c e d .  The r e d u c t i o n  
m o s t  m a rk e d  a t  h i g h  d e g r e e s  o f  l u n g  i n f l a t i o n .



The a b o v e  e f f e c t s  o f  h y p e r v e n t i l a t i o n  w e re  r e l a t e d  t o  t h e  

d u r a t i o n  o f  h y p e r v e n t i l a t i o n .

E l e c t r o n  m i c r o s c o p i c  e v i d e n c e  i s  p r o d u c e d  d e m o n s t r a t i n g  t h a t  t h e  

a l v e o l a r  s u r f a c e  membrane i s  s m o o th  w h e t h e r  t h e  l u n g s  a r e  f u l l y  

i n f l a t e d  o r  w h e t h e r  t h e y  a r e  c o l l a p s e d .  The h a r m o n i c  mean t h i c k n e  

o f  t h e  a i r - b l o o d  b a r r i e r  w as  d e c r e a s e d  b y  3 3 ^  when t h e  l u n g s  w e r e  

f u l l y  i n f l a t e d  f ro m  a  n e a r  c o l l a p s e d  s t a t e .

The f u n c t i o n a l  s i g n i f i c a n c e  o f  t h e s e  f i n d i n g s  i s  d i s c u s s e d  w: 

p a r t i c u l a r  r e f e r e n c e  t o  t h e  r o l e  o f  p u lm o n a r y  s u r f a c t a n t .
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/A = Area 

L = Linear chord 

S = Surface 

T = Total

V = Volume

V = Volume fraction 

cV = Collapsed volume 

S| = Shrinkage

a  = alveolus 

d = a lveo lar duct 

f = shrinkage factor 

I = lung 
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m = mean

6 a  = shape coeffic ien t of a lveo li 

^  = Volume fraction of the lung parenchyma.

e .g .  Total a lveo la r  surface area  

Volume fraction of a lveoli 

Total volume of lung parenchyma 

M ean chord length

TS

V
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Y .  TV,

m



R E V I E W O F  THE L I T E R AT UR E

INTRODUCTION

The lungs have been known to have a complex internal structure since 

they were first described in de ta il  by Malpighi in 1661 • He recognised the 

V esicu lae ' os the endings of the airway system and that they were separated 

from each other by a thin membrane containing the 're te  m irab ile '.

In 1731 that enthusiastic researcher from rural England, the 

Rev, Stephen Hales attem pted to corre la te  structure and function of the  

membrane when he wrote tha t  the blood is 'by an admirable contrivance there  

spread into a g rea t expanse, commensurate to a very large surface of a i r ,  from 

which it is parted by very thin partitions; so very th in , as thereby probably 

to admit the blood and a ir  particles within reach of each others' a t t r a c t io n ' .

The function of the  internal pulmonary surface in rela tion  to gas exchange has 

been thoroughly investigated since this original interpretation and is now well 

established.

The possibility that the a lveo la r  surface membrane> might have functions 

and properties other than those of gas exchange, was not alluded to until just 

forty years ago , when the Swiss physician von N eergaard , (1929) found that 

the retractive  force of on a ir - f i l le d  lung was greater than that of a  lung filled 

with flu id . He suggested that surface tension within the  lungs accounted  for 

this d ifference .

It was pointed ou t in 1957 by Radford that if the surface tension of the 

lungs followed the La Place relationship (see p , 5 ) it would tend to 

a c c e le ra te  collapse of the lung os total lung volume is reduced. Normally the 

lungs do not collapse completely because of the specialised nature of the lung



surface tension forces which differ from those of other biological and organic 

systems in that they have very  much lower values (Radford, 1957). Thus the 

tendency  to complete collapse is lessened because surface forces a re  low at 

low lung volumes.

This implies that the internal surface membrane is by itself unique or 

tha t it is lined by a  substance which has the unique property of a very low 

surface tension. The la tter view  is the one currently  favoured although the 

former cannot be dismissed en tire ly  (Hughes, M ay & W iddicombe, 1959),

M ore recent work, however, indicates tha t the mechanical properties of the 

a lv eo la r  tissue as d istinct from its surface, a re  similar to many other biological 

m aterials (Fukaya, M artin , Young & Katsuro, 1968),

Since the fundamental property of this lining 'substance* is that its 

surface tension is low, Clements (1962) has called  it 'Pulmonary Surfac tan t',

It has been variously described as 'a lveo lar  lining layer* (Pattle , 1955),

'a lveo lar  lining complex' (Pa ttle , 1958), 'lung surfactant* (Buckingham & Avery, 

1962) and 'surface a c t iv e  lipoprotein ' (Abrams & Taylor, 1964; Taylor & Abrams, 

1964, 1966; Abrams, 1966), Pulmonary surfactant is the term now most w idely 

used and is to be preferred, (Avery & Said, 1965),

The ev idence for the existence of a specific  substance to which one 

can ascribe the nam e, pulmonary surfactant, and the  unique properties of the 

internal lung surface will now be discussed.

Recent studies, which have included many comprehensive reviews (Mead, 

1961 & 1962; A very , 1962; Clements, 1962; Pa ttle , 1961 ; 1963 & 1965;

Wyss, 1963; Avery & Said, 1965; Clements & Tierney, 1965; Scarpelii ,

1967), encompass a grea t diversity of sc ien tific  d iscip line  so that it is perhaps 

advantageous for the sake of c la r ity  to deal with each discipline separately  where 

possible.



S U R F A C E  FORCEES IN  I N T A C T  L U N G S

Since Von N eerg aard 's original observations (see page 37 ) the

most informative studies have been those which used the re la tive ly  simple 

manoeuvre of obtaining pressure-volume relationships for excised lungs.

Lungs of new born an im als ;

The importance of surface tension in determining the uniformity of lung 

expansion a t  birth is indicated by the finding that in excised lungs of stillborn 

infants whose lungs were normal in appea rance , the pressure required to in fla te  

the  lung was g rea ter  with a ir  than with fluid (G ruenw ald, 1947),

Air filled  and fluid filled lungs:

Air filled lungs show marked hysteresis between the pressure volume curve 

during inflation and during defla tio n , while in fluid filled lungs where surface 

forces are  minimised the hysteresis is slight, (M ead, W hittenberger & Radford, 1957),

The effect of detergents :

The role of surface forces can be evaluated by changing them with 

detergents,w hich will in terac t with the surface but not the underlying tissue,and . 

comparing the pressure-volume relationships of detergen t treated  and normal lungs. 

Filling the lungs with saline then emptying them and inflating with a ir  does not 

a l te r  the normal pressure volume relationship (Radford, 1964), However, the 

introduction and subsequent removal of 0 .5 %  polysorbate (Tween 20) followed by 

a ir  filling resulted in marked a lte ra tion  of the pressure volume re la tionship . 

Detergent has a  high surface tension which resulted in early  collapse of the  lungs, 

a t  a transpuImonary pressure of 8 cm s,H20, Normally a t  a  similar pressure the 

lungs a re  about two thirds in fla ted .



The pressure required to inflate airless lungs can be reduced by the 

presence of detergents such as amyl a c e ta te  (G ruenw ald, 1947), 0 .5 %  octyl 

alcohol In plasma, or petroleum ether (Yoshida, 1962), However the major 

effect of such substances is on the deflating part of the respiratory cycle  by 

causing premature collapse (Pattle & Burgess , 1961),

Detergents a re  thought to a c t  on the a lveo lar surface and not on the 

tissue itself , because they do not a ffect the  length tension properties of strips 

of lung tissue (Yoshida, 1962), Dog lungs filled  with mercury, which has a  

high and probably fairly constant interfacial tension with the lung in terior, 

retain only 7% of the maximum volume of mercury when allowed to defla te  

(P ierce, Hocott & Hefley, 1961),

T H E O R E T I C A L  C O N S I D E R A T I O N S

It has been said of surface tension that 'the  molecules a t the surface are 

a ttrac ted  more strongly to their neighbours below the surface and a re  a ttrac ted  

only weakly to the  sparcer population of molecules in the a ir  above the surface. 

Because the net pull is downward, the surface molecules tend to dive  and the 

surface shrinks to the least possible area', (Clements, 1962),

The relationship  between surface tension which is force per unit distance 

(in dynes/cm ,) and the pressure within a bub le suspended in a liquid is given 

by the La Place equation,w here for spherical bodies the pressure equals the ratio 

of tw ice the surface tension to the radius of curvature; P = 2 ^ / r .  Since the 

lungs have a  very large though admittedly complex internal surface and since the 

radius of curvature of the normal population of a lveoli is small by comparison, 

it is obvious tha t surface tension in the lungs must be functionally  important, 

(Avery & Said , 1965),

The conditions under which surface tension will cause the lungs to



collapse have been theorised by the construction of mathematical models.

The most useful and e laborate  is that devised by Clem ents, Hustead, Johnson 

& G ribe tz  (1961). They likened the alveolus to a  bubble blown on the  end 

of a tube and ca lcu la ted  the condition that an alveolus will remain s tab le ,  in 

terms of its radius, surface tension, and surface e lastance  when the pressure 

exceeds a certa in  minimum. The equation they derived is P = (82T -  4 s) /3 r  

where the  minimum pressure is P, surface tension is ÎT, the  radius is r and 

surface e lastance  is s which is defined as the change in tension with a rea  and 

equals A § ^  A . Thus stability  of the alveolus model is favoured by high 

internal pressure, large radius,low surface tension and high surface e la s tan ce .  

Measurements of surface tension of material ex tracted  from the lungs has tended 

to prove the v a lid ity  of this concep t.

S U R F A C E  F O R C E S  O F  E X T R A C T E D  M A T E R I A L

STABLE LUNG BUBBLES

O bserva tions: The foam of acu te  pulmonary oedema is very s tab le ,  with

a consistency of whipped egg album in: this observation is certa in ly  not new. 

(Avery & Said , 1965). O ther body fluids such as plasma and synovial fluid can 

be made to foam but do not have the same stab ili ty .

Serum has a  surface tension of 55 dynes/cm . (Du N ouy, 1926) and if 

surface tension in the lung was normally a t  this level a much grea ter pressure would 

be required to keep the lung inflated than is the case (Pa ttle , 1965).

The significance of the stability  of lung foam was highlighted by studies 

on its resistance to chemical antifoam agents such as silicon antifoam and octyl 

alcohol (Pattle , 1956 & 1958) which had previously been reported as having 

therapeutic  va lue  in the treatment of acu te  pulmonary oedema (Curry & Nickerson,



1952; Nickerson & Curry, 1955).

These antifoams rapidly and completely destroy the foams of blood 

and oedema fluid from sites other than the lungs. The resistance to them 

by lung foam is dependent on a  low surface tension and high surface a c tiv ity  

of the foam (Pa ttle , 1950). This was shown by observing bubbles of lung foam 

under the microscope: bubbles as small as I p  in diam eter remained stable 

for more than twenty minutes. A bubble in a ir-sa turated  blood or w ater con

tracts and disappears within a few minutes because surface tension inside the  

bubble causes the pressure inside to be greater than atmospheric pressure and 

the gas within the bubble diffuses out into the  solution (Pattle , 1955). This 

phenomenon has been analysed m athem atically  for bubbles having an internal 

pressure slightly above atmospheric pressure and having a constant surface 

tension . The lifetime of such bubbles is approximately proportional to the 

cube of the initial diam eter (Epstein & Plesset, 1950; Fox & H erzfeld , 1954; 

Pa ttle , 1960).

Possible explanation :

The stability  of lung bubbles might be due to the presence of a lining 

film impervious to gaseous diffusion (Clements, 1957). This is disputed by 

Pattle (1960) who found no evidence of impermeability to gaseous diffusion and 

who suggests that these bubbles probably have a very low surface tension in 

a ir-sa tu ra ted  water perhaps as low os 0.1 dynes/cm . For most organic liquids 

the surface tension is around 30 dynes/cm .

Pattle (1965) has also demonstrated that the froth from the lung con be 

washed by shaking it in distilled water without a ltering  the stability  o f bubbles 

subsequently obtained from i t .  When the bubbles were dissolved in a ir  free 

water they left behind a 'transparent, irregularly shaped ghost* of the  bubble 

indicating that the  lining of the bubble was a t  least partly insoluble in w a ter .
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Recently it has been shown that an insoluble lamellar prec ip ita te  can be 

produced from the c lear  supernatant of centrifuged surfactant when it is 

treated  with calcium ch lo ride , (M endenhall, Sun & M endenhall, 1967).

This p rec ip ita te  is thought to be indicative  of marked interfacial turbulence 

due to Thompson Marangoni effects which might also explain the appearance  

of the prec ip ita te  in a ir  free water which Pattle observed (M endenhall, 

M endenhall & Tucker, 1967).

SURFACE TENSION AND SURFACE AREA

Surface forces a t  high lung volumes account for 75% of lung e la s tic ity ;  

a t  low lung volumes they account for only 30% of lung e la s t ic i ty .  These 

findings can be reconciled if one considers that the  surface tension in the  lungs 

changes as the internal surface a rea  changes, (Clements, 1957).

In vitro surface ba lance  s tud ies ;

It has been known for some time that the surface tension of a  fluid 

could change if the surface area was changed, (Pock I es, 1891). Clements 

used a modified Wilhelmy surface tension ba lance  to measure the surface 

tension of extracts of minced lung. The minced lung was washed in 0 .9 %  

saline and filtered through g au ze .  It was then resuspended in fresh saline and 

placed in a shallow Teflon tray . A platinum strip , 0.001 inches th ick , was 

suspended in the fluid from the arm of a strain gauge . A barrier placed across 

one end of the tray was moved in and out cy c l ic a l ly ,  reducing the surface area  

of the fluid in the tray then expanding it to its original s ize ,  (Fig. II ) .  ^

Clements demonstrated that surface tension increased when the surface 

a rea  was increased and decreased when the surface area  was reduced ,

(Clements, Brown & Johnson, 1958). There was also marked hysteresis between 

the surface tensions obtained when the surface a rea  was being expanded and
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when ît was being reduced . This would ind ica te  that the surface of the fluid 

possessed inherent e la s t ic i ty .  The values for the minimum surface tension 

obtained by this method lay between 5 and 10 dynes/cm . (Fig. I ) .

Recently the role of pulmonary surfactant in lung e lastic ity  and 

stability  has been questioned , (Mendenhall & M endenhall, 1964). They found 

tha t there  was v irtua lly  no e las tic ity  of the surface film of lung washings on 

the surface tension ba lance  when measurements were made under sta tic  con

d itions.

There is l it t le  change in the re trac tive  pressure of the in tact lung when 

kept inflated for up to forty minutes; but when the cyclical a lte ra tion  of 

surface a rea  on the surface tension ba lance  is stopped during the measurement 

of surface tension, the  surface tension abruptly moves towards an equilibrium 

va lue  of 20 -  2 7 ,5  dynes/cm . The same equilibrium tension results whether the 

barrier is stopped when reducing the surface area  or increasing i t .  If excess 

fluid was present in the Teflon troy of the surface tension ba lance  the 

equilibrium tension was slightly lower. They suggest that in either case the 

tension is too great for pulmonary surfactant to be the main factor in a lveolar 

s tab ili ty , although the surface tension is less and the stab ility  g rea ter  than that 

which would be provided by a surface of pure w ater. Similar findings have 

been noted by others, (Sutnick & Sol off, 1963).

The re levance of these observations to the normal in tac t lung is 

specu la tive : They question the va lid ity  of relating pressure-volume re la tion 

ships of in tac t lungs to the surface area -  surface tension relationships of 

extracted material : it has to be recognised that different physical forces may 

be responsible for the particular characteristics in the two situations*
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Methods of obtaining surface ac tive  lung m afe r îa l ;

There are almost as many methods of obtaining surface ac tiv e  lung 

m aterial as there  are workers studying i t .  The most commonly used are

1. mincing pieces of lung tissue and subsequently washing in saline and 

filtering through g a u ze ,  (Clements, 1957), 2 .  homogenisation of lung slices , 

(Reiss, 1965), 3 .  washing saline down the trachea and compressing the lungs /

in sa l in e , (Avery & M ead , 1959), 4 .  co llection  of the tracheal effluent 

during perfusion of the pulmonary vascular bed with sa line , (Bondurant & M ille r ,  

1962).

The site  of origin of the surface ac tiv e  solutions obtained is d ifficu lt 

to define in all these methods. The case for the a lveo la r  surface being the 

site  of origin has been thoroughly a rgued, (Pattle , 1958); as ye t there  is no 

conclusive proof that this is so. It is also of interest tha t the values for surface 

tension obtained by the different methods differ.

pH and temperature e ffe c ts :

Several workers have tested the possibility that pH and temperature 

might a ffec t the surface tension properties of extracted lung m ateria l.  The 

results of these studies are  conflic ting .

Avery and Mead (1959) found that changing the pH from 1 -  11, or 

changing the ambient temperature from 70 -  lO l^F , of the fluid ex tracted  from 

human lungs, had no effect on the surface tension measured on a modified 

W ilhelmy surface tension b a lan ce , Radford (1964)changed the temperature of 

excised lungs from 20 -  37^C and found that it did not a l te r  their  e lastic  behaviour.

O n the other hand, an increase in the  minimum surface tension 

measured has been shown to occur when the lung ex tract In the surface balance  

was heated from 25 -  4 5 °C . This effect was reversed on recooling , (Tierney &
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Johnson, 1961 & 1963), Heating the in tact lungs of rats causes premature 

co llapse  during pressure-volume manoeuvres, (Clements, Tierney & Trahan, 1963; 

Clements & Trahan, 1963),

An increase in temperature from 37 -  48^C of newborn human and rat 

lungs stabilises abnormal lungs and promotes collapse in normal lungs so that the 

surface properties a t  the higher temperature are  similar, (G ruenw ald, 1964), 

Potassium hydroxide extracts of dog lungs a t  pH 8 ,5  have been shown 

to be less surface ac t iv e  than saline extracts a t  pH 6 .4 ,  (Sutnick & Sol off, 1964).

Summary of the surface ac tiv ity  of in tact lungs and extracted f lu id ;

The important features concerning the surface ac tiv ity  of in tact lungs 

and the surface tension of ex tracted  lung material may be summarised as follows;-

1 • Surface tension accounts for most of the hysteresis seen in pressure- 

volume relationships of in tact lungs.

2 . Bubbles expressed from lungs are  s tab le .

3 .  The surface tension of extracted pulmonary surfactant is low a t  reduced 

surface a re a ,  and high a t  increased surface a rea  when the surface area  

is changed cy c l ic a l ly .

4 .  When the cyclical a ltera tion  of surface area  of the fluid In the surface 

tension ba lance  is halted  during measurement of surface tension, the 

surface tension rapidly reaches an equilibrium v a lu e .  This equilibrium 

tension lies between the minimum and maximum surface tensions 

recorded when the surface area  is continuously and cy c lica l ly  changed.

Difficulties arise when one attempts to corre la te  the findings of studies 

on the surface forces in the In tact lung with those on the surface tension properties 

o f extracted lung m ate r ia l . This is because there Is no way of measuring the 

surface tension in the  in tact lung.
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Despite these difficulties the following theory is widely held to be 

the most likely explanation of the role of pulmonary surfactant 

The alveoli a re  lined by a substance which lowers surface tension as the  a lveo lar 

surface area  is reduced . This results in a lower pressure required to keep the 

a lveolus patent so that the possibility of complete collapse is lessened.

This theory rests on two assumptions, neither of which has been thoroughly 

investigated until now. Firstly, that the a lveo lar surface a rea  changes with a  

change in lung volume and secondly, that it changes sufficiently  to effect a  change 

in the surface tension of the a lveo lar  surface.

O the r  functions a ttributed to pulmonary surfactant :

Recently it has been suggested that the uptake of certa in  gases in the 

lung is dependent on the presence of pulmonary surfactant a t  the a lveo la r  surface, 

(Ecanow, Balagot & Santelices, 1967).

N on-po lar  gases such as the anaesthetic  gas halothane a re  not very 

soluble in water or sa line ; the presence of surfactant made halo thane readily  

soluble in both these fluids. This would indicate  that surfactant a t  the diffusing 

membrane of the alveolus would grea tly  fac i l i ta te  the transfer of non-po lar gases 

across the a lveo lar  ep ithelium .

Similar findings have been reported by others for ether as well as 

ha lo thane , (Miller & Thomas, 1967).

M O R P H O L O G I C A L  A N D  C Y T O C H E M I C A L  A N D  
B I O C H E M I C A L  S T U D I E S

G rea t  advances have been made in the morphology of the alveolus 

since the introduction of the electron-microscope as a research too l. The 

ce llu la r  continuity  of the a lveo lar surface has been proved in rat lungs, (Low 

& Daniels, 1952). They demonstrated an a lveo lar lining cell overlying the 

cap illa ry  endothelium . The thickness of this cell varied between 0.1 -  0 .7 jjl,
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and the  nucleus was f la ttened ; this led them to the conclusion that these cells 

were endodermal in orig in . Shortly after  this work, ce llu la r continuity  between 

the cuboidal bronchiolar cells and these a ttenu a ted  a lveo lar  lining cells was 

demonstrated, (Low & Sampaio, 1957).

Cell types in the a lveo lar epithelium ;

There a re  now recognised to be three  distinct cell types making up the  

a lveo la r  lin ing , (M acklin,, 1950 & 1954).

1. Extremely flattened  ce lls ,  v isible  only with the  e lectron-m icroscope, 

known as membranous pneumonocytes or type 1 ce lls ,  also as squamous 

a lveo la r  ce lls ,  small a lveo lar  ce l ls ,  and pulmonary a lveo lar ce lls .

2 .  Approximately cuboidal cells which do not extend the ir  cytoplasm 

beyond the perikaryon, and which are  of sufficient thickness to make 

them visible under the light microscope. These cells are known as 

granular pneumonocytes or type 11 ce lls ,  also as g rea t  a lveo lar ce l ls ,  

large a lveo lar  ce lls ,  and septal c e l ls .

3 .  Pleomorphic cells usually loosely a ttached  to the a lveo la r  wall and 

separated from the basement membrane of the cap illa ry  endothelium by 

the cytoplasmic extensions of the  type I c e l l .  These cells are  a lveo lar  

phagocytes or dust ce lls .

The other cells which make up the  wall of the alveolus are mesenchymal 

connective  tissue ce lls ,  mainly fibrocytes, and the endothelial cells of the 

a lveo la r  cap illa r ies .

Type I I ce lls :

Most interest in the  cells of the alveolus has centered on the granular 

pneumonocyte or type 11 ce lls ,  particularly  since it was suggested that they have 

an exocrine function, (M acklin,. 1954), and a re  responsible for the production 

of a  'semiliquid lining layer' on the a lveo lar  surface. M acklin considered the
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'secretion* of these cells to be mucoid on the basis of their  a ffin ity  for colloidal 

iron.

Light microscopic appearance:

Typically  the type 11 cells are  found a t the corners where ad jacen t 

a lveoli m eet, (Bertalanffy, 1964). They have an irregularly cuboidal shape, a 

vacuolated  cytoplasm and a large vesicular nucleus.

On paraffin sections, stained with pairs of ac id ic  and basic  dyes, the 

cytoplasm is moderately basophilic and the vacuoles ore unsta ined . On frozen 

sections, there is often d ifficu lty  in distinguishing them from a lveo la r  phagocytes, 

(Sorokin, 1967).

Cytochemical studies on the type 11 cell :

The cytochemical properties of the type 11 cell a re  not well known because 

of the d ifficu lty  of identifying them on paraffin and frozen sections. Nonetheless 

they are  stained specifically  on frozen sections with Sudan Black B, and on Epon 

embedded sections by the PAS method. They can be distinguished from a lveo lar 

phagocytes because they are less reactive  for succinic  dehydrogenase and acid 

phosphatase, (Sorokin, 1967).

It has been suggested that the vacuoles in the cytoplasm of the type 11 

cell might be transformed mitochondria, (Schulz, 1959), but this seems unlikely 

because of the absence of acid  phosphatase ac tiv ity  and the presence of a lka line  

phosphatase a c t iv i ty ,  (Buckingham, Me Nary & Sommers, 1964).

The mitochondria of the type I I cell have been frequently  suggested as 

being a possible site of pulmonary surfactant synthesis, (Klaus, Reiss, Tooley, Riel 

& Clem ents, 1962; Reiss, 1962, 1965, 1966 & 1967; H ackney, Bils, Takahashi, 

Rounds & C o llie r , 1967). It seems likely that the m itochondria , which are  usually 

abundantly  distributed in the type 11 cell cytoplasm, take  part in the 'secretion ' 

of this c e l l ,  (Bensch, Schaefer & A very, 1964).
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ELECTRONMiCROSCQPIC STUDIES O N  THE TYPE II CELL

The type I I cell is characterised by multi lamellar inclusion bodies in 

the cytoplasm which also has well developed Golgi and endoplasmic re ticu la r 

systems. It has frequently been described by electronm icroscopists*,

Evidence for the epithelial nature of the type 11 cell ;

The epithelial nature of the type I I cell is fairly well established, 

despite  the  fac t that unlike most other ep ithelial cells it is markedly pleomorphic, 

within the limits of an approximately cuboidal shape, (Bertalanffy & Leblond, 

1955; Low & Sampaio, 1957; Poli card , 1959; Sorokin, 1967), since it was 

shown that these cells rest d irec tly  on the basal lamina of the a lveo lar  

epithelium . Further ev idence that they are  of ep ithelial origin is given by 

1. they exhibit polarity in that their free surfaces have m icrovilli ,  2 . they form 

junctional complexes with the a ttenua ted  processes of the type I ce lls ,  and

3 . it has been noted in foetal lungs that lam ellated inclusion bodies similar to 

those seen in the mature type 11 c e l l ,  a re  found only in the cuboidal ep ithelia l 

cells that line the distal ramifications of the  bronchial t re e ,  (Sorokin, 1967).

Comparative stud ies;

The lungs of a ll mammalian species studied so far have type 11 cells 

or cells  very similar to them in the a lv e o li .  Similar cells have been shown to be 

present in the primitive lungs of amphibians, (O kada , Ishiko, D aido, Kim &

Bertalanffy & Leblond, 1955; C o lle t ,  Basset & Norm and-Reuet, 1967; Cam piche, 
1960; Dreissens, Dupont & D ém aillé , 1959; Engel, 1962; De G roo t, Lagasse 
& Sebruyns, 1958; Von Hayek,1953 & 1960; Korrer, 1956a, 1956b, 1956 c ,
1958 & 1960; Kisch, 1955; Krahl, 1959; Low & Daniels, 1952; Poiicard, 1956, 
1957a, 1957b & 1959; Poiicard, C olle t & Pregermain, 1956; Schlipkoter, 1954; 
Schulz, 1959 & 1962; Sorokin, 1967.
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Ikeda , 1962a; Sorokin, 1967) and of rep tiles , (Okada et o l ,  1962b).

Evidence for the secretory function of the type 11 c e i l ;

Most of the morphological evidence suggests that the type II cell 

functions primarily by synthesising and secreting cytosomal material onto the 

cell surface. Sorokin (1967) has postulated the steps leading up to its extrusion 

from the c e l l ;  beginning with the  coalescence  of minute multivesicular bodies 

to the formation of cytosomes which later become lam ellated with osmiophilic 

m icelles and en la rge , and which are  finally  released onto the cell surface by 

breakdown of the plasma membrane which surrounds them . He demonstrated 

that the cytosomes contain large amounts of lipid m ateria l;  mainly phospholipid 

and tr ig lyceride . Much of the osmiophilia which is characteristic  of these 

cytosomes has been shown to be due to unsaturated lipids, (Bahr, 1954; Hayes, 

Lindgren & Gofm an, 1963). They may also contain phosphatides and poly

saccharides, (Sorokin, 1967) and protein , (BayI is & Conen, 1964). Polumonary 

phospholipid synthesis occurs predominantly in the type 11 c e l l ,  (Harlan, Said , 

Spiers, Banerjee & Avery, 1964; Buckingham, Heinemann, Sommers & M cN o ry , 

1966).

Evidence that the type I I cell secretes pulmonary surfactant ;

Cytosomes have been regarded for some time as possible stores of 

pulmonary surfactant, (Campiche, G a u tie r ,  Hernandez & Reymond, 1963; 

Buckingham, Me Nary & Sommers, 1964) which upon release from the type I I 

cell form a coating on the  a lveo lar surface, thereby conferring on the alveolus 

a  surface tension lowering e ffec t ,  (Pottle , 1958; Clements, Brown & Johnson,

1958).

W hile implicated in this ac tiv ity  as a potential source of phospholipids 

capable  of exerting this e ffec t ,  (Klaus, Clements & H avel, 1961 ; Klaus, Reiss
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et a l ,  1962), the cytosomal material nonetheless has not been shown to be 

identical with pulmonary surfactant. Indeed the agent known to be largely 

responsible for the surface tension lowering effects of pulmonary surfactant 

is the saturated phospholipid, dipalmitoyl lec ith in , (Clements, 1966) which 

is not osmiophilic, unlike the cytosomes of the  type 11 c e l l .

The appearance  of cytosomes, however, can be modified easily  by 

altering  the carbon dioxide tension of inspired a i r ,  (Bensch, Schaefer & A very,

1964) and by hypoxia, (V aldavia, Sonnad & D'Amato, 1966). Variation of 

the d ie tary  lipids can also a l te r  the appearance of stored phospholipid,

(De G ie r  & Von D eenan, 1964); so that the postulate may still be v a lid ,  that 

these cytosomes in the type I I cell a re  stores of pulmonary surfactan t. There 

has been the suggestion that pulmonary surfactant is produced by the n o n -c il ia ted  

bronchiolar cells (Clara cells) lining the terminal and respiratory bronchioles, 

(N iden , 1967); there is a slow drift of pulmonary surfactant from these terminal 

airways into the a lveoli where it is eventually  phagocytosed by the a lveo la r  

macrophages.

Evidence for a phagocytic function of the type 11 cell ;

When Thorotrost, (Low & Sampaio, 1957) or Indian ink, (Karrer, 1958) 

is introduced down the airways into the lungs, it is taken up by the a lveo lar 

phagocytes. When type 11 cells are  cultured on a  tissue p late  they in jest 

Thorotrost partic les. These are  easily seen in the cysternae of the endoplasmic 

reticulum and to a lesser ex ten t in the cytosomes, (Ladman & F inley, 1966).

This suggests that the type II cell may possess a limited cap ac ity  for phagocytosis, 

so that N iden 's  hypothesis of downstream movement of pulmonary surfactant is 

not disproved, if one accepts that the type I I cells may be primarily phagocytic 

and not secretory . The difficulty  in identifying the source of pulmonary
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surfactant lies in the fact that all hystological observations ore sta tic  and not 

easily  rela ted  to the dynamic process.

Further ev idence  that type 11 cells secrete  pulmonary surfactant 

from studies in foetal lungs;

Evidence that the cytosomes of the  type I I cell a re  associated with 

pulmonary surfactant is given by studies done on various mammals during foetal 

l i fe .

Stable lung bubbles are  first formed in the lungs of mice a t about seven

teen  days gesta tion , (Pottle , 1958). The ab ili ty  to produce a  low surface tension 

on the surface tension ba lance  by ex tracted  mouse lung m aterial occurs a t  

e ighteen  days gesta tion , (Buckingham & Avery, 1962).

Osmiophilic inclusion bodies first appear in the type I I cells of mouse 

lungs a t the same tim e, (Woodside & Dalton, 1958). In humans the time of 

appearance  of inclusion bodies is about the fifth or sixth month of intrauterine 

l ife ,  (Campiche, J a c c o t te t  & Ju i l la rd ,  1962; Cam piche, G a u t ie r ,  Hernandez 

& Reymond, 1963). The typical surface tension properties of the mature lung 

appears a t  a  foetal body weight of 1 -  1 .2  k g . ,  (Avery & M e ad , 1959) which is 

consistent with a  five or six month foetus; although the d ifficu lty  of obtaining 

adequa te  specimens complicated this correlation study.

In lambs which were asphyxiated and premature a t  birth and whose lungs 

showed ev idence of reduced surface a c t iv i ty ,  there was a  reduction in the number 

of inclusion bodies in the type 11 ce lls ,  (O rza les i,  Motoyoma, Jacobson, 

Kikkawa, Reynolds & Cook, 1965).

The above findings would ind icate  that there is more than a passing 

relationship between pulmonary surfactant and the type 11 cell ; but it is not 

possible to define exac tly  what that relationship is, so tha t the origin of pulmonary 

surfactant Is still unsolved.
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Electronmîcroscopy of the a lveo lar surface of the type I lining cell :

Several workers have described a thin e lectron-dense  layer a t  the

a lveo lar  surface . Chase (1959) found a thin granular layer a t  the a lveo lar

surface of freeze  dried sections of the lungs of rots, m ice , bats and one ch icken ,

but not in the lungs of frogs. The granular layer was not seen when the  lungs

were fixed with buffered osmium tetroxide or when there was ev idence  of

pneumonic exudate .

Groniowski and Biczyskowa (1964) found an irregular layer of compact

granules on the a lveo la r  surface of three rabbit lungs fixed in 0 .5 %  potassium

permanganate buffered to pH 7 .4  in veronal a c e ta te ,  and embedded in A rald ite  D

(Ciba). The thickness of the layer of granules varied between 200 -  1000 X.

They also found that the granules were present in the cytoplasm of the type I

a ttenuated  lining ce lls .  On staining the sections with a  modified Hole staining

method; first described by Gosic & Berwick (1963), and whose basis is colloidal

iron, specific for mucopolysaccharides, Groniowski and Biczyskowa demonstrated
o

a layer of some 300 A thickness. This Hale positive layer was continuous over 

the a lveo la r  surface including the a lveo lar phagocytes; although there  was no 

Hole positive material within the cytoplasm of the type I c e l l .

Klika and Janout (1967) using a different staining m ethod; Maillets* 

m odification of Chompy's method, were ab le  to demonstrate a  similar lining layer 

at the a lveo la r  surface. Petrik and Riedel (1968) found a  continuous osmiophilic 

layer which was non ce l lu la r ,  on the a lveo lar  surface of foetal chick lungs and 

the lungs of three day old chickens.

The a lveo lar  surface has recently  been shown to be lined with a 

membranous structure,(Harrison & W eibel,  1969) visible on the electronmicroscope 

as electron dense wavy lam ellated lines outside the plasma membrane of the type I 

a ttenua ted  lining c e l l .  These lamella had been thought earlie r  to be a  duplex
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laye r ,  (Weibel & G i l ,  1968) but it is apparent that the structure is more complex. 

The thickness of the membranous layer varied g rea tly .  It was thinnest over the 

flattened portions of the a lveo lar  wall and thickest a t  the corners between ad jacen t 

a lv e o li .  These workers suggest that this structure is pulmonary surfactant lining 

the  a lv e o li ,  however much more work would seem to be required before such a 

defin itive  statement can be m ade.

BIOCHEMICAL STUDIES OF EXTRACTED PULMONARY SURFACTANT

Klaus, Clements & Havel (1961) were the first to analyse lung extracts 

and re la te  their contents to surface a c t iv i ty .  They found that the  phospholipid 

fraction reduced surface tension by os much as the crude e x tra c t .  They also 

showed that purified lysolecith in , sphyngomyelin from red blood ce lls ,  and 

synthetic dipalmitoyl lecithin all had similar surface tension properties to the  

crude lung ex trac t .  More recently  purified phospholipids and synthetic 

dipalmitoyl lecith in  hove been further studied and shown to have essentially similar 

surface tension properties to pulmonary surfactant, (Watkins, 1968; Galdston 

& Shah, 1967).

The most surface ac tive  component of pulmonary surfactant is phosphatidyl 

cho line , (Fujiwaro & Adams, 1964; Fujiwara, 1965; Pattle & Thomas, 1961); 

although it has been suggested that dipalmitoyl lecithin is the main constituent 

responsible for the surface tension lowering effect of pulmonary surfactan t,( Brown,

1964).

Studies on the m olecular structure of pulmonary surfactant :

It is not c lear whether the surface ac tive  phospholipids ore free moving 

molecules in the a lveo la r  lining or present os combinations with other m olecules.

It has been suggested tha t they a re  associated with other lipids or carbohydrates, 

(Scarpelli ,  C lutario  & Taylor, 1967). Pulmonary surfactant has frequently  been
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described o s a  lipoprotein , (Avery & Said, 1965; Brown, 1964; Abrams & 

Taylor, 1964; Reynolds & Strang, 1966) but there is l i t t le  ev idence  that this 

is so. The association with a protein moeity is positively disputed by 

Scarpelli e t al (1967), however there is ev idence  tha t a lveo lar  cells produce 

protein in significant amounts, (Mossaro, 1967).

In only two studies has a  lipoprotein been identified in lung ex trac ts , 

(Abrams & Taylor, 1964; Abrams, 1966). A protein of similar e lectrophoretic  

mobility as [(g lobulin  was found to be 'h ighly  surface active* . O ther  ev idence 

that pulmonary surfactant is a  lipoprotein is ind irec t.

Pattle  & Thomas (1961) found that tracheal washings had the same 

infra red absorption spectrum os a mixture of 5% gela tin  and 95% egg lec ith in . 

Several workers hove reported that proteolytic  enzymes reduce the surface 

ac tiv ity  of lung ex trac ts , (Pa ttle , 1958; Tierney & Johnson, 1963; Johnson, 

Levine & Cummings, 1964). Boland & Klaus (1964) however, found that 

digestion of lung extracts by trypsin did not a l te r  the surface a c t iv i ty .

Fibres derived from the surface films of extracts of sheép lungs contain 

14 .5%  nitrogenous material and stain similarly to thromboplastin, (Buckingham, 

1961). When a solution of extracted pulmonary surfactant is mixed with 

tr ich lo race tic  a c id ,  complete precip ita tion  occurs, indicating a  significant 

protein frac tion , (Brown, 1964).

The question of contamination of lung extracts with plasma protein has 

been investigated , (Scarpelli e t a l ,  1967). When a pure sample of lung extract 

is fractionated no protein is present in the surface ac t iv e  frac tion . Analysis of 

this fraction y ielded a  mixture of phospholipids; mainly lysolecith in , 

sphyngomyelin, neutral lipids, phosphatidyl ethanolam ine and phosphatidyl 

cho line , and a complex mixture of polysaccharides. All the lipids were surface 

a c t iv e  with the exception of phosphatidyl e thanolam ine. This confirmed earlie r  

findings by others, (Brown,1964; Fujiwara & A dam s,1964; Klaus, Clements & 

H avel, 1961). Scarpelli e t  al (1967) also found that in one experiment where
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blood contamination of the lung extract was marked, a  protein was recovered on 

frac tiona tion . This protein was similar to y5 lipoprotein normally found in serum.

Its surface ac tiv ity  was similar to pulmonary surfactant. They suggest that there 

may be a blood surfactant system, the function of which however is obscure.

Staining reactions and fluorescence of the a lveo lar  l in in g ;

Since lipids fluoresce, (Udenfriend, 1962), and since pulmonary surfactant 

contains lec ith ins , (Klaus, Clements & H avel, 1963) it was not long before work 

was begun on the fluorescent properties of pulmonary a lv e o li ,  (Hackney, Rounds & 

Schoen, 1963). Hackney, Collier & Rounds (1965) produced stable  bubbles when 

frozen sections of unfixed lung were allowed to thaw . These bubbles showed bright 

fluorescence which was se lec tive ly  quenched by short exposure to osmic acid  and 

iodine vapour fumes. When the bubbles were allowed to dry they were stained by the 

fluorochrome dyes, protoporphyrin, rhodamine B and 6 G ,  phosphine G N  and with 

Sudan 111. In all cases the dye was taken up by the bubbles.

A bright autofluorescent yellow line was seen lining the a lveo li on frozen 

unfixed sections. Reduced a lveo lar  fluorescence was seen in animals subjected to 

oxygen poisoning, furfuralacetone poisoning or bilateral vagotom y, and in human 

infants who had died of acu te  respiratory distress syndrome. This correlated with a 

reduction of the surface ac tiv ity  of extracted material as well as reduction of the 

stability  of expressed lung bubbles.

Fluorescent lines a t  the a lveo lar  surface have been demonstrated in calcium 

formalin fixed lung sections, mounted in g lycerine , (Boland & Klaus, 1964; De Sa,

1965). De Sa, was ab le  to show also that on sections stained with ac id  haem atin; 

for phospholipids, and with phosphomolybdic a c id ;  for choline containing lipids, 

the dyes took a t  exactly  the same p lace on the  a lveo lar surface as fluorochrome dyes. 

The distribution of dye reaction tended to be more prominent a t  the comers of 

ad jacen t a lv e o li .
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M E C H A N I C A L  STRES S  A N D  R E D U C T I O N  O F  
P U L M O N A R Y  S U R F A C E  A C T I V I T Y

MECHANICAL STRESS

Schulz (1959) first suggested that m echanical stress of the a lveo lar 

lining could change its surface properties. He found that overinflation causes 

granular cytoplasmic degeneration and disruption of the a lveo la r  ce lls .

Studies on extracted pulmonary surfactant;

The surface tension of extracted pulmonary surfactant falls progressively 

when the surface area  of the film in the surface tension ba lance  is not a l te re d ,  

(Clements, Brown & Johnson, 1958). Expansion of the surface a rea  reverses this 

process causing the surface tension to return to the initial v a lu e .

If the surface film is compressed to not less than 50% of the initial 

surface a re a ,  normal surface ac tiv ity  is m ain tained , (Brown, Johnson & Clements,

1959); but compression to more than 50% of the initial surface a re a ,  followed by 

re-expansion causes rupture of the surface film . This implies that compression to 

such a degree results in irreversable solidification or folding of the surface 

m olecules. Slight compression of protein films causes rapid solidification with 

rupture on re-expansion , (Hober, 1945); this suggests tha t pulmonary surfactant 

lacks a  protein moeity o r , if present, is a ty p ica l .

Repeated expansion and compression of the surface a rea  of ex tracted  

pulmonary surfactant causes those constituents which a re  particu larly  surface 

a c t iv e  to concentra te  a t  the surface, (Tierney & Johnson, 1965). They suggest 

that when there is disruption of the surface m olecules, fresh surfactant is formed 

by migration of surface ac t iv e  material from the hypophase. This implies that 

a  substantial hypophase layer of potential surfactant exists in the a lveo la r  lin ing.
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Studies on in tact lungs:

Com pliance is often used os a measure of elastic  or re trac tive  forces 

in the lung. It is defined as the  ratio  of the change in lung volume to the 

change in re trac tive  pressure, expressed as l ît res /cm .H 2 0

In anaesthetized  dogs, compliance falls progressively whether they 

a re  breathing spontaneously, or a re  paralysed with succinylcholine and ven tila ted  

a r t i f ic ia l ly  within a  resting tidal volume range, (Mead & C o llie r ,  1959). 

Occasional forced inflations up to vital capacity  level causes the compliance to 

return to normal va lues, whereas forced deflations causes a  further fall in com

p liance . The lungs which had the greatest fall in compliance consistently showed 

histological ev idence of widespread a te lec ta s is .  This confirmed earlier  

observations, (Bernstein, 1957) that in anaesthetized  rabbits, periodic forced 

lung inflations increased com pliance; between the  periodic inflations compliance 

fell i te ad i ly .  This has been suggested as the possible functional significance of 

sighing, (Clements & Tierney, 1965).

Intermittent positive pressure ven tila tion  :

Intermittent positive pressure ventila tion  (IPPV) during prolonged surgical 

anaesthesia causes a reduction in lung com pliance, (Holaday & Israel, 1955; 

Brownlee & A lb ritten , 1956). The time course of the changes in compliance 

are  not described in e ither of these studies. Wu, M ille r  & Luhn, (1956) measured 

compliance on surgical patients before and after anaesthesia , in the  supine 

position. They found that two hours a fte r  induction of anaesthesia , compliance 

had fallen to 65% of the  pre-anaesthe tic  v a lu e ,  but th ereafte r , showed lit t le  

change .

Lungs which a re  filled with fluid and subsequently a r t if ic ia l ly  v e n ti la ted ,  

have o low com pliance, and their extracts consistently have high surface tensions.
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(Johnson, Permutt, Sîpple & Salem, 1964). Prolonged IPPV, with hyperinflation, 

causes 'd ep le tion , a ltera tion  or in terference with the action  of pulmonary 

surfactant*, (G reen fie ld , Ebert & Benson, 1964).

Effects of ven tila tion  rote and volume on lung surface forces;

V entila tion  of excised dog lungs increased the surface forces, i . e .  

reduced lung com pliance, by an amount which is d irec tly  re la ted  to the tidal 

volume and the duration of ventila tion  and is inversely re la ted  to the end expira

tory pressure, (Foridy, Permutt & Riley, 1966). V entila tion  with 100% nitrogen 

caused a more marked fall in compliance than with 100% oxygen or a i r .

If a  lung is kept inflated but not ven tila ted  there  is no change in 

com pliance, (Permutt, 1967); but ven tila tion  causes a fall in com pliance. If 

a fte r  compliance has fallen  the lungs a re  kept inflated a t  constant volume, a t  room 

temperature and in oxygen, compliance rises to the preventilation v a lu e .  This 

implies that the recovery of surface ac tiv ity  in the  lungs a fte r  i t  has been reduced 

by ven tila tion  depends on metabolic processes.

It has been suggested that ven tila tion  causes a reduction in the  amount 

of e ffective  pulmonary surfactant on the a lveo lar  surface; but provided that the 

cells producing new surfactant are  functionally  normal, return of normal surface 

ac tiv ity  quickly  occurs, (McClenohon, 1966). Further work, (McClenohon & 

Urtnowski, 1967) suggests that not only is the fall in compliance rela ted  to tidal 

volume but also to the frequency of ven tila tion  when experiments a re  done a t  

room tem perature. When the lungs of rots and dogs were ven tila ted  a t  37^C 

these workers found no change in com pliance.

Shephard (1962) found in anaesthetised rabbits during IPPV that the 

functional residual capac ity  increased when the ra te  of ven tila tion  exceeded 

5 6 /m inu te . Compliance fell a t  rates exceeding 60 /m inu te .
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P A T H O L O G I C A L  C O N D I T I O N S  A S S O C I A T E D  WI T H 
A L T E R E D  P U L M O N A R Y  S U R F A C E  A C T I V I T Y

A lteration of pulmonary surface ac tiv ity  Is to be expected in conditions 

which damage the a lveo lar ep ithelia l lining or which cause physical inactivation  

of pulmonary surfactant. Injury to  a lveo lar cells by in fec tion , ischaemia, or 

ionising radiation causes reduction of surface a c t iv i ty ,  (Clements & Tierney,

1965); whereas surface ac t iv e  lipids or enzymes, such os phospholipose, 

inac tiv a te  pulmonary surfactant.

There are numerous pathological and surgical conditions associated with 

reduced pulmonary surface a c t iv i ty ;  the following a re  the most important

1. A te lec tas is .

2 .  Respiratory Distress Syndrome of the  newborn.

3 .  Impaired pulmonary perfusion,

(a) pulmonary artery  occlusion,

(b) extra corporeal c ircu la tion .

4 .  Fluid in the lungs,

(a) pulmonary oedem a,

(b) amniotic fluid^ and drowning.

5 . Bilateral cervical vagotomy.

6 .  Lung transplantation .

7 .  Pneumonia.

8 .  Oxygen tox ic ity .

9 .  Carbon dioxide poisoning.

10. Inhalation of noxious gases.

11. Radiation pneumonitis.
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ATELECTASIS

A telectasis or collapse may be extensive or foca l.

Extensive a te lec tas is ;

Pleural effusion, pneumothorax or bronchial obstruction con cause large 

segments of the lung to co llapse. In these conditions a ltered  pulmonary surface 

ac tiv i ty  is the effect rather than the cause of the a te lec ta s is ;  reinflation of an 

a te le c t ic  lung requires a pressure of a t least 1 0 - 1 5  c m s .H 2 0 ,  indicating reduced 

surface a c t iv i ty ,  (Lindskog & Bradshaw, 1934).

Reduction of pulmonary surface ac tiv i ty  occurs twenty-four hours a fte r  the 

onset of a te lec tasis  induced by pneumothorax, (Avery & Chernick, 1963). Forty- 

eight hours a fte r  bronchial ligation there Is loss of pulmonary surfactant, (Tooley, 

G ard ner ,  Thung & Finley, 1961). Return to normal surface ac tiv ity  occurs after 

fifty days, by which time adequate  collateral bronchial c ircu la tion  is established, 

(Finley, Swenson, Clem ents, G ardner, Wright & Severinghaus, 1960).

Sutnick & So I off (1963) found reduced surface ac tiv ity  within minutes 

of 1. bronchial liga tion , and 2 . a te lectasis  produced by applying an external 

pressure to the pleural surface.

High surface tensions were found in extracted material from collapsed 

lungs; normal surface tensions were found when the lung was reinflated prior to 

ex trac tion , (Yeh, Ellison, M anning, Hamilton & Ellison, 1965). There was no 

difference in the  phospholipid content between the collapsed lungs and the controls; 

the period of collapse varied from 1 -  63 days.

The mechanism causing reduction of surface ac tiv i ty  of extracts of 

collapsed lung, is not c le a r .  It does not corre la te  with the pressure -  volume 

relationships obtained after  a te lectasis  of this typ e . Decreased compliance has 

been reported when chronically  a te le c t ic  lungs are  re -a e ra te d ,  (Benfield, 

Rattenborg, G a g o , Nigro & Adams, 1962; Carlson, C lassen, G o l la n ,  G obb e l,
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Sherman & Christensen, 1958).

Focal a te le c ta s is ;

Focal a te lectasis  has been attributed to 1. local increase in surface 

tension, (Clements, Hustead, Johnson & G rib e tz ,  1961) 2 , low lung volumes,

(Von N eergoord , 1934) 3 .  obstruction of the terminal airways, (Craig, Fenton 

& G i t l in ,  1958). 4 .  contraction of the smooth muscle fibres in the walls of 

a lveo la r  ducts , (Halmagyi & C o leba tch , 1961; N a d e l ,  Colebatch & O lsen , 1962) 

and 5 . shallow respiration associated with general anaesthesia  or severe pa in , 

(Burbank, Cutler & Sbar, 1961 ; Hamilton, 1961 ; Von N eergoord , 1934).

Focal a te lec tasis  is most marked in areas of the lungs where inspiratory 

excursion is least;  it is temporarily reversed by occasional d eep  inspirations, 

(Mead & C ollie r ,  1959).

RESPIRATORY DISTRESS SYNDROME OF THE NEWBORN

Respiratory Distress Syndrome, (hyaline membrane d isease , a te lectasis  

neonatorum) is characterised by 'pulmonary a te lectasis  associated with congestion, 

the presence of eosinophilic hyaline membranes within d ila ted  a lveo la r  ducts , 

and intrapulmonary haem orrhage ', (Hutchison, 1964). The hyaline  membrane is 

mainly fibrin although it does not g ive the usual histochemical reactions of this 

substance, (G itlin  & C raig , 1956).

There are several theories concerning the aetio logy of this condition; 

but none hove been proved.

The role of pulmonary surfactant in its pathogenesis is uncerta in ; but is 

certa in ly  im plicated . Avery & M ead (1959) found that in infants who had died 

of this condition , there was evidence that pulmonary surfactant was absen t; low 

com pliance, high surface tensions of ex tracted  lung material and absence of 

osmiophilic inclusion bodies in the type 11 a lveo la r  ce l ls .  This has been sub

sequently  confirmed, (Pa ttle , C la ireaux , Davies & Cameron, 1963; Reynolds,
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O rz a le s i ,  M otoyam a, Craig & Cook, i 965).

Defic ient pulmonary surfactant could account for a ll the cardiopulmonary 

abnormalities of the condition , (Reynolds & Strang, 1966); for exam ple, it could 

cause a te lec tas is  and decreased lung com pliance, (Karlberg, Cook, O 'B rien , 

Cherry & Smith, 1954) together with uneven an d , in severe cases insufficient, 

a lveo la r  v e n ti la t io n ,  (Blystad, 1956). The large right to left shunt which is 

typical of this condition , (Prod'horn, Levison, Cherry & Smith, 1965) could be 

explained by an increase in pulmonary vascular resistance caused by hypoxaem ia, 

hypercapnia or lung collapse all of which can result from absence of pulmonary 

surfactant, (Cook, Drinker, Jacobson, Levison & Strang, 1963).

The extent to which lock of pulmonary surfactant is caused simply by 

biochemical immaturity of the lung remains unknown. Immature lambs delivered  

without asphyxia a t  a  gestational age  when pulmonary surfactant is undeveloped 

rapidly d ie  from an illness very similar to respiratory distress syndrome of the 

newborn human in fan t, (Reynolds, Jacobson, M otoyoma, Kikkawa, C ra ig , 

O rzalesi & Cook, 1965).

The incidence of respiratory distress syndrome in human infants is 

increased by conditions causing prenatal asphyxia, (Cohen, Weintroub & 

Lilienfeld , 1960); in monkeys asphyxia causes a similar condition , (Adamson, 

Behrman, Dawes, James & Koford, 1964).

During asphyxiai episodes foetal lambs inspire amniotic f lu id , (Howott, 

Humphreys, Normand & Strang, 1965); but when large amounts of amniotic fluid 

were introduced into one lung of foetal lambs and the  lungs ven tila ted  separa te ly , 

there  was no difference in the surface properties of the two lungs.
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IMPAIRED PULMONARY PERFUSION

Pulmonary artery  liga tion:

Experimental unila teral pulmonary artery occlusion causes a rapid fall 

in compliance and ven tila tion  of the  lung supplied by i t ,  (Severinghaus, Swenson, 

F in ley , Lotegola & W illiams, 1961; Swenson, Finley & G uzm an, 1961). Several 

days la te r ,  there is pulmonary oedem a, cap illary  congestion and focal a te lec ta s is ,  

(Schlaepfer, 1926; Karsner & Ash, 1912-13; Huber & Edmunds, 1967). These 

pathological changes are  thought to result in part from increased a lveo la r  surface 

forces (Finley, Tooley, Swenson, G ardner & Clem ents, 1964; G iam m ona,

M endelbaum , Foy & Bondurant, 1966).

Hypoperfusion of the pulmonary artery  bed eventually  leads to defic iency  

of pulmonary surfactant, (Chu, Clements, Cotton, Klaus, Sw eet, Thomas &

Tooley, 1965). The reduction of compliance is proportionately g rea ter  than the 

reduction of v e n ti la t io n , (Severinghaus et a l ,  1961).

Several weeks after unilateral pulmonary occlusion the pathological 

changes are  reversed, functional changes return to normal, (Chernick, Hodson & 

G reen f ie ld ,  1966; Finley, Swenson, Clements, G ardner, Wright & Severinghaus, 

1960; Bloomer, Harrison, Lindskog & Liebow, 1949); this is due  to gradual 

increase of co lla teral blood flow, (W eibel, 1960).

The surface tension of extracts of lungs increases within 15 hours following 

un ila teral pulmonary artery  occlusion, (Finley, Swenson e t a l ,  1960; Finley, 

Tooley e t a l ,  1964; Said, Harlan , Burke & Elliot, 1968; Chernick et o l ,  1966; 

Giammona e t a l ,  1966; Tooley, e t a l ,  1961); this is associated with decreased 

phospholipid content especially  dipalmitoyl phosphatidyl choline in the ex trac ts , 

(Morgan & Edmunds, 1967; Said e t a l ,  1968).

Secondary infection following unila teral occlusion of the  pulmonary 

a rtery  has been reported as o possible cause of decreased surface a c t iv i ty ,  (Pattle
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& Burgess, 1961); but this is disputed by others, (Tolley et o l ,  1961).

Pulmonary embolism induced by microscopic polyester particles causes 

a reduction of lung com pliance, (Halmagyi & C oleba tch , 1961 ; N a d e l ,  Colebatch  

& O lsen , 1962); this is thought to be due to reflex spasm of a lveo la r  duct smooth 

muscle.

Extra corporeal c ircu lation  :

Pulmonary congestion a fte r  circulatory  by-pass procedures is well recognised 

as a  post-operative  com plication , (Dodrill, 1958), The lungs, a t  post mortem 

examination show, vascular congestion, and focal a te lec ta s is .  They often have 

'proteinaceous fluid in the a lv e o li ,  (Boer & Osborn, 1960). Histologically there 

a re ,  hyaline  membrances and swelling of a lveo la r  ce l ls ,  (Kolff, Effler & G raves ,

1960). Human lungs have been examined electronm icroscopically  following 

cardio-pulm onary by-pass, (Schulz, 1962) and show thickening of the a lveo lar w a ll ,  

pericapillary  oedema and swelling of the a lveo lar ce lls .

Excessive pulmonary vascular pressures during cardio-pulmonary by-pass in 

dogs leads to acu te  congestion and focal haemorrhage, (M uller, Littlefield &

Damman, 1958); but prevention of left a trial overload does not a lter  the occurrence 

of focal a te lec ta s is ,  (Kottmeier, Adamson, S tuckey, Newman & Dennis, 1958).

Baer & Osborn, (1960) suggested that denatured protein in extracorporeal 

c irculating blood might contribute to the  production of the pulmonary lesions.

This has since been confirmed, (Lee, Krumboar, Fonkalsrud, Schjeide & M aloney ,

1961).

Release of free lipids into sytsemic blood has been found a fte r  cardio-pulm onary 

by-pass, (Owens, Adams, McElhannon &Youngblood, 1959). Free fatty acids /) / \  

(oleic ac id  and sodium olea te) hove been in jected intravenously into dogs,

(Jefferson & N ech e les ,  1948); this resulted in pulmonary oedema and congestion.
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and swelling of a lveo la r  ce lls .

When normal dogs are  transfused with blood which has been passed through 

a pump oxygenator for four hours, they develop acu te  pulmonary oedema and 

congestion, (Tooley, Finley & G ardner, 1961). When this blood is mixed with 

extracts of normal lungs, the minimum surface tension obtained on the surface 

tension ba lance  is about 18 dynes /cm . ; the  control values are  between 1 -  8 

dynes/cm . This suggests tha t blood which has been passed through a pump oxy

genator contains substances which block the surface a c tiv ity  of lung ex trac ts .

Tierney & Johnson, (1961) found that when cholesterol or o leic  acid  was added to 

the surface of lung extracts in the surface tension b a lan ce , the minimum surface 

tension obtained was 18 dynes/cm .

From these studies it seems probable that during cardio-pulm onary by-pass 

procedures, the following sequence of events occu rs : -

1. Plasma protein is denatu red , 2 . this releases free lipids from lipoprotein 

m olecules, 3 .  the free lipids may then cause pulmonary embolism, damage a lveo lar  

cells d irec tly  or interfere with pulmonary surfactant, 4 .  this results in focal 

a te lec ta s is ,  pulmonary oedema and congestion. These events occur more frequently 

when the lungs ore underventilated and when pulmonary vascular pressure is allowed /  

to rise unchecked , (Kottmeier e t a l ,  1958).

FLUID IN THE LUNGS

Pulmonary oedem a:

Pulmonary surfactant has been a ttributed as a possible factor in the prevention 

of pulmonary oedem a, (Pa ttle , 1958; Clements, 1961). There is a  ba lance  of 

forces on the pulmonary capillaries tending to limit the movement of fluid out of 

the vascular compartment. Colloid osmotic pressure, tending to keep  fluid within 

the cap illa r ie s ,  is almost balanced by capillary  hydrostatic pressure, tissue fluid 

osmotic pressure and a lveo lar surface tension, tending to draw fluid out into the
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pericap illa ry  space . Clements (1962) has postulated that the  presence of 

pulmonary surfactant on the a lveo lar  surface lowers the 'porosity or permeability 

of the m em brane '. \

Pulmonary oedem a, induced with intravenous dextron , is associated with 

increased a lveo la r  surface forces and reduced surface ac tiv ity  of lung ex tracts , 

(Said, Avery, Davis, Davis, Banerjee & E l-G ohary , 1965).

Taylor & Abrams (1964) found that fibrinogen, os a possible constituent 

of a lveo la r  transudate, inactivated  extracted pulmonary surfactant.

Amniotic fluid; and drowning

Pulmonary surface ac tiv ity  is reduced when amniotic or a llan to ic  fluid is 

instilled down the airway and the lung v e n ti la ted ,  (Johnson, Permutt, Sipple &

Salem, 1964; Johnson, Salem & Holzman, 1964).

Reduced surface a c tiv i ty  has also been shown in guinea pigs after drowning, 

(Manktelow & Hunt, 1967); the most marked changes occurred a fte r  drowning In

distilled  water and the least a fte r  drowning in sea w ater.

BILATERAL CERVICAL VAGOTOM Y

Bilateral cervical vagotomy in guinea pigs causes an increase in the 

minimum surface tension of extracted lung m ateria l,  (Tooley, G ardner e t  a l ,  1961), 

and is associated with a reduction in the number of osmiophilic inclusion bodies 

in the type II a lveo lar  c e l l ,  (Klaus, Reiss e t a l ,  1962). Pulmonary oedema 

and the  formation of hyaline membranes have been reported In rabbits a fte r  vagotomy, 

(Forber, 1937; M ille r ,  Behrle & G ibson, 1951).

LUNG TRANSPLANTATION

Giamm ona, Waldhausen & D aly , (1964) found that in dogs which were 

autotransplanted or homotransplanted with denervated lungs, there was no 

a lte ra tion  In pulmonary surface ac tiv ity  during the first twenty-four hours.
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Thereafter the autotransplanted lung remained normal, whereas the homotrans

planted lung showed reduced surface ac t iv i ty  of extracted lung material and also 

reduced compliance of the whole lung.

O n the other hand, it has been shown that homotransplantation does not 

a lte r  pulmonary surface ac t iv i ty  until twenty days post-opera tive ly , (Yeh, Ellison 

& Ellison, 1964); this coincided with the onset of organ re jec tion .

PNEUMONIA

Bubbles expressed from pneumonic lungs ore often unstable , (Pattle & 

Burgess, 1961). There is loss of normal surface ac tiv ity  of lung extracts from 

pneumonic lungs, (Sutnick & Soloff, 1964); this is thought to be due to proteo

lytic enzymes produced either by the  invading organism or by the host. Influenzal 

pneumonia in mice causes rupture of a lveo lar  ce lls ,  (Hers, M ulder, M asurel, Kuip 

& Tyrrell, 1962) and in humans who hove died of Asian in fluenza , the lungs show 

a te lectasis  and hyaline membrane formation, (M artin, Dunin, G o t t l ie b ,  Barnes,

Liu & Finland, 1959).

OXYGEN TOXICITY

Exposure of rots, (Loubiere & Pfister, 1966; Pfister, Fabre, Loubiere & 

V io le t te ,  1964; Hemingway & W illiams, 1950) and guinea pigs, (Ambrus, Pickren, 

W eintraub, N isw ander, Ambrus, Rodbard & Levy, 1968) to pure oxygen causes 

a te lec ta s is ,  pulmonary oedem a, vascular congestion and hyaline membrane formation 

after two to three days.

C o llie r ,  (1963) found reduced surface ac tiv i ty  of lung extracts of rots and 

rabbits which had died in pure oxygen. O ther workers hove failed to d e tec t  change 

in surface a c tiv ity  on exposure to  pure oxygen even when pulmonary oedema was 

present, (Bondurant & Smith, 1962; Fujiwaro, Adams & Seto , 1964; Pattle & 

Burgess, 1961).
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CARBON DIOXIDE PO ISO N IN G

Exposure to 15% C O g causes high surface tensions in extracted lung 

m aterial and reduction in the  number of osmiophilic inclusion bodies in the type I I 

a lveo la r  c e l l ,  (Schaefer, Avery & Bensch, 1964). These changes were most 

marked a fte r  twenty-four hours exposure; this coincided with the  time when the 

respiratory acidosis was most severe . When the respiratory acidosis was compensated 

recovery of normal surface ac tiv ity  occurred .

INHALATION OF NOXIOUS GASES

Inhalation of mercury vapour causes erosive bronchitis , and bronchiolitis , 

intense vascular congestion and hyaline  membrane formation. These ore associated 

with a reduction of pulmonary surface a c t iv i ty ,  (Capers, 1961). Inhalation of 

phosgene, cadmium ox ide , and b lack  smoke did not a l te r  the s tability  of lung 

bubbles in the early  stages, (Pa ttle , 1967). O zone increases the minimum surface 

tension of lung extracts and causes a te lectasis  In mice exposed to I t ,  (Mendenhall 

& Stokinger, 1962).

C igare tte  smoke has been shown to lower the surface tension of extracted 

animal and human lung material by as much as 33% , (Bondurant, 1960; M ille r  & 

Bondurant, 1962), Such a change occurring in vivo would a l te r  a lveo la r  s tab ili ty , 

favouring the development of overdistension of a lv e o li .

RADIATION PNEUMONITIS

Radiation pneumonitis is often associated with focal a te lectasis  and hyaline 

membrane formation, (Warren & G a te s ,  1940), leading to reduced lung com pliance.



PART I

PULMONARY SURFACE ACTIVITY STUDIES

'The lungs are emulsions of a ir  in tissue and the 
bulk properties of such a finely dispersed system 
depend to a large extent on the  properties of the 
interphase between them.*

(Clements, 1962)
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P R E S S U R E - V O L U M E  S T U D I E S

NTRODUCTION

Analysis of the mechanical properties of excised lungs is usually 

accomplished by relating the sta tic  volume change to a corresponding change in 

e lastic  recoil force , measured as a change in airway pressure.

Lung compliance is the ratio  of the change in volume to the change in 

recoil pressure, ( A V / A  P). It is usually measured in I/cm H2 O ,  in humans and 

large mammals, or in cc/cm  H2 O ,  in small mammals. Because the relationship 

between compliance and recoil force is on inverse o n e ,  conceptual difficulties 

sometimes arise when relating one to the o ther. The term elastonce which is the 

reciprocal of compliance ( i . e .  A  P /A V )  is frequently used to ovoid this d ifficulty  

and is measured m cm H2 O /I  or cm

M echanical lung fo rces:

There ore other forces besides e lastic  recoil which must be considered, 

when evaluating changes in a irw ay pressure under dynamic conditions: like many 

distensible organs, such as blood vessels and g u t ,  the pressure required to overcome 

inertia  and the resistance to deform ation, must be taken into acco u n t,  (Radford, 

1957).

G enera lly  the resistance to deformation is rela ted  to the initial volume 

increment per unit time ( S V /  S t ) ,  while the forces of inertia depend on the 

acce lera tion  of 1. a ir  within the airways, and 2 . lung tissue elements.

Rohrer (1925) first proposed the division of the m echanical properties of 

lung into three basic components; in e r t ia ,  resistance and e la s t ic i ty .  He concluded 

that inertial forces in the lung ore insignificant. This view has been confirmed, 

(Mead & W hittenberger, 1953; Nisell & Dubois, 1954). It has been shown that 

the major factor in total lung inertia  is the inertia  of a ir  flow, (M ead, 1955).
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! Separation of resistive (or viscous) forces from elastic  forces is a 

d ifficu lt procedure. This has been attempted under dynamic conditions,(M ead 

& W hittenberger, 1953; Nisell & Dubois, 1954; Von Neergoord & W irz ,

1927; Bay I is & Robertson, 1939; O tis ,  Fenn & Rahn, 1950). In general the 

lung viscous forces vary with a ir  flow rote in the airways; they are  much less 

affected  by the resistance to deformation of lung tissue, (Marshall & Dubois,

1956; M cllroy , M ead , Selverstone & Radford, 1955). Analysis of the mechanical 

properties of lungs under sta tic  conditions will therefore , afford a b e tte r  estimate 

of e lastic  recoil forces.

Elastic properties and hysteresis;

Von Neergoord (1929) attem pted the first s ta tic  measurement of lung 

e lastic  forces. He found that surface forces accounted for the major port of total 

recoil forces. He completely emptied excised lungs, filled them with e ither a 

7% solution of gum a ra b ic ,  or a i r ,  and compared pressure-volume curves. The 

results of his experiments are  summarised below.

Lungs filled with gum arabic Lungs filled with a ir

Hysteresis neg lig ib le .

Opening pressure less than 
1 cm H ^O.

Filling rapid and even .

M axim ally inflated a t 10cmH2O

Deflation smooth and slightly 
sigmoid shaped curve .

Hysteresis marked.

O pening pressure 8 cm H 20

Filling slow and pa tchy .

M aximally inflated a t  30cmH2O

Deflation uniform and markedly 
sigmoid shaped curve .
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Hysteresis is the d ifference in the pressure-volume characteristics 

according to the d irection of change in pressure. The opening pressure, which 

is the pressure which must be applied  to the lungs before any appreciab le  change 

in volume occurs, was about 3 c m h 2 0  on initial liquid f i ll ing . The curve showed 

moderate hysteresis. This is thought to be due to the presence of bronchial mucus 

in the airways, (Radford, 1957). Subsequent liquid filling abolished the opening 

pressure effect and the hysteresis. On filling the lungs with a i r ,  the opening 

pressure effect and hysteresis a re  marked and a re  thought to be due to surface tension 

forces, (M ead, W hittenberger & Radford, 1957).

Numerical index of lung stab ility :

An index of the s tab ility  of the lung con be obtained from the deflation 

part of the  pressure-volume curve . Gruenwald (1963) found good reproducibility  

when that part of the defla tion  curve between 10 and zero  pressure was tak en , 

since the relationship is essentially  linear over this pressure range . The index he 

devised for human lungs is given by:

L =  (Equ. 1)
2V -  2V. max 0

where V^, V^q and Vq a re  the volumes a t  pressures of 5 , 10 and zero c m sh 2 0  

respec tive ly . is the volume of the lungs when maximally in fla ted .

Gruenwald suggested that for small mammals the term Vq should be om itted; 

since the pressure-volume relationships of many small mammals is characterised by 

re la tive ly  large lung volumes a t  zero  pressure. The stab ility  index is therefore , 

given by:

L =   —  ( E q u . 2 )
2Vmax
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Normal values for equation 1, range from 0 ,8  to 1 .4  and for equation 2 ,  

from 0 ,9  to 1 .2 .

Present study :

The present study sets out to establish normal pressure-volume relationships 

for the lungs of guinea pigs during a ir  f i l l ing , and investigates the effect of 

hyperventilation on them. Lung compliance and s tab ility  indexes a re  compared 

for the  pre and post-hyperventilation periods.

The lungs of seven living guinea pigs were removed and studied for pressure- 

volume characteristics before and after  hyperventila tion . The lungs of two 

animals were ven tila ted  for 5 minutes, two for 10 minutes, two for 15 minutes 

and one for 30 minutes,

METHODS

Calibration of apparatus for pressure measurement :

Pressure was measured by a  G reer  electromanometer (type M 3, Mercury 

Electronics, Sco tland .)  capable  of measuring a differential pressure of up to 

60cmsH2O (Plate  XIII). The instrument was tested for linearity  of response and 

calib ra ted  a t  three monthly in tervals.

The electromanometer was connected to the side arm of a water manometer 

having a range of 0 -60  cm sH 20 . Stepwise increments of 1 cm H 20 were applied 

to the other arm of the water manometer using a sphygmomanometer hand pump, 

up to a total differential pressure of 6 0 cm sH 20. The response of the e lec tro 

manometer was simultaneously recorded on a pen recorder (YEW x ,x - y  Recorder, 

Yokogowo Electric Works, J a p a n . ) .

The response was found to be linear up to a  d ifferential pressure of 

4 5 c m sH 2 0 . Above this it became non-linear with an error of about + 1% a t  

50cm sH2O, and + 5 %  a t  6 0 cm sH 20 . The maximum pressure never exceeded 

4 5 cm sH20 in any of the  experiments performed.
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Pre-experîm entai calibration check :

The electromanometer was checked a t  the start of every experimental day 

and ca lib ra ted . It was set up as described above. Differential pressures of 

10, 20 and 30cmsH2O were applied  to the water manometer. The recorded 

pressure readings were compared with actual pressures and any necessary 

adjustments to the electromanometer were mode.

M ethod of performing pressure-volume manoeuvres :

The main stem of a*Y*tube was tied into the trachea . O ne side arm was 

connected to a G reer electrom anom eter, while the other was connected to a 

ca lib ra ted  syringe. Pressure was recorded on a pen recorder. Successive slow 

injections of 1 cc of a ir  were m ade, allowing 1 minute between each step for 

equilibration of the  sta tic  recoil pressure within the lungs. The maximum inflation 

volum e, henceforth termed the total volume of the lungs, was taken as having been 

reached when the pressure started to rise steeply for a very small volume increment. 

Deflation was effected by an exac tly  reversed procedure.

Pressure volume curves were obtained by plotting volume against the 

sta tic  recoil pressure, for each step during inflation and deflation respectively .

Experimental p rocedure :

Seven guinea pigs (G ,U ,  Physiol./B iochem . strain) were anaesthetized  

with intra peritonea I pentobarbitone sodium (dose 50m g/kg). A tracheostomy was 

performed and the trachea cannulated  with a 'Y ‘ tube. The side arms of the 'Y ' 

tube were clamped and a sternum splitting incision was quickly  m ade. The 

anterior chest wall was widely separated and the trach ea , lungs, heart and great 

vessels were dissected out en b lo c .  The lungs were then allow d to collapse 

slowly by slackening one of the clamps on the 'Y* tub e . The heart and great 

vessels were carefu lly  dissected aw ay . The 'Y* tube was fixed to a  clamp stand
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with the lungs suspended v e r t ica l ly .  The pleural surface of the lungs was 

periodica lly  moistened with normal saline throughout the entire  experiment.

Stepwise filling and emptying of the lungs, as described above , was 

carried out three  times, so that a  mean control pressure-volume curve could be 

draw n.

V entilation of the lungs;

The lungs were a ttached  to a Palmer small animal pump and v en ti la ted .

The tidal volume used was 3 /4  of the total volume of the lungs. The frequency 

was constant a t  32 /m in . The lungs of two animals were ven tila ted  for 5 minutes, 

two for 10 m inutes, two for 15 minutes and one for 30 minutes. At the  end of 

the ven tila tion  period, three pressure-volume manoeuvres were performed on 

each of the lungs. Thus a  mean post-ventila tion pressure-volume curve could 

be draw n.

On completion of the experiment all lungs were maximally inflated under 

saline to check for a ir  leaks. Measurements from lungs which showed evidence 

of air leakage were discarded. This resulted in only five animals being included 

in the study. The lungs of the two animals not included , had lacerations on the 

pleural surface caused by abrasion with exposed ribs. The operative  technique 

was slightly modified to prevent this occurrence in subsequent experiments.

RESULTS

Pressure-volume curves:

The mean pre and post-hyperventilation pressure-volume curves a re  shown 

in f ig . Ill , for each of the animals studied.

There was no significant difference between animals during the control 

period. Hysteresis between inflation and deflation curves was of similar magnitude 

in a ll  cases. The opening pressure ranged from 6 -8 c m s H 2 0 . The pressure
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required to maximally inflate  the lungs ranged from 2 5 -3 0 cmsH^O, and the 

total volume of lungs ranged from 32-36 c c .

After hyperventilation the  curves had rotated down and to the right. 

There was a tendency for hysteresis to increase progressively with the duration 

of hyperven tila tion . The deflation curve became progressively less sigmoid. 

The opening pressure and the pressure required to maximally inflate  the lungs 

increased with hyperventila tion , whereas the total volume of lungs fell progrès* 

s ive ly .

Opening
pressure

Pressure a t  total 
vo l.  lungs

Total vo l .  
lungs

Control 

5 mins 

10 mins 

15 mins

7 cmsHgO

11.5  "

15 .5  "

24 "

27 ,5 cm sH 2 0  

3 6 .5  "

42

44

34 cc 

2 8 .5  cc 

26 cc 

23 cc

The values shown above ore means. The standard deviations were insignificantly 

small.

Lung compliance was ca lcu la ted  from the deflation curves by computing, 

for each animal the mean ratio  of volume to pressure. Six sets of values were 

ex tracted  from each curve a t  points corresponding to 5 ,  10, 15, 20, 25 and 30 

cmsHgO pressure. The results are  shown in tab le  I . The mean compliance for 

a ll  animals during the control period was 1.7 c c / c m H 2 0 .  Hyperventilation caused 

compliance to fall so that afte r  15 min. it was only 30% of the  initial v a lu e .

The d ifference between a ll four ventila tion  groups were highly sign ifican t. 

Student t va lu es and probabilities a re  shown.
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TABLE I

LUNG COMPLIANCE RESULTS IN  cc/cm  H -O

CONTROL 5M IN lOM IN 15M IN

1 .3 1 .3 0 .5 0 .2

1 .2 1 .6 0 .5 0 .2

1 .5 1 .5 0 . 7 0 .4

1 .6 1 .4 0 .8 0 .5

1 .9 1 .4 0 .9 0 .5

2 .0 1 .4 1 .0 0 .6

2 .0 1 .4 1 .0 0 .6

2 .0 1 .3 1 .0 0 .6

2 .0 1 .3 1 .0 0 .7

2 .0 1 .3 1 .0 0 .7

1 .9 é 0 .6

1 .6 0 .6

1 .5

1 .4

MEAN 1.71 1 .39 0 .8 4 0 .5 2

S .D . t o .  29 ± 0 . 1 0 ±0 .21 Î 0 . 1 7

S .E .M . i 0 .0 7 9 ± 0 .0 3 0 ± 0 .0 6 5 ± 0 .0 4 8

t 2 2 = 3 * 2 7  

P.< 0.01

t^ g -7 .7 8  

P< 0.001

^0 =  4.11 
P< 0.001
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Lung stability  indexes were computed for each of the lungs studied 

using equation 2 on page 3 8  . The values a re  shown below.

Control 5 tnin 10 min 15 min

M ean 0 .5 7 0 .4 9 0.31 0 .1 0

S .D , ± 0 .0 4 ± 0 .03 ± 0 .0 3 ± 0 .0 4

S .E .M . ±0.01 ±0.01 ±0.01 ± 0 .0 2

t i 9  = 5 .6 7

P < 0.001

t , o = 1 8 . 0

P < 0.001

12.39  

P < 0.001

The differences between the four ven tila tion  groups were highly significant 

in all cases. Hyperventilation caused the s tability  index to fail progressively. 

After 15 m in.it hod decreased to 17% of the  control va lue .

DISCUSSION

It is evident from the  pressure-volume relationships for the control lungs 

that guinea pigs ore similar in this respect to other mammals. The values for 

compliance a re  similar to those previously reported for guinea pig lungs, (Agostoni, 

Thimm & Fenn, 1959; Hi Id & Bruckner, 1956). There a re  no previous studies 

reported which hove measured the s tability  index of guinea pig lungs. The 

stability  index of rot lungs lies within the range 0 .3 8 - 0 .9 6 ;  for rabbit lungs it lies 

within the range 0 .9 2 - 1 .2 1 ,  (G ruenw ald, 1963). The guinea pig s tab ility  index 

in the present study was 0 .5 7 .  Compliance of rot lungs however, has been found 

to be consistently higher than guinea pig lungs, (Agostoni e t o l ,  1959). This 

might suggest tha t the stability  index is a  less a cc u ra te  estimate of pulmonary 

surface ac t iv i ty  than lung com pliance.

Hyperventilation reduced compliance and the  s tab ility  index , and decreased



45

the  total volume of lungs. It increased the opening pressure and the pressure 

required to maximally infla te  the  lungs. This would indicate  that the factors 

which maintain the  normal pressure-volume relationship were progressively 

a l te re d ,  and as a consequence more m echanical work was being performed. The 

forces maintaining the normal pressure-volume relationship a re  generally  accep ted  

as being of two types, tissue e lastic  forces and surface forces.

Since it has been shown that hyperventilation does not a l te r  tissue forces, 

(McClenahan & Urtnowski, 1967), one con conclude that the predominant 

effect is a  steady degradation of normal surface a c t iv i ty .  This would lead to 

m aintained high surface tensions within the  lung with a  tendency to  premature 

co llapse.
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BUBBLE S T A B I L I T Y  M E T H O D

INTRODUCTION

The stability  ratio of bubbles expressed from the lung, has been used 

as an index of pulmonary surface a c t iv i ty ,  (Rattle, 1958; Howatt & Strang, 

1965; Edmunds & Huber, 1967; Sekulic , Hamlin, Ellison & Ellison, 1968; 

S lavkovic , W ingo, Ellison & Ellison, 1968).

The stability  ratio of lung bubbles is the  ratio of the final surface area  

to the initial surface a re a .  It is calcu la ted  by dividing the sum of the square 

of the  diameters of a group of bubbles, 20 minutes a fte r  they have been expressed 

from the lungs, by the sum of the squares of their initial diam eters.

METHOD

Lung bubble stability  ratios were ca lcu la ted  for the lungs of three control 

guinea pigs and compared with those obtained for three guinea pigs following 

hyperventilation for 10 minutes.

Procedure :

Six guinea pigs were anaesthetized  with intraperitoneal pentobarbitone 

sodium (dose 6 0 m g/kg). A wide thoracotomy was performed and the lungs 

removed in ta c t .  After experimenting with several techniques of preparing lung 

bubbles, the following method was finally  adopted .

Lung samples, which in most cases were complete lobes, were taken from 

the upper and from the lower lobes of both lungs of each an im al. The four 

pieces of lung were inflated with a ir  from a syringe fitted with a  number one 

n e ed le .  A small p iece of lung tissue was grasped with a  pair of forceps. Lung 

bubbles were squeezed into a  drop of distilled  aera ted  w ater , on a  glass cover
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slip . A hanging drop preparation was made by inverting the cover slip onto 

a  glass slide with a  hollow ground depression. This was immediately viewed 

under a light microscope; a  su itab le  field was chosen, containing about twenty 

bubbles.

The light source was an infra-stage tungsten lamp which was only switched 

on during the counting procedures. Exactly one minute after  the hanging drop 

preparation had been m ade, the diameters of the  bubbles were measured using an 

integrated eyep iece  micrometer (Leitz, type K, magnification x 8 ) .  Measurement 

of the diameters was repeated a fte r  exac tly  20 minutes.

Continuous viewing of the bubbles between counting procedures was 

achieved  using a  tungsten lamp placed about two feet away from the microscope 

s tage , and angled to i t .  This prevented any thermal effect on the bubbles. 

Continuous viewing was performed to ensure that the same group of bubbles was 

used for measurement of diam eters, in itia lly  and after twenty minutes.

Three of the animals used in this study were used as controls in which the 

lungs were removed immediately a f te r  thoracotomy. Three were ven tila ted  for 

10 minutes, with a  Palmer small animal pump, a t  a  tidal volume of 3 /4  of the  

total volume of the lungs and a t  a ra te  of 32 /m in . Measurement of the total 

volume of the lungs was by the method described on page 40 . Samples of lung 

tissue were obtained at the end of the ven tila tion  period by the  method described 

above for the control lungs.

Eight hanging drop preparations were obtained for each anim al. The 

groups of bubbles used for bubbles s tab ility  measurement had , in all cases, diameters 

within the  range 30 -  7 0 ^ .

RESULTS 

Sampling a reas ;

There was no significant d ifference between the four lung areas used for
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sam pling, in e ither control or ven tila ted  lungs, (Table II ) .  In the control 

group the difference between the upper right and the upper left lobes was just 

significant a t  P = 0 .0 5 ;  but there  was no difference between the  same areas in 

the ven tila ted  group. This d ifference is predominantly due to da ta  from one 

animal for these areas (animal 3 ,  Table III ) .

Control and hyperventilated lungs;

The d ifference in overall mean s tab ility  ratios between the control and 

the ven tila ted  groups, was highly significant, a t  P<0.001 (Table IV ) .  In all 

cases the  individual sampling areas were significantly  different between control 

and ven tila ted  groups (Table II ) .

Hyperventilation reduced the s tability  ratio of lung bubbles from each 

animal and from each a rea  sampled, by about 11%.

DISCUSSION

Normal stab ility  ratios for most mammals range from 0 . 8 - 1  (Pottle , 1965). 

The mean va lue  found in this study for the  control guinea pigs was 0 .8 4 .

The difference between stability  ratios for the upper right and the upper 

left lobes, in the control anim als, was of rela tive ly  low statistical s ign ificance , 

also the d ifference  was predominantly due to data  from animal number 3 ;  therefore 

no d ifference between lobes can be affirmed from this study.

Hyperventilation reduced the  mean stability  ratio  to 0 .7 7 .  This means 

that a fte r  hyperventila tion , lung bubbles a re  less stable and tend to reduce in 

s ize  more rap id ly . This implies that the surface tension of these bubbles is high. 

O ne  might conclude that there has been an a ltera tion  to the surface forces in the 

lung as a  result of hyperventilation which is reflected  in the poor stab ility  of 

bubbles expressed from them.
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ANIMAL MEAN SR t  SD

1 0 .8 4  t  0 .0 6

2 0 .8 4  i  0 .0 6 CONTROLS

3 0 .8 4  t  0 .0 6

4 0 .7 7  t  0 .0 7

5 0 .7 8  Î  0 .0 7 HYPERVENTILATED

6 0 .7 7  t  0 .0 8

t,Q=4.68,P '<0.001 î

M ean control and hyperventilated group s tab ility  ratios

TABLE IV
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A U T O F L U O R E S C E N C E  A N D  F L U O R O C H R O M E  S T A I N I N G

INTRODUCTION

Autofluorescence îs the  property of spontaneous fluorescence when 

excited  by u ltra -v io le t  light. Tissues which do not exhibit marked autofluores

cence  can be made to fluoresce by staining them with specific fluorochrome dyes* 

Lung tissue has been shown to fluoresce spontaneously, (Boland & Klaus, 1964; 

Hackney, Collier & Rounds, 1965; Hackney, Rounds & Schoen, 1963).

O rganic  molecules which autofluoresce a re  generally  proteins or protein 

complexes, (Pearse, 1968); or lipids, (Udenfriend, 1962).

PRELIMINARY STUDIES

Several methods were investigated , for the preparation of thin sections of 

lung, suitable  for fluorescent microscopy. Eleven rats and six guinea pigs were 

anaesthetized  with intraperitoneal pentobarbitone sodium (dose 4 0 mg/kg and 

6 0 mg/kg respectively) : the following procedures were then carried ou t.

Perfusion fixation with formol-ca lc iu m ;

A wide abdominal incision was made on two guinea pigs; the inferior vena 

cava (IVC) and the abdominal aorta  were each cannu la ted . The animals were 

perfused v ia  the I VC cannu la , with normal sa line , a t  35^ C , and a t  a  perfusion 

pressure of 5mmHg. The aortic  effluent was co llec ted  in a  glass flask. When 

the effluent became c le a r ,  indicating that the animal had been washed through 

with saline, the  perfusate was switched to a  solution of formol-calcium (conc. 

formalin, 1 0 % ; 10% aqueous C o C lg  in H gO , 10%; distilled H gO , 80%) a t  the 

same temperature and perfusion pressure. Perfusion was continued for about 

20 m inutes.

A wide thoracotomy was performed and the  heart and lungs were removed



53

en b lo c .  They were immersed in formol-calcium and stored overnight.

Blocks of fixed lung tissue, approximately 0 .5  x 0 .5 c m s ,  were c u t ;  

then frozen in a  stream of expanding C O ^ .  5 p  thick sections were cut on a  

cold microtome.

Instillation of formol-calcium down the a irw ay ;

A wide thoracotomy was performed on four rots. The trachea , lungs 

and heart were removed en b loc . The lungs were degassed in a  vacuum jar. A 

solution of formol-calcium was slowly in jected down the  trachea from a syringe. 

When the lungs were completely filled with form ol-calcium , the  trachea  was 

tied  and the lungs immersed in a  bath of formol-calcium overnight.

Thin sections were cut os described above .

Rapid freezing in liquid n itro g en :

The lungs of one rot and one guinea pig were removed in tac t ,  following 

thoracotomy. The trachea was cannulated and the lungs were inflated with a ir  

from a  syringe. They were then immersed in liquid Ng a t  -  IZO^C. The lungs 

had frozen solid within 10 minutes. Small pieces of lung were chipped aw ay 

using bone forceps, and placed on a frozen chuck a t  -  12°C. Thin sections were 

cut on a  cryostat, placed on a  cold glass microscope slide and allowed to  thaw: 

the sections were then a ir  d ried .

The lungs of a further two rots were frozen in isopentane cooled to -170°C  

by liquid N g , Sections were prepared by the same method described for freezing 

in liquid N g .

Rapid freezing with solid C O 2 :

Thoracotomy was performed on four rats and three guinea pigs. The lungs 

were removed intact# The lower right lobe was isolated and the  right lower lobar 

bronchus can n u la ted . The lobe was filled with a ir  from a  syringe.
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The lobe was then placed on a  chuck cooled to -4 0  C with solid CO g 

( 'D rik o ld ',  ICI ) .  When the lobe was com pletely frozen , cryostat sections were 

c u t ,  5 p  th ick . These were placed on glass microscope slides and allowed to 

thaw . Some sections were a ir  dried while others were hydrated with distilled 

w a te r ,  during thaw ing.

All microscope slides used in this study were trea ted  to ensure that they 

were perfectly  c le an ,  since dust will fluoresce under certain  conditions. The 

sections obtained by the  four different methods described ab ove , were examined with a 

Zeiss, u l tra -v io le t  microscope (Ultraphot 11), f itted  with a  high pressure mercury 

lamp (HBO 200). A BG 1 ^/4m m  excite r  f i l te r  and interposed barrier filters were 

used.

Sections from a ll animals studied were stained for conventional microscopy 

with haemalum and eosin , the Periodic ac id -S ch if f  method, Gordon and Sweets* 

method for re t icu l in .  Bakers' acid  haematin method for phosphatides. Landings' 

phosphomolybdic acid  method for choline containing lipids, and also with the 

fluorochrome dyes, Phosphine 3R, and Rhodamine B. Details o f  these staining 

methods ore given in appendix 1.

RESULTS

Autofluorescence :

Autofluorescence was only seen in the  sections of lungs, prepared by 

rapid freezing with solid C O g .

Thin bright yellow -green  fluorescent lines (peak wave length , 5 5 0 nm) 

were seen lining the a lv e o li ,  on a ir  dried sections. These fluorescent lines con

trasted with the less in tense, and slightly g reener fluorescence (peak w ave length 

5 0 0 nm) of the  surrounding tissue, (Plate II ) .  When a  cover slip was placed over 

the sections and a  drop of d istilled  water a llow ed to w et them , bubbles formed on
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the surface of the sections. These bubbles showed bright fluorescence of the  

some intensity and peak wave length as the  thin fluorescent lines, seen a t  the 

a lveo lar surface of a ir  dried sections. (Plate  III)

Fluorochrome sta in ing ;

O nly  sections from lungs prepared by freezing with solid C O ^  stained 

positively with the fluorochrome dyes. Sections stained with Phosphine 3R 

showed pole yellow  fluorescence (peak w ave leng th , 5 7 5 nm) lining the a lv e o l i .

No background fluorescence was seen . Sections stained with Rhodamine B showed 

bright yellow  fluorescence (peak w ave leng th , 5 8 0 nm) lining the  a lv eo la r  surface; 

less intense yellow  background fluorescence was seen .

In both coses RBC outer membranes also stained positively with these 

fluorochromes; the  intensity of fluorescence was less than that seen a t  the a lveo la r  

surface.

Staining for conventional microscopy;

Acid haem atin stained the a lv eo la r  su rface ; a  thin blue b lack  line was 

easily seen . Its distribution matched that of the  fluorochrome dyes , but tended 

to be pa tchy .

Sections which had been stained with phosphomolybdic ac id  showed a thin 

dark b lue layer a t  the a lveo la r  surface .

Staining with the PAS method resulted in a  thin deep  purple line on the 

a lveo lar su rface ; contrasting with the pale  red of the surrounding tissue 

(Plate IV ) .  To exclude the possibility that this positive PAS reaction  might be 

due to re ticu la r  fibres in the a lveo la r  sep ta ,  sections were stained specifica lly  

for reticu lin  by the  Gordon Sweet method . Numerous re ticu la r  fibres were seen 

around the a lv e o l i ,  as thin wavy b lack  lines. Their distribution did not correspond 

to the positive a lv eo la r  PAS reaction described above (Plate V ) .
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FLUORESCENCE OF TRACHEAL FROTH

Two rots were anaesthetized  with in traperitoneal pentobarbitone sodium 

(dose 4 0 m g/kg), and a wide thoracotomy was performed. The inferior vena cav a , 

aorta  and the trachea  were each can n u la ted . The animals were perfused v ia  the 

cava I cannula with normal saline a t  35^C , and a t  a perfusion pressure of SmmHg. 

The animals were p laced in a small respirator chamber (Fig. IV ) ,  and ven tila ted  

with cyclical nega tive  and positive chamber pressure. The effluent from the 

treocheo was co llec ted  in a petri d ish . A drop of the effluent was p laced  on a 

gloss microscope slide and covered with a  cover slip . These were then examined 

with the u l tra -v io le t  microscope.

RESULTS

Thin m icelles of bright ye llow -green  fluorescent m aterial were seen .

These did not have any spherical configuration but were mostly long strands. The 

peak w ave-leng th  of these fluorescent strands was 5 5 0 nm. It was noted that the  

intensity of the fluorescence diminished rapidly  under continuous u l tra -v io le t  

ex c i ta t io n ,  un like  the  autofluorescence seen on the a ir  dried sections.
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f l u o r e s c e n c e  o f  l u n g  bubbles

Lung bubbles were obtained from the lower left lobes of four rots and 

three guinea pigs, by the method described on page 46 . The bubbles were 

viewed with the u l tra -v io le t  microscope. They exhib ited  intense ye llow -green  

autofluorescence (peak w ave length 5 5 0 nm). It was noted that around each 

bubble a double fluorescent line could be seen (Plate Via ) .  Rigid checks were 

carried out and ensured that this observation was not due to any d e fec t  in the 

optical system.

When bubbles were expressed from the lung onto a f lat s l ide , they tended 

to adhere  to one an o th e r .  The double fluorescent lines were again  present.

As the bubbles d r ied ,  they  assumed a polyhedral shape and the double fluorescent 

lines were seen to merge forming a single th icker line (PlateVIb ) .  When the 

bubbles were com plete ly  d r ied , thin single fluorescent lines rem ained. They 

were now irregulorly shaped and less in tense ; but had the same peak wave length 

as the fresh bubbles (Plate V ic ) .
✓

EFFECT OF HYPERVENTILATION

Procedure :

Twelve rots and six guinea pigs were anaesthetized  with intraperitoneal 

pentobarbitone sodium (dose 4 0 mg/kg and 6 0 m g/kg respectively). The sternum 

was split and the an terio r chest w idely separa ted . The total volume of the lungs 

of all animals was measured prior to a rtif ic ia l  v en ti la t io n ,  by the method described 

on page 40 . The animals were ven ti la ted  for 10 minutes with a  Palmer small 

animal pump, a t  a tidal volume of 3 /4  of the total volume of the lungs. The 

ventila tion  rote for the  rats was 60/m in and for the guinea pigs was 3 ^ m i n .

At the end of the period of hyperven tila tion , both lower lobes were 

removed. The lower right lobe was used for the preparation of 5 p  th ick  sections, 

by the  method described for lungs which hod been frozen with solid C O g  (page 5 3 )
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The sections were examined with the u l tra -v io le t  m icroscope, both when 

hydrated and when a ir  d r ied . The lower left lobe was used for the preparation 

of lung bubbles. Hanging drop preparations were mode and examined with the 

u ltra -v io le t  m icroscope.

Results :

Autofluorescence of the a lveo lar surface was seen in all lungs which had 

been hyperventila ted  (Plate VII ) .  It had a peak wave length of 5 5 0 nm . The 

intensity of the fluorescence varied considerably , from very weak to slightly  less 

than that seen on sections of lungs prepared by the  same method but not hyper

ven tila ted  (see Plate II ) .  Sections which were hydrated produced fluorescent 

bubbles on their su rface . In all cases the intensity of fluorescence was less and 

the colour g reener (peak wave length 5 0 0 nm) than that seen on hydrated sections 

of lungs which hod not been hyperven tila ted . (Plate VIII)

Bubbles expressed from the hyperventila ted  lungs were in all cases brightly  

fluorescent (peak wave length 5 8 0 nm). No d ifference  in the dppeorance of the  

bubble fluorescence could be affirmed betw een bubbles expressed from hyper

ven tila ted  lungs and those from lungs which hod not been hyperven tila ted : but 

q u a li ta t ive ly  the bubbles from lungs which had been hyperventila ted  genera lly  

had less intense fluorescence .

DISCUSSION

Fixation with fo rm ol-calcium , and rapid freezing with liquid N 2  or with 

isopentane cooled by liquid Ng a lte red  the fluorescent and specific  phospholipid 

staining properties of the a lveo la r  w a ll .  This was evidenced by the absence of 

au to fluorescence , and lack of fluorochrome and lipochrome sta in ing . O n ly  those 

lungs which had been  frozen with solid C O g  showed autofluorescence and were
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positively stained with the fluorochrome and lipochrome stains.

This contrasts with the Findings of others (Boland & Klaus, 1964; De Sq, 

1965) who found autofluorescence and positive fluorochrome staining after fixation 

with buffered form ol-calcium . The formol-ca lc ium  solutions used in this study 

were not buffered and this may have influenced their e ffect on the a lveo la r  surface. 

It is probable tha t the absence of fluorescence after rapid freezing with liquid Ng 

and isopentane cooled with liquid N 2 , was due to the tissue being allowed to ' 

worm up to - 1 2°C before sections were c u t .  Ice crystals form a t  temperatures 

higher than about 40^C and cause disruption of the a lveo la r  w a l l .  In many cases, 

sections which hod been stained with haemalum and eosin showed widespread 

disin tegration of the a lveo la r  c e l ls ,  due to ice  crystal formation. It is, therefore , 

not surprising tha t fluorescence was not seen in these cases. The possibility that 

the cooling of lung tissue to -170^C might have a ltered  its fluorescent properties 

must also be considered. This postulate  could not be investigated because it was 

not possible with the av a ilab le  equipment to cut sections of unfixed lungs a t 

temperatures below those a t  which ice  crystals form.

The autofluorescence seen in this study was similar to that described by 

Boland & Klaus and by De Sa on form ol-calcium  fixed lungs. Phophine 3R and 

Rhodamine B have some specific ity  for lipids (De So, 1965). The positive reaction 

seen a t  the a lveo la r  surface with these fluorochromes, suggests tha t there is a 

concentra tion  of lipids he re . The fluorescence however, might be due to the 

close apposition of fluorescing cell membranes of the type I a lv eo la r  lining c e l l ;  

for it was noted that RBC outer membranes stained positively vÀ th these dyes. This 

finding is not new (Boland & Klaus, 1964; De Sa, 1965)

Staining with lipochrome dyes, such as phosphomolybdic a c id ,  for choline 

containing lipids, and acid  haem atin , for phosphotides, suggests that there is a 

concentra tion  of these lipids a t the  a lv eo la r  surface. The distribution of positive 

dye reaction  was pa tchy , indicating e ither that the a lveo la r  lipids a re  not unifomily
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distributed , or that these dyes lack true specific ity , or that processing had 

destroyed some but not all lipids. The first hypothesis seems the most l ike ly . 

Staining by the PAS method which is specific for CHO groups, further identified 

the possible nature of the a lveo lar surface. The particular staining reaction 

seen in this study suggests that the a lveo la r  surface contains neutral mucopoly

saccharides. This leads one to speculate  that there may have been a  migration 

of mucus downstream into the a lv e o li ,  from the larger a ir  passages, as first 

suggested by N id en , (1967).

Tracheal froth, produced during perfusion of the vascular bed with sa line , 

has been shown to be surface a c t iv e ,  (Bondurant & M ille r ,  1962). The thin 

fluorescent micelles seen in the tracheal froth, in this study, were of the same 

intensity and colour as the a lveo lar  au tofluorescence . O ne  might be tempted to 

sta te  that these micelles originated from the a lveo lar surface; but the ir  stranded 

appearance  was more charac teristic  of preformed filaments of organic material than 

the rolled up surface of a lv e o li .  The fluorescence of these m icelles was more 

labile  than the a lveo lar autofluorescence , indicating e ither th a t 'th e  m icelles did 

not originate  from the a lveo la r  surface or that there was a change in the nature of 

the lining material of the a lveoli when it emerged in the tracheal froth.

The fluorescence of lung bubbles would support the hypothesis that they ore 

derived from the a lveo lar  surface. The presence of double fluorescent lines at 

the bubble surface, suggests that the bubbles have re la tive ly  thick w alls ; and 

further, that only those molecules on the internal and external margins of the 

bubble surface are  excited  by u ltra -v io le t  light; a physico-chemical explanation 

of this la tter suggestion is not a ttem pted . The solidity of these bubble walls is 

indicated by the  persistence of fluorescence a fte r  the bubbles hove been d ried .

This correlates with the finding that when lung bubbles a re  d r ied , a  solid residue 

remains, (Pa ttle , 1965).
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Hyperventilation had a variab le  effect on a lveo lar fluorescence, and 

v irtua lly  ng effect on the  fluorescence of lung bubbles. It has been shown 

earlie r  in t^iis study that hyperventilation causes a  marked change in the surface 

a c tiv ity  of ip tact lungs, as well as a  significant change in the  s tab ility  of lung > 

bubbles. O ne  c a n ,  therefore , conclude that while fluorescent techniques

provide information about the nature of the a lveo la r  surface and of lung bubbles*
«

they in no way meet the demands of a  quan tita tive  estimate of pulmonary surface 

a c t iv i ty ,  nor do they resolve the problem of localising pulmonary su rfac tan t.

This subject is dea lt  with in PART I X  of this study. \



p a r t h

MORPHOMETRIC STUDIES

"Unfortunately this Is a field In which It Is easy to produce 
numerical results, but difficult to  decide  what these results 
m ean.

O ne  way an investigator can help  himself is to investi
ga te  the specimen by all possible methods a t  his d isposal."

(Pattle , 1967)
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M O R P H O M E T R I C  S T U D I E S

INTRODUCTION

Lung morphometry is the precise measurement of the  dimensions of 

pulmonary structures. Measurements of the size of pulmonary a lveoli were ma<je 

os long ago as 1731, by the Rev. Stephen Hales. He found that the average

diam eter of the a lveoli of a ca lf 's  lung, was about 2 5 0 ^ ;  from this he ca lcu la ted
2  ̂

that the total a lveo lar  surface area  was 27m • Following these observations, there

hove been many measurements of the dimensions and total number of a lveo li in v

human lungs. Fig. V illustrates how the  results of measurements of the  meoi\

a lveo lar d iam eter and total a lveo la r  surface a re a ,  have varied during the last

125 years.

500

O 400

M ean a lveo lar 
diam eter

 ̂ 200

100

Fig. V

o
o

:C
e.

150

100
Total a lveo lar  
surface area  

50 m2

1840 1900
Year of measurement

1960

It is obvious that with the passage of tim e, the varia tion  in estimates 

has not diminished, despite the introduction of sophisticated methods of measurement 

and morphometric analysis.

The lung is a  distensible organ : the extent to which the dimensions of 

its component structures change during the respiratory c y c le ,  will depend on the 

re la tive  m echanical properties of each component. The varia tion  of results 

illustrated abo ve , could be due to differences in 1 • the degree  of infla tion ,
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2 . the method of fixation and preparation of lung sections, 3 .  the methods of 

measurement, 4 .  the re la tive  size of the lungs.

Terrney & Remmers (1963) hove shown that in mammals there is a  fairly 

constant relationship between body size and a lveo lar  surface a re a .  They also 

found that the ratio of total a lveo lar surface area  to total oxygen consumption, 

was very nearly  constant. The animals which they studied ranged from the shjew, 

with a body weight of 0.01 k g . , to the w hole , with a  body weight of 5000 k g .

It is generally  held that during lung infla tion , the  predominant volum f '
: - 

change occurs in the a lveoli and the a lveolar ducts . Marshall (1962) has shoWp

that when the lungs are  fully inflated from a volume near functional residual

cap a c i ty ,  there is a  60% increase in bronchial diam eter and a 40% increase in

bronchial length . The volume of the conducting airways accounts for only 10%

of the total lung volume (W eibel, 1963a); so that the bulk of the volume change

during lung infla tion , occurs in the respiratory zone .

The size and the shape of the a lveoli may change during various phases 

of the respiratory cycle  (Dunnill, 1968). During qu ie t breathing a t  rest, the  

dimensional changes of a lveo li may be minimal; but the changes occurring during 

deep  inspiration and expiration ore for from c lea r .

Keith (1901) stated that a lveoli do not a lte r  their volume or surface a rea  

during maximal inspirations. This view has been supported by M acklin (1929) 

who proposed that during deep inspiration, only the a lveo lar ducts expand, 

resulting in widening of the mouths of the a lveo li ;  but without any significant 

change in a lveo lar volume. It follows from this concept that ven tila tion  is served 

merely by volume changes occurring in the a lveolar ducts and other airways upstream.

Functional studies indicate  that the pulmonary diffusing capac ity  increases 

with increase in lung volume, (Cadigan, Marks, E llico tt, Jones &
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G aen s le r ,  1961; M cG raîth  & Thompson, 1959). The diffusing capacity  of the 

lung is the volume of gas which diffuses per unit time per unit o f pressure 

d iffe rence . It will depend on the  nature and thickness of the  diffusion barrier^  

os well os the a rea  of c o n ta c t .  O ne  can conclude therefore , that during lung 

inflation e ither the total diffusing surface increases an d /o r  the diffusion barrier
c*-

decreases.

Storey & Staub (1962) found in the  lungs of cats , that the  average  

d iam eter of both , a lveoli and a lveo lar ducts , increased by 30% during maximum 

lung infla tion, from functional residual cap a c i ty .  They ca lcu la ted  that the : 

volume of a lveoli and of a lveo lar  ducts would increase twofold, and that the 

total a lveo lar surface area  would increase by 70% . Nonetheless, the mean  ̂

a lveo la r  d iam eter is of l it t le  geometric significance (W eibel, 1963a); since in 

any one lung a t  any moment of infla tion , there is a  profile of a lveo lar  shapes and 

sizes. It has also been shown that in the lung of the erect subject there  is a 

g radient of a lveo lar s ize ,  such that those a t  the apex are four times larger than 

those in the lower, dependent regions, (G laz ie r ,  Hughes, M aloney & W est, 1967).

Dunnill (1967) measured the total a lveo lar volume and the  total a lveolar 

surface area  in the lungs of dogs. He found that the a lveo lar volume and surface 

a rea  were linearly rela ted to lung volume. The ratio of the volume of the  lung 

to its w eigh t, was used as an index of the degree  of infla tion . Measurement of 

the  dimensions of a lveoli and a lveo lar ducts during lung infla tion , w hile  measuring 

the  actual degree of inflation has hitherto not been done.

Pulmonary surfactant is thought to a c t  only a t  the a lveo la r  surface. 

Evidence has been produced ea r l ie r ,  indicating that hyperventilation results in a 

decrease  in pulmonary surface a c t iv i ty .  O n e  suspects therefore , tha t a  change in 

surface ac tiv ity  might be reflected  in a  change in the re la tive  dimensions of a lveoli 

and a lv eo la r  ducts .



65

The present study investigates.the dimensional changes of a lveo li and 

a lveo la r  ducts a t different degrees of lung inflation and following a period of 

hyperventila tion .

P R I N C I P L E S  O F  M O R P H O M E T R I C  A N A L Y S I S

GENERAL CONSIDERATIONS

The internal organization of tissues is most commonly studied on sections 

of fixed and embedded samples of tissue. For precise morphometric studies, 

appropriate  sampling methods ore necessary.

Random sampling is most effic ien t when applied  to components which 

a re  themselves randomly, or homogeneously distributed. Whereas systematic 

sampling is most often used when the  components a re  not randomly d istributed . ,

Component distribution;

Biological structures are  highly o rgan ised , so tha t randomness, as a 

basic requirement for most statistical methods, is, on the face of i t ,  impossible to 

a ch iev e .  It is therefore , necessary to define how randomness of component ' 

distribution is interpreted in this study.

The spatial arrangement of the airways system of the lung is such that 

there exists a  complex branching network of in series and in parallel units . The 

terminal un it ,  ( a  single a lveo lar duct with its associated alveoli) is in series with 

its parent respiratory bronchio le, and in parallel with other terminal units . On 

the  other hand, there is no organised relationship between a lveoli belonging to 

different terminal units; except to say that they occupy all av a ilab le  space .

A sample of parenchymous lung tissue therefore , contains a lveoli which 

ore randomly distributed , re la tive  to one another. However, they ore non- 

random I y distributed with respect to the en tire  lung; since the conductive elements 

of the airways and blood vessels are  c lea r ly ,  spa tia lly  orientated in an  organised 

manner.
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This concept has been summarised (W eibel, 1963b) and is set out

below .

1. Random distribution of structures in space can be assumed if the 

units under investigation do not exh ib it any stratified array in the 

unit tissue volum e, even though they may be well organised into 

units of higher order.

2 .  Random distribution of structures refers only to a  specific  part of 

the tissue: a lveoli a re  randomly distributed only with respect to 

the lung parenchyma.

3 .  When structures are not randomly d istributed, a  method of systematic 

sampling has to be adopted .

Tissue section th ickness:

A tissue section is a  very thin slice of tissue whose thickness can be reduced 

os far os is compatible with good optical resolution. Most morphometric procedures 

ore carried out a t  re la tive ly  low m agnifications. Provided the.volume of an 

individual component grea tly  exceeds the thickness of a slice through i t ,  the error 

will be neg lig ib le . W eibel (1963a) has derived a suitable correction for this 

error when the component volume re la tive  to the section thickness is sm all: for 

spherical bodies this is given by

4r + 3h

where : is the actual fraction of the total volume which the  component
occupies,

V ; is the measured volumetric frac tion ,
VI

r is the radius and

h is the section thickness.

It can be seen that if h is very small the error becomes n eg lig ib le .
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A section con therefore, be regarded as a  two dimensional sample of the 

tissue; thus confining morphometric methods to the measurement of lateral 

dimensions.

MEASUREMENT OF VOLUMES

The fundamental relation for the estimation of the volume of component 

structures was described in 1846, by the geologist Delesse. It is known as the 

Principle of Del esse. It states that the  volume frac tion , , o f a  component,

i ,  in a  tissue, can be estimated by measuring on a  random section , the  a rea  

frac tion , A ^ . ,  occupied by transections of i ;  so that

V . = A . (Equ. 4)
VI ai

Methods of measurement;

O rig inally  the only method of determination of the a rea  fraction was by 

the laborious and inaccurate  method of planimetry. There are now two commonly 

used methods.

Linear integration was first described in 1898 by Rosiwall. He found that 

the a rea  fraction could be estimated by measuring the linear fraction of a  test 

line which passes through component transections. He further showed that the 

test line need not be stra ight, as long as it did not have any bias to the underlying 

distribution of components.

Point counting was introduced by G logoleff  (1933) os a method of analysing 

the volumetric fractions of rock samples. He found that if a  la t t ice  of regularly 

spaced points was superimposed on a  section of the  sample, the fraction of points 

lying on the transected areas of the component equalled the  area  frac tion . Thus 

the  relation becomes,

P.
' = P . = A . = V_. (Equ. 5)p pi ai VI

^T
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w here: is the total number of points on the l a t t ic e ,

P. is the number of points lying on component i ,  and

P . is the numerical point fraction .
p i ^

The point counting method of estimating volumes has been shown to be statis

t ic a lly  the  most accura te  method, (Hennig, 1959).

The absolute volume, V., of a  component can be ca lcu la ted  if  the total 

volum e, V , and volume frac tion , V ^ . ,  of the tissue or organ is known:

V. = V . - V  (Equ. 6)
I VI

ESTIMATION OF SURFACE AREAS

If a component has a well defined surface a re a ,  SL, and is contained in a 

unit volume, V ^ , their total surface a re a .  S ., can  be defined as the ir  surface 

density , S
'  VI

VI V

The surface of components appears on sections os contour lines, the length 

of which will be proportional to the surface density . If a test line of fixed length, 

L^, is randomly placed in the tissue it will pierce through the surface of the 

components. The number of intersections, N . ,  betw een the test line and the  surface 

will be proportional to the surface density , S^ ,, and to the length of the  l ine , L^. o

Tomkeieff (1945) and Hennig (1956) independently derived the  re la tion .

S^. = ^  = 2 . N l ; (Equ. 7)

w here: is the total length of the line of n estimations and

N^. is the numerical fraction of the intersections.

Hennig also proposed that when the surface is considered as a  double layer.
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as in the case of the a lveo lar w a ll ,  the coeffic ien t 2 in equation 7 should be 

rep laced  by 4 .

The total surface a re a .  S .,  of such a  component in a  g iven volum e, V , 

is obtained from,

4 N ; . Vs. = ŜJ . V = ---!---  (Equ, 8)
"-T

SURFACE TO VOLUME RATIOS

The surface to volume ratio of a tissue component is a useful measure of 

their geometric shape. C halkey , Cornfield & Park (1949) derived a  method of 

estimating surface to volume ratios from tissue sections. It is essentially a 

combination of the measurement of volumes by point counting, and of surface areas 

by linear in tercepts . The surface to volume ra tio ,  S./Vg, of individual components, 

i ,  is given by ,

S. 4N .
—1 = -----! , (Equ. 9)
V. L^.P.

where: N. is the number of intersections of component, i ,  by a  test line of

length L,^, and 

P. is the number of points lying on i .

TOTAL NUMBER OF COMPONENTS

Weibel & Gomez (1962) have shown that the estimation of the total number 

of components in a  given volume, from thin sections requires a  knowledge of the 

shape and distribution of the components. They hove derived a  dimensionless 

coeffic ien t, , which requires only an approximate knowledge of shape. When 

the coeffic ien t jS is known for a representative sample of the  component shapes.
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and the component volume fraction ca lcu la ted  by point counting analysis, the 

total number of the component, N ^ . , is given by ,

1.
1N .= ' . . K (Equ. 10)

rî 
vi

w here: N , is the number on a unit a rea  of section , and 
ai

V^. is the component volume fraction

K is a size distribution factor and is the ratio of the first to the second 

moment of distribution of the diamters of the components. Weibel & Gomez 

calcu la ted  that for a normal distribution of component diameters with a  standard 

dev ia tion  of 125% , K = 1 .0 7 .  For most purposes in biological work, the 

coefficient K can be assigned on arb itary  value  of 1 .02  to 1.1 •

MEASUREMENT OF LINEAR DIMENSIONS

Measurement of lengths and diameters of randomly distributed components 

never corresponds to the characteristic  dimension of their shape. Wicksell (1925) 

has analysed the probability of measuring the true radius of equal spheres which 

are  randomly orientated within a containing volume, and also when a mixture of 

ellipsoids of various sizes is sectioned randomly, (Wicksell, 1927). He found 

that the arithm etic  mean of the true diam eters, r ^ , is equal to the harmonic mean 

of the apparent diam eters, , multiplied by T T /2 , The harmonic mean in the 

reciprocal of all measured diamters divided by the total number of diam ters.

If a  set of spheres of equal radius, r ^ , is sections randomly, the  re la tive  

frequency, 0 ^  , of the apparent d iam eters, r ,  is given by the expression,

R

o

F drr

2 2 
-  r 

o
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where: F^dr is the re la tive  frequency of spheres, and 

R is the upper limit of diam eters.

This equation can be reduced to the simpler form,

"o =  f j   (Equ. 11)

For on aggregate  of spheres and ellipsoids of different sizes, the re la tive  

frequency of the apparent diameters 0 ^  is given by ,

0  = r . f . --------—-----------
' jr ' r fm r r

o j  o

Thus the apparent d iam eter, r ,  of a  spherical or ellisoidol body is token as 

the geometric mean of the largest and the smallest diam eters. The true diam eter 

r^ is the geometric mean of the largest and smallest diameters in the central plane 

parallel to the plane of sec tion . Knowing the frequency of apparent diameters 

0 ^  one can ca lcu la te  the frequency of true diam eters, f , and by ca lcu lating  the 

geometric m ean, arrive a t a  va lue  for the  true d iam eter, r^ .

The error introduced by assuming a single shape distribution will in the case 

of the lung be re la tive ly  sm all, (W eibel, 1963b). Consequently in this study the 

simple expression, r^ =  ____  was used.
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N O R M A L  T I D A L  V O L U M E  A N D  F R E Q U E N C Y  O F  

R E S P I R A T I O N  I N  G U I N E A  P I G S

The normal resting tidal volume and frequency of respiration were measured 

on unonoesthetized guinea pigs: so that accu ra te  comparison of the effects of 

hyperventilation could be mode. An attem pt was made to corre la te  normal resting 

tidal volume and frequency of respiration with body w eight.

STETHOGRAPHY

Two stethographs were constructed, (Plate IX). Each consisted of a  fine 

bore polythene tube filled with mercury (internal diamter 0.5mm) and a ttached  to 

0  moulded perspex p la te ,  fitted with an adjustable  c lasp . The ends of the tube 

were connected to a pair of copper terminals on the perspex p la te .  A 12v e le c t

rical signal was passed through the mercury column from a constant output d ev ice , 

(Type T /6 ,  Robond Electronics, London). The signal from the stethogroph was 

passed through a variab le  bridge c ircuit and recorded on a  pen recorder.

O ne  stethogroph was placed around the lower part of thef chest of the 

guinea p ig , by wrapping the mercury filled tube around the chest and looping it 

over the adjustable c lasp . The other was placed around the m id-abdomen.

The combined signal from both stethographs was used as an index of the 

total respiratory excursion.

PROCEDURE

Six guinea pigs whose body weights varied from 350 -  8 0 0 g , were used for 

measuring resting tidal volume and frequency of respiration. The stethographs 

were placed on the anim als, so os to cause the minimum of discomfort. The 

stethogroph terminals were connected to the constant output dev ice  and the s te tho- 

graph signal recorded . The animals were returned to their cages and left



"Or~

m

X
I
LTi

3:
O
(D
>“O

I



73

undisturbed for a t  least 20 min. A record of the resting frequency and tidal 

volume was then taken .

Calibration of the stethogroph;

The signal from the stethogroph depends on the resistance of the column 

of mercury which in turn depends on the internal diameter of the column. 

Calibration of the stethogroph against an independent method of measuring tidal 

volume enabled the stethogroph to be used to give an absolute measure of tidal 

volume.

O ne  guinea pig was anaesthetized  with antra peritonea I pentobarbitone 

sodium (dose 6 0 mg/kg ) ,  a  tracheostomy was performed and the trachea  cannu la ted . 

The stethographs were placed on the animal which was then ven tila ted  with a  

Palmer small animal pump. Tidal volume was measured by pneumotachogrophy, 

using o miniature flow head (Fleisch), p laced in the tracheal cannula (Plate XII) 

The differential pressure signal from it was measured by a G reer electrom anom eter. 

Integrated volume was obtained by passing the output signal from the e lec tro 

manometer through on integrator (Mercury Electronics) and recorded on a  pen 

recorder.

The stroke volume of the  pump was varied from 2 -  5 0 c c  and the  frequency 

from 20 -  170 strokes per m inute . Integrated volumes were compared with the 

stethograph signal.

RESULTS

The stethograph signal varied linearly  with the tidal volume; but a t  high 

tidal volumes (4 5 cc) when a high frequency was used ( 1 0 0 / m in .) ,  the  stethograph 

signal became e rra t ic .  This was due to disruption of the column of mercury 

connection with the copper terminals. Unsuccessful attempts were made to prevent 

this occurrence by altering  the design of th e  terminals.
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The resting tidal volumes and breathing frequencies were small compared 

with those used for the calibration  of the stethographs; so that the design error 

mentioned above proved to be insiginificant.

The resting tidal volumes of a ll  six guinea pigs were fairly constant within 

the range 2 ,5  -  3 . 5 c c .  The resting frequencies of respiration ranged from 

20 -  46 breaths per m inute. Poor correlation between body weight and these 

values was found.

Correlation coefficien t S ignificance level

Tidal volum e/body weight 0 .6 8 P' = 0 .1

F requ en cy /b o d y  weight 0 .6 2 P' = 0 .0 5

DISCUSSION

Stethography was a convenient way of measuring resting breathing frequency 

in the guinea pig . The measurement of tidal volume was less convenient by this 

method, but still fairly a cc u ra te .  The lack of an adequate  statistical correlation 

between tidal volume or frequency of respiration against body weight was probably 

due to the small number of animals used.

Kleinman & Radford (1964) found th a t ,  for all mammals, the tidal volume 

(V^) in cc  frequency (f) in b reo ths /m in , and body weight (W ) in g ,  followed the 

re la tio n .

w0 .7 4

( l - k ) . f

where k is a  coefficient rela ting  dead space and tidal volume.

(Equ. 12)
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The va lue  of k for guinea pigs is 0 .3 5  (M ead, 1960). Introducing this [ 

va lue  into equation 12 givesy

V = ----------------------- (Equ. 13)
 ̂ 0 .6 5  f

!

The values of f ,  ca lcu la ted  from this equation , using experim entally  

determined values for V^, corresponded closely with the  measured values of f .  It 

was therefore , decided  that in subsequent experiments involving a rtif ic ia l  v e n ti la t io n , 

a constant va jue  of 3 c c  would be assumed, and the  va lue  for f  ca lcu la ted  fqr 

the weight of each an im al, according to equation 13.
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L U N G  V O L U M E S  A N D  D E G R E E  O F  I N F L A T I O N

The co llec ted  data  from 22 guinea pigs, 5 rats and 15 mice was used to 

establish relationships between body weight and each of the  following:

1. wet lung w eigh t, 2 . collapsed lung volume, and 3 .  the total volume of the 

lungs.

Wet lung weight was measured immediately following removal of the lungs 

from the an im al. The lungs were dissected out and mediastinal fatty tissue 

separa ted . Thus wet lung weight comprised the weight of both lungs, both main 

stem bronchi and the lower 1 /3  of the trachea .

Collapsed lung volume (cV) was measured by saline displacement after the 

lungs had been allowed to collapse slowly. It was therefore , the  volume of the 

lung tissue plus a volume of trapped a i r .  Standardising the technique of collapsing 

the lungs, reduced this variab le  to a  minimum.

Total volume of the lungs (TVl ) was taken as the volume of the  lungs a t  

which the inflation pressure started to rise steep ly , during a  pressure-volume 

manoeuvre, (see page 40 for de ta ils  of the method). It represents the maximum 

inflation volume of the lungs.

Degree of inflation was the volume of the lungs a t  any given moment of 

in fla tion , expressed os a percentage of the total volume of the lungs,

RESULTS

Regression analysis was performed on the values for TVj^, cV and wet lung 

weight as functions of body w eight. All three parameters were found to be 

linearly related to body w eigh t. Table V lists the correlation coefficients and 

regression equations for each species and for the combined group. All correlations 

were highly sign ifican t; for the  rats each parameter was significant a t  P (0 .0 5 ,
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for the  mice and the guinea pigs and for the  combined group, each  parameter 

was significant a t  P*<0.001.

Analysis of variance  was performed on the  guinea  pig da ta  relating TV^ 

to body w t. It was found that the limits of error of TV^ were t l  . 7 3 c c .

Fig. VI shows the plots of TV^, cV and wet lung w t. against body w t.  for 

the  whole group, (broken lines) for for guinea pigs a lo n e ,  (solid lines).

The upper curve rela ting  TVĵ  to body w t. was used for the  prediction of 

TV^ in subsequent experiments where its measurement was impossible. The error 

introduced by making this prediction was insignificantly  small, since the limits 

of error of the measured data  was less than 3% of the  absolute  va lues .
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M E T H O D S  O F  P R E P A R A T I O N  O F  L U N G S  F O R  

M O R P H O M E T R I C  A N A L Y S I S

INTRODUCTION

The lungs of 23 anaesthetized  guinea pigs w ere  excised and examined 

m icroscopically after  one of the following periods of artif ic ia l  ven ti la t ion :

2 breaths, 5 m in, lOm in, 15 min. A technique was developed for the  rapid 

freezing of the lungs precisely a t  the end of the  ven tila tion  period, and a t  a  

predetermined point on the respiratory c y c le .  ^

The degree of lung inflation was ca lcu la ted  from the volume of the  

lungs a t  the  instant just prior to freezing , and was expressed as a  percentage of 

the  predicted total volume of the lungs (see p a g e"? 7 )

Two further gu inea  pigs were included in this study for electronmicroscopic 

examination of the lungs. The lungs of one of the  animals were examined fully 

in fla ted , while those of the  o ther animal were examined when co llapsed .

RAPID FREEZING TANK-RESPIRATOR

A technique was developed by which guinea pigs could be a rt if ic ia l ly  

ven tila ted  with a positive and negative  c y c le ,  and rapidly frozen a t  the  instant 

of cessation of ven ti la t ion .

A tank-respirator was constructed (Plate X ) consisting of an  upper 

chamber made from i  inch thick perspex and a lower chamber made from i  inch . 

copper p la te .  A trapdoor with an external release mechanism, separated the 

two compartments. The lower chamber which contained  isopentane, was 

suspended in a second copper chamber, containing liquid N 2  af  ̂-1 7 0 ^  C .

These were insulated with 1 inch thick polystyrene b locks. The whole assemblage 

was housed in a large wooden box (Plate XI and f ig .  V IT ).

Liquid N 2  was continuously fed into the lowermost copper chamber
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RAPID FREEZING 
TANK RESPIRATOR .

MAN. I

PU M P

M A N . II

ISO-PENTANE

RECORDER

INTEG. LIQUID N;

Fig. VII

through a high pressure va lve  top , fitted to a liquid N 2  can is ter .  The upper 

perspex chamber could be sealed and connected to a  cyclical positive and negative  

pressure pump.

Recording of ventila tion  pressure and tidal vo lum e; (Plate XIII)

Two small perspex tubes were screwed through the wall of the  upper chamber 

of the  tank-respiro tor. O ne was connected to  a  G reer  electromanometer so the 

pressure within the chamber, when sea led , could be measured, A miniature flow 

head (Fleisch) (see PlateXII ) was fitted to the outside of the other tu b e ,  while 

a tracheal cannula was connected to  this tube  inside the  cham ber, for the  measure

ment of tidal flow.

Differential flow head pressure was measured by a  G reer  electromanometer 

and in tegrated (Mercury Electronics Integrator), to g ive a  measure of tidal volume. 

The signal from the integrator was amplified by passing it through a s tep  down 

resistance box . Tidal volume and tank-respi rotor pressure were recorded on a  pen 

recorder ( YEW x ,  x -y  pen recorder).
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PLATE XI I  -  FLOW HEAD
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PROCEDURE

23 guinea pigs were anaesthetized  with intra peritonea I pentobarbitone 

sodium (dose-60m g/kg) and w eighed . A tracheostomy was performed and the 

trachea  cantiu ia ted . The tracheal cannula  was connected to the flow head 

and recordihg of tidal flow set up . The sternum was split and the an terio r chest 

walls widely separa ted . The volume of a ir  expired when the lungs collapsed 

a fte r  openirig the chest, was recorded .
I

The animals were placed In the tank-respi rotor above the  rapid freezing 

cham ber, which was then sea led . A rtific ia l ventila tion  was immediately begun.

The interval between thoracotomy and commencement of ven tila tion  was less 

than 30 seconds.

Each animal was assigned, with the aid  of a latin square, to one  of four 

ventila tion  groups. These were 1. controls (period of ven ti la t io n , 2 breaths),

2 . 5 min v en ti la t io n , 3 .  10 min v e n ti la t io n ,  4 .  15 min v en ti la t ion . The 

frequency of ven tila tion  was set a t  a  constant 32 strokes per m inute.

The negative  chamber pressure used for a rtif ic ia l ven tila tion  was in all 

cases, that which would Inflate the  lungs to the predicted total volume of the 

lungs (page 77 ) .  In itia lly  this was ache ived  by trial and error. In most

animals studied it  was found to lie  betw een -3 0  and - 4 0 cms H2 O .  The positive

chamber pressure used was in all coses 3 cms H gO : this proved sufficient to 

collapse the lungs.

Thus all animals were a r t i f ic ia l ly  ven tila ted  with a  volume equal to the 

total volume of the lungs, minus the  volume of lung tissue (collapsed lung volume), ^

Precisely a t  the end of the  ven ti la t ion  period, and a t  a  predetermined 

point on the respiratory cycle  ( i , e ,  low lung volume, in f la ted , § in f la ted , or 

fully inflated) three things were done Simultaneously,
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1. The airway was c lam ped.

2 .  The trapdoor separating the  upper and lower chambers of the  tan k -  

respi rotor was re leased .

3 .  The respirator pump was switched off.

The animal immediately dropped into the rapid freezing chamber 

containing isopentane cooled to -1 7 0 ^ C  by the liquid N g  in the outer cham ber.

The fall was broken by a  thin polystyrene sheet floating on the  surface of the 

isopentane.

The animal was left in the isopentane for about 15-20 m inutes, by which 

time it had frozen completely solid . During this time the tank-respirotor was 

unsealed .

Samples of the lower lobes o f both lungs were obtained  by chipping the 

lungs with a  bone chisel and a  pair of bone forceps, which had been cooled in 

liquid N ^ .  The lung samples were rapidly transferred to a  solution of fixatives 

(see below) cooled to -7 0 ^ C  by solid C O g (Drikold, I . C . I . ) .

FREEZE SUBSTITUTION METHOD OF FIXATION

Freeze substitution is the fixation and hydration of frozen tissues w hile  

they ore m aintained in the frozen s ta te .  If a tissue is frozen rapidly enough, the 

structural relationships will be preserved os long os the  temperature does not rise above 

the critical level ( - 3 0  to -50^C) a t  which ice  crystals grow. The frozen tissue 

therefore , must be fixed and dehydrated a t  a temperature below -50 ^C . The 

fixative  solution must retain its fixating properties a t  these  temperatures and in 

order that dehydration can occur they must be dissolved in non-aqueous medio.

When fixation and dehydration ore complete the specimen can then be warmed to room 

temperature without disturbing the tissue a rch itec tu re .

The fixative solution used was a  modification of th a t  described by Storey &
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Staub (1962). It consisted of a stock solvent solution of ABSOLUTE ALCOHOL 

75% , ACETIC ACID 5% , ACETONE 25% . The following were freshly mode up 

in the  stocic solvent solution: POTASSIUM DICHROMATE 2% , PICRIC ACID 3% , 

MERCURIC CHLORIDE 4 % .

The working strength of the fixative  solution was obtained by diluting i t ,  

by 1 in 3 in the stock solvent solution.

Procedure:

1 • Samples of lung tissue were rapidly  and completely frozen in isopentane 

cooled to -17 0^C  by liquid N g .

2 . These were transferred to  the f ixa tive  solution precooled to  -70^C 

by solid C O 2  ( 'D riko ld ',  I . C . I . ) .

3 .  The specimens were stored in a  d e ep  freeze a t  -60*^C for 3 -4  weeks, 

until fixation and dehydration were com plete . Every 3 days during 

this time the fixative  was changed for freshly mode up solution.

4 .  When fixation was com plete , the  specimens were transferred to absolute 

alcohol precooled to -60^C . They were brought slowly up to  room 

tem perature, and transferred to 70% a lcoho l.

5 . The specimens were embedded in low melting point paraffin w ax.

Preparation of microscope sections :

Serial sections were cut on a  sliding microtome a t  a  thickness of 5 ^  and 

run onto warm water* The sections were picked up serially  onto a c lean  gloss 

s l ide , 6 sections per s lide . They were then brought down through the alcohols 

to xy lo l,  stained with haemalum and eosin and mounted in Canada Balsam.

SAMPLING METHODS

Primary sampling was carried out on 10 slides each  containing 6 sections 

from each lung sample. O ne  section per slide was chosen randomly, giving a  total 

of 10 sections per lung sample.

Secondary sampling was carried out on each of the  sections se lec ted  by
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primary sampling. The sections were viewed with o light microscope fitted 

with a movable s tage . The movable stage had horizontal and vertica l controls 

ca lib ra ted  by two vernier scales . The pleural edge was centred in the viewing 

f ie ld .  Five fields were then chosen 'b lind ' by moving the vern ier scales by 

random increments. The fields were then photographed; on each  film a stage 

micrometer was also photographed as a  m agnification check . Photographic 

enlargements were made of the lung sections and the stage micrometer. Morpho- 

metric measurements were made from these enlargements.

Thus each  lung specimen yielded 50 fields for measurement. Each field 

was further subdivided into 40 equal areas by superimposing a  grid over the  

photographs. This gave a  total of 2000 areas of measurement, for each  lung 

specim en. By using such a  large number of measuring areas the re la tive  error of 

the methods of measurement was reduced to an insignificant fac to r , (W eibel, 

Kistler & Scherle , 1966).

Areas which contained conducting airways and large pulmonary blood 

vessels were re jec ted  from analysis. Thus measurements were confined to the 

respiratory portion of the  lungs.
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C O R R E C T I O N  F O R  S H R I N K A G E  DUE T O  P R O C E S S I N G

O F  THE L U N G S

VOLUME SHRINKAGE DUE TO RAPID FREEZING FOLLOWED 
BY FREEZE SUBSTITUTION

Volume measurement by sa line  d isp lacem en t:

The volume of the lungs was measured by sa line  displacem ent in a  m odified 

Archim edes jar (Plate XV )• D isplacem ent of sa line  caused a pressure change in 

the  side reservoir; this was measured by a G reer electrom anom eter and recorded 

on a pen recorder. A step down resistance box was constructed to am plify the 

signal from the electrom anom eter. This enabled very  small volumes to  be measured 

a cc u ra te ly . It was necessary to dampen the effects of v ibration  because of the 

increased sensitiv ity ; this was done by placing a  constriction in the tube connecting 

the side reservoir to the Archimedes jar and by resting the  jar on th ick  shock 

absorbent foam (Fig. V III).

The accu racy  of the method was tested using brass cubes whose volumes 

w ere exac tly  known. The volumes of th ree  brass cubes (1 c c , 8 c c  & 27cc) were 

measured fifty  times each by saline  d isp lacem ent. The standard dev ia tion  o f these 

measurements w ere for each of the brass cubes, t0 .0 1 6 ,  i0 .0 8 4 ,  tO . 172 respec

tiv e ly ; the standard errors of the means w ere t0 .0 0 2 3 , tO .012 , and t0 .0 2 4 6 c c .

Procedure :

15 m ice , 5 rots and 18 guinea pigs were anaesthetized  with intra peritoneal 

pentobarbitone sodium (dose, 3 0 m g/kg , 4 0 m g/kg , 6 0 m g/kg respec tive ly ). A 

tracheostom y was performed and the trachea  cannu la ted . The chest was opened 

by sp litting  the  sternum . The lungs and trachea  were removed in tac t and w eighed . 

The collapsed lung volume was measured by saline  d isp lacem ent. The to ta l volume 

of the  lungs was measured by performing a  p ressure^o lum e m anoeuvre (see page 40
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PLATE X IV  -  V O L U M E  MEASUREMENT BY FLUID DISPLACEMENT

GREER
M A N O M E T E R

PEN
RECORDER

S H O C K  ABSORBEN T F O A M

Fig. V I I I V O L U M E  M EA S U RE M E N T  BY FLUID D IS P L A C E M E N T



86

for m ethod). The lungs were then a llow ed  to  co llapse or were in fla ted  w ith a ir  

and  the  trachea  t ie d .

The lungs w ere again  weighed and their volum e measured by sa line  

d isp lacem en t. They were im m ediately immersed in isopentane cooled to -170^C  

by liquid N 2 , until they were com pletely  frozen , then qu ick ly  transferred to  the  

fix a tiv e  solution for fixation by the  freeze  substitution method ( see page 

W hen fixation was com plete , the lungs w ere brought up to  room tem perature and 

p laced  in 70% a lc o h o l. The post-fixed volume of the  lungs was measured by 

displacem ent in 70% a lco h o l. The degree  of inflation was taken as the  d isp laced  

volum e of the  lungs just prior to rapid freezing  and expressed as a  percen tage  of the 

to tal displaced lung volum e. Total d isp laced  lung volume equalled  the  to ta l 

volume of the lungs, obtained by performing a p ressu re^o lum e m anoeuvre, plus 

the  collapsed lung volum e, measured by sa line  d isp lacem ent.

RESULTS

The results of measurements on the  lungs of m ice and rats were essen tia lly  

sim ilar to those made on the lungs of guinea pigs; although the absolu te  values 

for shrinkage d iffered . O nly  the results obtained from the  guinea pigs lungs will 

be m entioned in d e ta il ;  since this was the species used in subsequent experim ehts 

w here shrinkage factors were ap p lied .

The measured shrinkage was found to depend on the  volume of the lungs a t 

the time of freezing . Inflated lungs had g rea ter shrinkage than collapsed lungs 

(Fig. IX).

The percen tage shrinkage of collapsed lungs was fa irly  constant a t  a  va lue

of 15% 1 3 .4 3  (SEM). In lungs which w ere inflated  the  percen tage shrinkage depended

on the degree of inflation  (Fig X ). The relationship  was found by the  method of
0 .3 5

least squares to fit a  hyperbolic function (regression equation y = 3 .7  (x -  15) * +13

w here y is %  shrinkage and x is deg ree  of in fla tion ). As the  deg ree  of inflation
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Fig. IX . M easured shrinkage volume rela ted  to  the  volum e of the lungs 
before f ix a tio n .

Solid lines: guinea pigs

Collapsed lungs -  y = 0 .9 3 8 x  + 0 .0 8 9 7
r = 0 .8392  (P* = 0 .0 1 )

Inflated lungs -  y = 0 .2 3 6 x + 0 .1 1 8 7
r = 0.9202(P* = 0 .0 1 )

Broken lines: theo re tica l rela tionsh ip  based on o m athem atical 
model (see tex t on page 6 7 .)
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Fig . X , Percentage shrinkage re la ted  to  the  degree of lung Inflation 
(measured as a  percen tage of to tal d isp laced  lung volume) 
for guinea pigs.

Collapsed lungs -  solid e 
Inflated lungs -  open o

The mean shrinkage i l  SEM is shown for the  collapsed lungs and for

lungs in fla ted  to 6 0 -8 0 %  to tal d isplaced lung volum e. The d ifference

betw een the  means is sign ifican t a t  P* = 0 .0 0 1 , The curve shown follows
0 35

the function y = 3 .7  ( x -1 5 )  * + 1 3 , w here y = %  shrinkage and x = %

to ta l d isplaced lung volum e.
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Fig . X I. Percentage shrinkage re la ted  to  th e  density of th e  lungs of 
guinea pigs a t the moment of freez in g .

Collapsed lungs -  e 
Inflated lungs -  o

The mean shrinkage i l  SEM is shown for the  collapsed lungs (mean 

density  0 .8 )  and for lungs having a  density  o f 0 .2 5  to  0 .4  (mean 0 .3 2 ) . 

The d ifference  betw een the  mean shrinkages shown is sign ifican t a t  

P' = 0 .0 0 1 .
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in creased , the  % shrinkage increased up to  28% ^ 3*39 (SEM) for lungs in fla ted  

to 6 0 -8 0 %  of to tal d isplaced lung volum e.

The fo  shrinkage was in /ersely  re la ted  to the density of the  lungs a t the

moment of freezing (Fig X I ) , so that as the  density decreased ( i . e .  as the  lungs
J

w ere inflated) the % shrinkage increased . No satisfactory  regression equation could 

be found for th is re la tionsh ip ; but the  d ifference betw een the  means a t densities 

of 0 .8  and 0 ;3 2  was sta tis tica lly  significant (P* = 0 .0 0 1 ). >

The dependence of the  % shrinkage on the degree of inflation of the lungs 

was investigated  by the  construction of a  m odel. The mean collapsed volume 

measured for the lungs of guinea pigs was 5 c c .  Suppose tha t various volumes of 

a ir  a re  added to this mean cV , and assume that the  shrinkage of the collapsed 

fraction is a constant 15% . The shrinkage of the added volumes of a ir  can be 

estim ated using the  volume coeffic ien t of therm al expansion of a ir  (0 .00367 /^C ) 

app lied  over the  range 30^C to -170^C , i . e .  over 140^C. The volume Vj^of 

these hypothetical lungs is therefore given b y , .

V, = cV + V . = 5 + V
L a ir  a ir

and the shrinkage (in cc) g iven by ,

S (= 0 .7 5 +  1 4 0 ^ .0 0 3 6 7  V . )
a ir

= 0 .7 5 +  0 .5  V .
a ir

When the ca lcu la ted  values of S |w ere p lotted against V | the  result was a  

straight line re la tionsh ip , which very closely  resembled tha t obtained  from the 

measured v a lu es. This model is shown on Fig.lX  as the  broken lin e .
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DISCUSSION

It îs apparent tha t a  constant shrinkage fac to r cannot be applied  to inflated  

lungs following rapid freezing  and subsequent freeze  substitution fix a tio n . The 

increased shrinkage seen in the  in flated  lungs would seem to re la te  to the  volume 

of a ir  w ithin them , rather than to  the absolute lung volum e. A physical exp lan

a tion  of this finding is somewhat d ifficu lt when one considers tha t as the  lungs 

ore immersed in isopentane a t -170^C  a  hard frozen shell forms w ithin 0*5 seconds 

(Storey & S taub , 1962).

Two possible theories a re  proposed:

1. e ither the  volume change occurs before the surface of the  lungs is 

frozen , i . e .  w ithin 0 .5  s e c . ,  or

2 . os the lung freezes there a re  changes in the forces m aintaining the 

degree of in fla tion , of sufficien t m agnitude, as to  cause deform ation of 

the a lready  frozen tissues.

The first theory was tested on the lungs of one guinea pig following removal 

of the lungs by the  method just described . A pressure-volum e m anoeuvre was 

performed on the lungs. They were then fu lly  in fla ted  and the airw ay closed .

The airw ay pressure was continuously measured during immersion of the  lungs in 

cooled isopentane.

No change in airw ay pressure was d e tec ted  until 4  seconds a fte r  the lungs 

had been immersed in the  isopentane. T hereafter, the airw ay pressure fell 

s tead ily . A fter 2 m inutes, it had reached zero  and a fte r 10 m inutes, it had reached 

an equilibrium  of - 1 2 cmsH 2 O .

Since the lungs w ere held inflated with a constant inflation  pressure, any  

change in the  volume of the lungs would be Reflected in a  change in a irw ay pressure. 

It would seem there fo re , tha t there  is l i t t le  volum e shrinkage during th e  first 

4 seconds following rapid freezing of the  in fla ted  lung.
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The b a lance  of forces w ithin the  excised lung, when the airw ay is closed 

was considered in terms of a model (Fig. X II). It can be seen from this model 

tha t the pressure w ithin the in flated  lungs when the airw ay is c losed , acts in a n , 

outward d irec tio n . To this is added those tissue e lastic  forces which also a c t  

in an outward d irec tio n . These two forces a re  ba lanced  by five other forces
t •

a c tin g  in \\ie opposite d irec tio n ; inward ac ting  tissue e lastic  forces, forces
I . . . . '

re la ted  to the internal curved surfaces (including surface ten s io n ), atm ospheric ^

pressure ac ting  on the outside of the lungs, the  pressure of gases in so lu tion , and
, ■ i

pulmonary cap illa ry  pressure. i
The pressure of gases in solution was considered to  influence this re la tion 

ship for the following reasons: 1. the so lub ility  of gases in solution is dependent on 

the tem perature of the so lu tion , 2 . if the  solution containing gases is suddenly 

frozen , the  pressure equilibrium  which existed a t  body tem perature betw een the 

gaseous and liquid phases Is upset such that the pressure of the  gas in the  gaseous 

phase is re la tiv e ly  g rea te r than the gases trapped in ic e .

The pulmonary cap illa ry  pressure was considered as a  force which when 

the lung was inflated  would tend to oppose inflation by increasing the  stiffness of 

the  lung, i . e .  by decreasing lung com pliance. However, in certa in  circum stances 

for exam ple when pulmonary cap illa ry  pressure is h igh , it  is possible tha t it will 

a c t in an outward d irec tio n . Rather in the way that the  a ir  pressure in a  fully 

inflated  rubber car ty re , m aintains the  shape of the ty re , by diminishing the forces 

ac ting  towards the  cen tre  of the w h ee l. In this case the  cap illa ry  pressure has o 

negative  sign in equation ( a ) .

As a  m athem atical model of the  change in the  volume o f a ir w ithin the  

excised inflated  lung during rapid freezing of the lung, a  formula (Equ. b) was 

derived based on equation (a ). The exac t manner by which the  forces included in 

equation  (a) w ill change during rapid freezing  of the  lung is not k n o ^ ;  but
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^  "c"*" 'w'*" ' atm Eq. (a)

A R T

TEMP. A  V, =
1_A A _ j

•atm Eq. (b)

Fig . X II, The ba lance  of forces w ithin  the  excised in fla ted  lung when 
the  airw ay is c losed .
Equ. (a) summarises these forces.
Equ. (b) re la tes the change in the  volum e of a ir  w ith change 
in tem perature to  the  change in the  forces m entioned.

a ir  volume .
Ti tissue forces per un it a rea  acting  inw ards.

V volume of a ir  in so lu tion . A5
Pc pulmonary cap illa ry  pressure .
F

w _ p  surface tension and the  forces re la ted  to the  
A w curvature of th e  in ternal lung surfaces* 

the  pressure o f gases in so lu tion .

R gas constant •
K solubility  co e ffic ien t, 

v o l. of tissue fluid •

T absolu te  tem pera tu re . 
P̂  a ir  pressure w ithin the 
p lung.

To tissue forces per un it 
À a rea  ac ting  outwards •

^atm pressure •
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some ind ication  of this change can be got by incorporating the volume coeffic ien t 

of thermal expansion of a ir  and the solubility coeffic ien t of a ir  in w a te r, into 

th e  equa tion .

It can be seen from the  resulting rela tionsh ip  (equ. b) th a t the  volum e of 

a ir  w ithin an excised in flated  lung with its airw ay closed will be  reduced during 

rapid freezing of the lung, if any  o f the  factors comprising the  denom inator on 

the  rig h t, is increased .

A pplied correction  factors:

The volume shrinkage correction  factors which w ere subsequently applied

to measurements on lungs which had been rapid ly  frozen and fixed by freeze

substitu tion , w ere obtained from Tables rela ting  percen tage shrinkage to  the degree

of lung in fla tion . These tab les w ere derived from the regression equation %
0 .3 5

shrinkage ■ 3 .7  (degree of inflation -1 5 )  * + 13, obtained from the measured

values of shrinkage/degree  of inflation (Fig. X ). D egree of lung inflation  was 

expressed as the volume of the  lungs a t the  moment of freezing  as a  percen tage of 

the  to ta l volume of the lungs.

VOLUME SHRINKAGE DUE TO WAX EMBEDDING.
SECTIONING AND STAINING

Blocks w ere cut from lungs which had been rapidly  frozen and fixed by

the freeze  substitution m ethod. The block face was view ed under a  dissecting

m icroscope and the  diam eters w ere measured with a pair of vern ier sca le  fine calipers,

The grea test diam eter of the block face  and the d iam eter a t  right angles

on the  some plane through its cen tre  w ere m easured.

The blocks w ere embedded in low m elting point paraffin w ax . When the

wax had set the  blocks w ere trimmed carefu lly  w ith a  scalpel b lade  until the

block face  was v isib le  just under th e  surface of the w ax . The diam eters w ere

again  m easured.
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Sections w ere cu t a t 5 u , on a  sliding microtome and run onto warm w a te r.
>■ o

A fter each sect j on had been cut the block was ro tated  by 90 so that the effects 

of compression by the microtome knife could be m easured. Each section  was 

picked up on a  c lean  glass slide and the  section diam eters again  measured view ed 

under a  m icroscope. The sections w ere stained  with haemalum and eosin and 

mounted in C anada Balsam. The diam eters of the  sections w ere fina lly  m easured on 

the stained and mounted preparations.

RESULTS

The mean linear shrinkages for the th ree  stages of this part of the  preparation 

of lung sections, a re  shown below . The area  and volume shrinkages w ere derived  

from these values and a re  also  shown.

TABLE VI -  MEAN SHRINKAGE FACTORS

A to B B fo C C to  D A toD

-  r A 1.003 i  0 .001 1 .034  t  0 .0 2 2 1 .008  t  0 .01 1 .045

t  1 SEM (0 .3 7 % ) (3.2% ) (0 .81% ) (4.38% )

1 .006  t  0 .001 1 .0 7  i  0 .0 5 0 .0 1 6  i  0 .01 1 .093

t  1 SEM (0.59% ) (6.37% ) (1 .59% ) (8:61% )

mf = f^ 1 .009  + 0.001 1 .108  ± 0 .0 8 1 .025  + 0 .0 2 1 .144

l l S E M (0.98% ) (9.32% ) (2 .38% ) (IZ .67% )

A = the  fixed block of lung.
B = the embedded b lock .
C = the section cut a tS p .
D = the  stained and mounted sec tio n .
Percentage shrinkages a re  g iven in the  b rackets .
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The factors f^^, f ^  and fy  a re  the lin e a r, a rea  and volum etric factors which 

when m ultip lied  by the processed dimensions w ill g ive the  original dim ensions. Thus 

for exam ple, a  d iam eter dg measured on a  stained  and mounted section of lung 

represents the diam eter d^ which would hove existed in a  b lock of fixed lung, and is 

ob tained  from

d ^ =  1 . 0 4 5 d 2

Summaryof correction factors for shrinkage due to  processing :

The shrinkage factor which was applied  in any individual case was the 

m ultip le of the factor for shrinkage due to rapid freezing and fixation  by freeze  sub

stitu tio n , and the factor for shrinkage due to wax em bedding, sectioning and sta in ing . 

The factors rela ting  to  shrinkage due to rapid freezing and fix a tio n , w ere obtained 

from a  curve rela ting  percen tage shrinkage and degree of in fla tio n . The factors for 

shrinkage due to em bedding, sectioning and sta in ing , w ere ob tained  from the 

preceding ta b le .

It was thus possible to  obtain  measurements o f dimensions re la ted  to  those 

which would have existed in the fresh lung just before rapid freez in g .
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P E R F U S I O N  F I X A T I O N  F O R  E L E C T R O N  M I C R O S C O P Y
S

M ateria l and m ethods;

Two guinea pigs w ere anaesthetized  with in traperitonea I pentobarbitone 

sodium (6 0 m g/kg). A tracheostom y was performed and the  trachea  can n u la ted . 

The sternum was sp lit and the  an te rio r rib  cag e  dissected out by cutting  through the  

ribs in the mid ax illa ry  lin e . The inferior vena c a v a , and the ao rta  w ere 

can n u la ted . The lungs w ere then fully  infla ted  with a ir  from a  syringe and the  

airw ay clamf^ed.

Perfusion v ia  the cava I c an n u la , w ith normal sa line  a t 37^C and a  

perfusion pressure of 5cm  H gO , was begun . A fter 5 minutes the perfusate was 

sw itched to  a  4% solution o f g lu teraldehyde in 0 .1  molar patassium phosphate 

buffer a t  pH 7 .4 .  In one of the anim als the  lungs were held in fla ted  during per

fusion with f ix a tiv e , w hile  in the  other anim al the  lungs w ere allow ed to  collapse 

slowly a fte r stopping the sa line  perfusion. When they  hod collapsed com pletely 

the perfusion with g lu teraldehyde was begun . The perfusion pressure during 

fixation of the  in flated  lungs was 5cm  H gO , whereas in the  collapsed lungs the 

perfusion pressure necessary to m aintain adequa te  perfusion was 2 0  -  2 6 cmsH 2 O . 

Perfusion was continued for 10 m inutes.

Preparation of b locks;

When the lungs w ere fix ed , they w ere dissected o u t. The lower right 

and lower left lobes of the  lungs of both anim als w ere cut free and block of
3

0 .5 c m  w ere gen tly  cut w ith a  sharp razor b lad e . These w ere immersed in 4%

buffered g lu te ra ldehyde, trimmed and sliced  each slice  being about 0.5mm th ic k .
3The lung slices w ere then carefu lly  cut into small b locks, 0 .5 c m  under 

a  drop of g lu te ra ldehyde. A to ta l of 6  blocks per lung lobe w ere o b ta in ed . They 

w ere transferred to  a  3% solution o f sucrose buffered w ith potassium phosphate
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to  pH 7 .4 ,  and stored overnight a t  5 °C .

The blocks w ere then post fixed in a  1% solution of O sO ^ buffered with 

potassium phosphate to pH 7 .4 ,  for 30 m inutes. They w ere then taken  up through 

a  series of graded alcohols to propylene oxide and in filtra ted  w ith A ra ld ite  

(ClBA). The in filtra ted  blocks w ere then transferred to capsules and embedded In 

A ra ld ite .

500 R  th ick  sections w ere cu t on on ultram icrotom e (L .K ,B . U ltratom e), 

mounted on copper g rids, and stained  w ith uranyl a c e ta te  and lead  c i t ra te .  The 

stained  sections w ere v iew ed with an e lectron  m icroscope (AEI 6B Electron 

M icroscope).
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P R A C T I C A L  P R O C E D U R E S  US ED F OR M O R P H O M E T R I C ^ -------------------------------------------------------------------------------------------------------------------------

A N A L Y S I S
i . ;
(

MEASUREMENT OF THE VOLUME OF LUNG
PARENCHYMA (RESPIRATORY TISSUE) /

/
The en tire  lung was sectioned v e rtic a lly  in s lices . Every hundredth 

section was re ta in ed . The 140 resulting sections w ere stained w ith haemalum 

and eosin and mounted in C anada Balsam. The slides w ere p laced  in a  photo

g raphic  enlarger and 8 x 10" enlargem ents made of the  w hole lung sec tio n .

Tracing paper was p laced  over the enlargem ent and the  section  ou tline  

tra c e d . The outlines of a ll airways excep t respiratory bronchioles and a lveo lar 

d uc ts , and a ll v isib le  blood vessels w ere tra c e d . The traced  contour of the lung 

section  was then cut out and the  paper w eighed (Wy). The contours of th e  

m ajor airways and blood vessels were then cu t o u t, and the  co llec ted  pieces 

w eighed (W^ ) . The rem aining tracing paper which represented the  a rea  of the 

lung parenchym a on the sec tio n , was also w eighed (W|^) as a check  against loss 

during cu ttin g . Thus Wy = + W|^ .

In this way an accu ra te  measure was obtained of the  re la tiv e  a rea  occupied  

by the  lung parenchym a on random sections o f w hole lungs. This was expressed 

as a  percen tage of the to tal section a re a ,

W. . 100
area  fraction  of lung parenchym a, Y = -

This has been shown to  be equal to  th e  volume fraction (page 67 ). Knowing 

the  to ta l volume o f the  lungs (T V ^), the  to ta l volume of the  parenchym al portion 

is given by Y  .TV|^.
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Fig. XIII.  A , M easurem ent of volumes by point counting .
B . M easurem ent o f surface a rea  by linear in te rcep ts.

MEASUREMENT OF VOLUMES BY POINT CO U N TIN G  (Fig . XIII A)

Photographic enlargem ents (8" x 10") w ere obtained of randomly se lec ted  

fields by the  method described on page 83 . A grid of 1000 regularly  spaced

points was superimposed over the photograph and the  number of points lying on 

a lveo li (Pa), a lv eo la r ducts (Pd) and a lveo la r tissue (Pt) w ere coun ted . Each of 

these was expressed as a  fraction of the to ta l number of points. Using Equ. 5 , the 

a rea  and hence the  volume fractions of each component w ere ob tained  thus.

Pa = Va ,  Pd = Vd ,  Pt = V t

1000 1000 1000

The to tal volume of each component was obtained by m ultiplying the  mean 

volume fraction by the  to ta l volum e of the  parenchym al portion of the lung ( Y .T V ^).
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Therefore the to ta l a lveo lar volume TVa = V o. and so o n . Each of the

volumes thus obtained was then corrected  for shrinkage due to  tissue processing*

MEASUREMENT OF SURFACE AREAS BY MEAN 
CHORD LENGTHS (Fig. XIII)

A grid containing 5 randomly o rien ta ted  straight lines o f equal length was

superimposed on photographic enlargem ents o f lung sections. The number of

intersections (n ) which each line  m ade w ith the a lveo lar surface was coun ted , 
a

Knowing the  m agnification of the  enlargem ent and  the length o f th e  l in e , the 

ac tu a l length measured on the  section  was c a lc u la te d .

The mean chord length (Lm) is the  mean in terval betw een each  in tersection 

and is g iven by n . l  = Lm,

ÏP o  ■

w here : n is the  number o f estim ations,

L is the  to ta l length of the  l in e , and 

^ n ^  is the  sum of a lv eo la r surface in tersections.

The to tal surface a rea  of a lveo li (TSa) was obtained  from Equ. 8 ,

4 .  Y.TV,
TSa =

Lm

w here: %TV^ is the  volume of the respiratory portion of the lung.

The surface a rea  was also estim ated using a  formula derived  by W eibel 

•(1963a). Total a lveo lar surface a rea  (Sat) is g iven by ,

TSa = T N o i  S„  (V ^ .< f.V , (E qu . 14)a —a L

w here: N a t is the  total number of a lv e o li , measured by d irec t coun ting ,

is the surface to  volume coeffic ien t (for c a lcu la tio n  see  below ), 

is the a lv eo la r volume frac tio n , measured by point coun ting , and 

Y.TV^ is the  volum e of the  lung parenchym a.
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SURFACE TO VOLUME RATIOS

The surface te  volume ratios ( S ’q) of a lv eo li w ere ob tained  from Equ. 9 

in 0  m odified fonn (W eibel, 1963), so th a t .

4 (< f . TV ^)^

" ~ T  i -------------------- (Equ. 15)
TN^ . V® . L a —a m

Each of the  factors on the  right w ere determ ined independen tly :

TNa the  to ta l number of a lv e o li ,

V the volume fraction  of a lv e o li ,
—a '
Lm the mean chord leng th ,

Y,TV|^ the  volume of the  parenchym al portion of the  lung.

TOTAL NUMBER OF ALVEOLI

The to tal number o f a lv eo li (T N a) was measured by d irec t coun ting . A 
2

grid enclosing 16.000m m  was superimposed over photographic enlargem ents of

lung sections. Knowing the  m agnification w hich in most cases was x 180,the a rea

of lung section which the  grid enclosed was ca lcu la ted  ( i . e .  a t x  180 = 0 .4 9 8 4 m m ^ .

The number of a lveo li w ithin this a rea  w ere coun ted . A lveoli w hich bordered

on the  upper and left margins of the grid w ere included whereas those bordering
2

on the  lower and right margins w ere ignored . The number of a lv eo li per cm was
3

then ca lcu la ted  and from this the number per cm ob ta ined .

Using Equ. 10 the to tal number of a lv eo li (TNa )  was c a lc u la te d , thus,

T N . -  • K (E ,„ .  ,4 )

w here: y3 is a  coeffic ien t re la ting  the  m ean cross sectional a re a  of the  a lveolus 

to its mean volum e, the  v a lu e  o f 1 .5 5  was used as suggested by 

W eibel & G om ez (1962),

K is a  d istribution co effic ien t (se e  page 70 ) and was g iven  an  a rb itary
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va lue  of 1 .0 5 ,

is the  volum e fraction  of a lv e o li , and 

V.TV^ is the  volume of the  parenchymal portion of the  lung,

V
- a

MEASUREMENT OF LINEAR DIMENSIONS (Fig. XIV)

The diam eters of a lv eo la r mouths (Fig. XI VA)  and the diam eters o f a lveo la r 

ducts w ere measured d irec tly  on photographs of lung sections. The a lv eo la r duct 

diam eters w ere measured a t  regular in tervals along a  line drawn cen tra lly  along the 

length of the  duct and w ere measured a t right angles to  this lin e . (F ig . XIV B).

All diam eters w ere corrected  for frequency distribution by the  app lica tion  

of Equ. 11 • Thus the  true  diam eters (d) w ere given by .

d =
4  d

I I
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w here d was the measured diam eter* The values for d w ere then corrected  for 
X

shrinkage due to processing.
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R E S U L T S  O F  M O R P H Q M E T R I C  A N A L Y S I S

The lung volum es, body w eights, and periods of ven tila tion  ore  given for 

each  animal in Table VII .

VOLUMETRIC COM PO SITION

Fractional volume of the  lung parenchyma ;

The volume fraction occupied  by the  respiratory  portion of the  lungs was

estim ated 543 tim es. The mean volume fraction ( t l  SD) was 0 .9 1 6 5 1  0 .0 0 5 3 .

For subsequent calcu lations a  v a lue  of 0 .9  was used. The loss o f accu racy  by

doing this was in sign ifican t. The v a lue  found in this study agrees w ell w ith other

estim ates. W eibel (1963) gives a  va lue  o f 0 .9 0 5 + 0 .0 3 8  for the  fractional volume 
of lung parenchym a.

FRACTIONAL ALVEOLAR VOLUMES

The a lv e o la r , a lv eo la r duct and respiratory tissue a rea  frac tions, (volume 

fractions) a re  given in Table VI I I . Fig. XV shows the a lv eo la r volume fractions 

as a  function of the  percen tage to ta l volume of the  lungs (% TV |^) for each of the  

four ven tila tion  groups. The standard deviations and the means for each  anim al 

a re  shown.

In the upper control curve it can be seen tha t as lung inflation  increases 

the a lveo lar volume fraction rises from 0 .5 2  a t 28% TV^ to  0 .6 2  a t 45% T V ^ 

and thereafter falls back to  0 .51 a t  60%  TV|^.

The mean a lveo la r volume fraction was sign ifican tly  higher in the mid

inflation  range (3 5 -  55% T V ^) than in low and high inflations 

( 3 0 % TV l & 6 0 % T V |_ ), ( P '< 0 .0 0 1 ) .

No d ifference  was found betw een a lv eo la r duct volume fractions from lungs 

a t  d ifferen t degrees o f in fla tio n .

H yperventilation reduced the  a lv eo la r volume frac tio n , so th a t a fte r
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LUNG VOLUMES

Animal
W eight

gms.
cV
c c . c c .

TV.ir
c c .

V lf
c c . %TVl

Q V lf
c c .

V en t.
tim e
mins.

6 3 /6 8 :1 4 8 6 .2 4 .5 7 3 1 .8 4 15.33 19 .90 6 2 .5 0 17.93 5
6 3 /6 8 :2 482 .1 4 .5 0 3 1 .5 0 1 .00 5 .5 0 17 .46 4 .9 5 0
6 3 /6 8 :3 4 4 2 .5 4 .2 0 2 9 .0 0 4 .0 5 8 .2 5 2 8 .4 5 7 .4 3 0
6 3 /6 8 :4 6 4 0 .2 5 .9 5 4 1 .9 9 0 .3 9 6 .3 4 15 .10 5 .7 2 10
68 /6 8 :1 4 2 0 .0 3 .9 8 2 7 .5 7 2 .8 3 6.81 2 4 .7 0 6 .1 4 10
6 8 /6 8 :2 4 4 7 .7 4 .2 3 2 9 .3 0 13 .77 18 .00 6 1 .4 3 16 .20 0
6 9 /6 8 :1 3 5 8 .2 3 .4 2 2 3 .4 0 7 .1 4 10 .56 4 5 .1 3 9 .5 2 0
6 9 /6 8 :2 3 6 0 .0 3 .4 2 2 3 .46 7 .4 2 10 .84 4 6 .2 0 9 .7 7 10
70 /68 :1 4 1 7 .5 3 .9 5 2 7 .4 0 8 .5 5 1 2 .50 4 5 .6 2 11.25 0
7 0 /6 8 :2 3 7 2 .9 3 .5 5 2 4 .3 0 5 .7 0 9 .2 5 3 8 .0 7 8 .2 3 0
7 0 /6 8 :3 4 7 2 .0 4 .4 5 3 1 .34 18 .90 2 3 .3 5 74.33 21 .04 10
59 /6 8 :1 5 8 1 .5 5 .4 0 3 8 .0 0 0 0 .0 0 5 .4 0 14.21 4 .8 6 5
5 9 /6 8 :2 5 4 5 .0 5 .1 0 3 5 .68 2 .1 8 7 .2 8 2 0 .4 0 6 .5 6 15
77 /68 :1 4 3 5 .0 4 .1 0 2 8 .4 9 8 .7 5 12 .85 4 5 .1 0 11.58 15
7 7 /6 8 :2 4 1 8 .9 3 .9 5 2 7 .4 0 3 .0 0 6 .9 5 2 5 .36 6 .2 6 2
6 1 /6 8 :1 4 6 2 .5 4 .3 5 3 1 .0 0 18.86 23.21 7 5 .7 0 21.11 1
6 1 /6 8 :2 7 3 7 .8 6 .8 5 4 8 .0 0 2 7 .5 0 3 4 .3 5 7 1 .5 6 3 0 .9 2 0
6 1 /6 8 :3 4 3 0 .5 4 .1 0 2 8 .5 0 12 .05 16 .15 5 6 .6 6 14.54 0
6 1 /6 8 :4 4 7 0 .0 4 .4 2 3 0 .7 0 16 .98 2 1 .4 0 6 9 .7 0 19 .28 15
11/69:1 5 1 0 .0 4 .8 0 3 3 .5 0 19 .45 2 4 .2 5 7 2 .4 0 2 1 .83 5
1 1 /6 9 :2 6 6 7 .8 6 .2 0 4 3 .5 0 1 8 .50 2 4 .7 0 4 8 .2 8 2 2 .23 5
1 1 /6 9 :3 5 2 3 .5 5 .0 0 3 5 .0 0 2 5 .5 0 3 0 .5 0 8 7 .1 4 31.41 15
1 1 /6 9 :4 4 2 8 .0 4 .0 3 2 8 .0 2 9 .5 6 13 .59 4 8 .5 0 12 .25 5

TABLE VII

cV  c o l l a p s e d  l u n g  v o lu m e
TV- t o t a l  v o lu m e  o f  l u n g
TV , t o t a l  v o lu m e  o f  t i d a l  a i r  a i r

L f  v o lu m e  o f  l u n g  a t  m o m e n t o f  f r e e z i n g
QVL f  v o lu m e  o f  lu n jg  p a r e n c h y m a  a t  m o m e n t o f  f r e e z i n g
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AREA FRACTIONS: CONTROL LUNGS

Animal A lveoli 
t  1 S .E .M .

A lveolar Ducts 
t l  S .E .M .

Tissue and Vessels 
t  1 S .E .M .

6 3 /6 8 :2
6 3 /6 8 :3
6 8 /6 8 :2
6 9 /6 8 :1
70 /68 :1
7 0 /6 8 :2
6 1 /6 8 :2
6 1 /6 8 :3

0 .5 2 6 0  -  0 .0 2 3  
0 .5 3 1 0  ± 0 .0 3 5  
0 .5 2 5 0  i  0 .0 4 8  
0 .6 3 5 0  ± 0 .0 1 6  
0 .6 2 4 0 1  0 .0 1 7  
0 .6 0 7 0  ± 0 .0 0 9  
0 .5 2 8 0  ± 0 .0 1 4  
0 .5 5 2 0  1  0 .0 1 0

0 .2 1 8 0 1  0 .0 3 5  
0 .2 2 0 0  ± 0 .0 4 5  
0 .1 7 5 0  1  0 .0 3 3  
0 .2 2 8 0  ± 0 .0 1 5  
0 .1483  ± 0 .0 3 9  
0 .2 1 6 0  ± 0 .0 0 8  
0 .2 5 1 0  ± 0 .0 3 5  
0 .2 6 3 0  1  0.021

0 .2 5 5 2  ± 0 .0 1 4  
0 .2 3 8 7  + 0 .0 1 0  
0 .2 8 7 5  ± 0 .0 1 7  
0 .1 3 7 0  ± 0 .0 0 5  
0 .2281 ± 0 .0 2 1  
0 .1 7 9 0  ± 0 .0 0 4  
0 .2 2 4 9  ± 0 .0 2 4  
0 .1 8 5 4  ± 0.001

H yperventilated  for 5 mins. HYPERVENTILATED LUNGS

6 3 /6 8 :1
11/69:1
1 1 /6 9 :2
1 1 /6 9 :4

0 .4 0 3 0  ± 0 .0 1 2  
0 .4 2 1 0 +  0.001 
0 .4 5 7 0  ± 0 .0 1 7  
0 .4162  ± 0 .004

0 .2913  ± 0 .0 0 7  
0 .2 6 9 5 +  0 .0 1 4  
0 .2972  ± 0 .0 2 4  
0 .2 5 5 0  + 0 .006

0 .3 0 5 7  t  0 .01 
0 .3091 + 0 .0 1  
0 .2 4 5 2  ± 0.01 
0 .3 2 8 8  ± 0 .0 0 9

H yperventilated  for 10 m ins.

6 8 /6 8 :1
6 3 /6 8 :4
6 9 /6 8 :2
7 0 /6 8 :3

0 .3483  ± 0 .0 0 8  
0 .3 1 9 7  ± 0 .0 1 0  
0 .3901 ± 0 .0 0 8  
0 .3993  t  0 .0 1 0

0 .1 9 8 6  + 0 .0 0 8  
0 .1654  ± 0 .0 1 5  
0 .2 7 5 2  ± 0 .0 1 0  
0 .3 1 0 5 1  0 .0 1 0

0.4531 + 0 .0 0 6  
0 .5 1 4 9  ± 0 .0 1 0  
0 .3 3 4 7  ± 0 .0 1 0
0 .2 9 0 2  t  0 .0 1 0

H yperventilated  for 15 m ins.

5 9 /6 8 :2
77 /68 :1
6 1 /6 8 :4
1 1 /6 9 :3

0 .3 1 7 2  i  0 .0 1 4  
0 .3 3 1 6 1  0 .0 1 0  
0.3521 t  0 .0 0 4  
0 .3 4 6 0  i  0 .0 2 0

0 .2 0 6 4  1  0 .0 0 9  
0 .2901 ± 0 .0 1 4  
0 .3 2 2 3 1  0 .0 0 7  
0 .3 3 9 0  1  0 .0 2 4

0 .4 7 6 4  t  0 .0 0 5  
0 .3 7 8 3  ± 0 .0 0 3  
0 .3 2 5 6  ±  0 .0 0 4  
0 .3 1 2 2  ± 0 .0 1 7

TABLE VIII
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15 minutes hyperven tila tion  it was 0 ,3 ,  There was no d ifference here betw een 

the mean a lveo la r volume fractions a t the  four degrees of in fla tion .

F ig , XVI shows the a lv eo la r volume fraction plotted against the  duration 

of hyperven tila tion . The d ifference  betw een the means for the control and the 

5 m inute hyperventila tion  group was highly  significant a t P* < 0 ,0 0 1 , The 

d ifference  betw een the means for the 5 m inute and 10 m inute hyperven tila tion  

groups was sm aller but still sign ifican t (P* = 0 .0 5 ) . The means a fte r  10 minutes 

and 15 minutes hyperventila tion  w ere sim ilar.

However analysis of the  a lveo la r volume fractions of lungs of com parable 

deg ree  of in fla tio n , showed tha t there  was a  significant d ifference  betw een these 

two groups when the lungs w ere in fla ted  to more than 40  %TVj^ (see F ig , X V ). 

H yperventilation did not a lte r  the  a lveo lar duct volume frac tio n ,

TOTAL ALVEOLAR AND ALVEOLAR DUCT VOLUMES

The to ta l a lv eo la r and a lveo la r duct volumes a re  g iven in Table IX,

Fig. XVII shows the to tal a lv eo la r volume (TVa) plotted against %TV^, 

for each of the four ven tila tion  groups.

It can be seen for a ll lungs that as % lung inflation increases, the  to tal 

a lv eo la r volume increases. The upper control curve shows th a t the  to ta l a lveo la r 

volume reaches a  p lateau  a t 80 % TV^ beyond which lit t le  change in the to tal 

a lv eo la r volum e occurs.

Regression analysis was carried  out in the d a ta  from the control lungs, and 

it was found tha t the co rrelation  followed a simple parabolic function 

(TVq = (0 .1 5  %  TV^ ) ^ -  0 .2 5  %TV^ + 1 .35) significant a t  P’ < 0 .0 0 1 . However 

a  straight line correlation  could also  be fitted  to this d a ta (T V ^ = 0 .1 9 9 7  %TV^ -2 .0 4 5 ) ;  

but was of sligh tly  less sign ificance  (P* = 0 .0 1 ) , The curves shown for th e  hyper

ven tila ted  groups a re  best fitted  curves drawn by ey e .

H yperventilation shifted th e  curve down and to  the  r ig h t, so th a t a fte r
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TABLE IX -  TOTAL ALVEOLAR VOLUMES AND TOTAL
ALVEOLAR DUCT VOLUMES

%  TV TV cc a TVj ce V ent.
time
m in.

17 .46 2 .6 0 1 .09 0

2 8 .45 3 .9 4 1.71 0

3 8 .0 7 4 .9 9 1.81 0

4 5 .1 3 6 .0 4 2 .1 9 0

4 5 .6 2 7.01 1 .69 0

5 6 .66 8 .0 2 3 .8 2 0

6 1 .4 3 8 .5 0 2 .9 2 0

7 1 .56 11 .32 7 .7 3 0

7 5 .7 12.03 5 .7 4 1

14.21 1 .72 0 .8 6 '5

4 8 .5 5 ,0 9 2 .8 6 5

6 2 .5 7 .2 2 4 .3 9 5

7 2 .4 9 .1 9 5 .8 9 5

15.1 1 .82 1.11 10

2 4 .7 2 .1 3 1 .28 10

4 6 .2 3,81 2 .7 3 10

7 4 .5 8 .4 0 6 .1 2 10

2 0 .4 2 .0 8 1 .42 15

45 .1 3 .8 3 2 .8 5 15

6 9 .7 6 .7 8 5.91 15

8 7 .14 10 .86 10 .67 15
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15 minutes hyperventila tion , the total a lveo lar volume at 50 %TVj^ was 40% less

than the control va lues. Further increase in lung volume did not change the

absolute  d ifference between the controls and the 15 minute hyperventilation group;

but the fractional d ifference increased. Thus a t  8 0% TV, the  TV was 30% less
L a

in the 15 minute hyperventilated  group than in the  controls.

Fig, XVIII shows the total a lveo la r  duct volume (TVy) plotted against 

%TV^ . The broken line is the curve shown in Fig. XVII for the  total a lveo lar 

volume in the  control lungs, and is inserted in Fig . XVIII so that comparison can 

be made between the change in TV^ and the  change in TVy with lung infla tion .

No statistical d ifference was found between the  values for TVy from the 

four ventila tion  groups. Regression analysis was done on the combined da ta  from 

all groups and was found to follow the function,

TV . = 0 .2 3  + 0 .5  (P' = 0 .0 5 ) .

It con be seen that there  is re la tive ly  l it t le  change in TV^ until the lung 

is inflated to more than 40 %  TV^. Thereafter the TV^ rises s teeply  and is 

maximal about 90 % TV^ .̂

Fig. XIX shows the values for TV^ plotted against the  corresponding values 

for TVj . The curves shown ore best fitted curves, drawn by e y e .

The da ta  corresponding to lungs of low %TV^ a re  to the le f t ,  and of high 

%  TV to the  right.

It can be seen tha t there is a  proportionately g rea ter  increase in the total 

a lveo lar  volume in it ia l ly .  The range in which TV^ and TVy increase to the same 

extent corresponds to above about 40 % T V ^.

Hyperventilation resulted in a  straight line relationship  betw een TVq and 

T V j, in contrast to the control curve (Fig. XIX). TVq decreased  progressively 

with the duration of hyperventila tion; but TVy was unaltered  a f te r  hyperventilation, 

The reduction in the ratio  of T V q /T V j is indicated  by a  change in the  slope of



u
u

2
3_J

CC
<

8
>

g

7 6

74

72

10

6

6

4
2

TOTAL ALVEOLAR DUCT VOLUM E C C

Fig. XIX

3r

20 40 60 60
PER C EN TA G E TOTAL VOLUM E O F

Fig. XX

100
LUNG



107

the  curves. Fîg. XX shows the  ratio  of T V ^ T V j  as a  function of %TV|^. In 

the  control lungs the TV^ /T V y  ratio  fell from 2 .4  a t  20 % to 2 .0  a t  6 0%  

and thereafter  levelled off. This would ind icate  tha t a t  low lung volumes the 

TV^ is higher compared with TV^ but that above 40  %  the extent to which 

TV^ and TVy increase is equa l.

Hyperventilation reduced the TV^ /T V y ra tio ;  but the  overall shape of the 

curves remained the same. After 15 minutes hyperventilation the  TV^ 

hod failed to 1 .5  a t  20 %TV^ and levelled  off a t  1.1 a t  45  % T V ^.

TOTAL NUMBER OF ALVEOLI

The total number of a lveoli (TN^) was ca lcu la ted  using Eq. 16 and a re  

given in Table X for all animals studied. Fig. XXI shows the values of TN^ 

plotted against body w eigh t. The relationship was found to follow a  linear 

co rre la tion , given by TN^ = 10^(0.0922 B .W t. + 10 .47 ). The correlation 

coeffic ien t was 0 .8218  (P* = 0 .0 0 1 ) .

Because of a  possible high influence on the  correlation by th e  four points 

on the extreme righ t, regression analysis was repeated  excluding these va lues.

The result was a  linear regression which followed the re la tio n ,

TN^ = 10^ (0 .103 B .W t. + 3 3 .7 ) ,  correlation coeffic ien t 0 .6836  (P* = 0 .0 0 1 ) .

Since these two basic correlations were not changed by excluding those 

values which were considered to hove an undue influence on the corre la tion , it 

was decided  tha t in future calculations requiring a  measure of T N ^, the  individual 

values would be used. It was apparent that a  mean va lue  for TN^ would not be 

app licab le  in calculations where the result depended to a  large extent on the 

va lue  of TN^ , for exam ple, in the ca lcu la tion  of the  shape coeffic ien ts .

ALVEOLAR SURFACE AREA

The total a lveo la r  surface a rea  (TS^) as measured by mean chord lengths
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TOTAL NUMBER OF ALVEOLI

Animal QVk V
—a

T N X 10* Î  1 S .E .M .  a

63 /68 :1 13.26 0 .4030 4 9 .4  t  1 .178
6 3 /6 8 :2 4 .2 5 0 .5260 5 6 .2  t  2 .0 9 9
6 3 /6 8 :3 5 .7 8 0 .53 10 5 0 .5  ± 1 .213
6 3 /6 8 :4 4 .8 6 0 .3197 6 9 .6  ± 1.301
6 8 /6 8 :1 4 .8 5 0 .3483 4 2 .3  t  1 .155
6 8 /6 8 :2 12.12 0 .525 0 57.1 t  1 .509
69 /68 :1 7 .2 2 0 .63 50 4 2 .3  ± 2 .1 6 7
6 9 /6 8 :2 7 .3 2 0.3901 4 8 .7  ± 1 .668
70 /68 :1 8 .5 3 0 .62 40 4 7 .2  t  1 .925
7 0 /6 8 :2 6 .3 9 0 .60 70 3 8 .3  ± 1 .406
7 0 /6 8 :3 15.56 0 .3993 5 5 .8  ± 1 .8 3 7
59 /68 :1 4 .1 7 0 .3530 6 4 .3  t  1 .326
5 9 /6 8 :2 5 .2 4 0 .31 72 5 1 .7  t  1.401
77 /68 :1 8 .6 8 0.3316 5 2 .4  t  1 .789
7 7 /6 8 :2 5 .4 6 0 .3770 5 8 .7  ± 1.261
61 /68 :1 15.80 0 .5650 4 3 .6  t  1 .252
6 1 /6 8 :2 23 .13 0 .528 0 7 7 .2  ^  1 .197
6 1 /6 8 :3 10.88 0 .5520 61.1 t  1 .266
6 1 /6 8 :4 14.26 0.3521 5 2 .2  ± 1 .332
11/69:1 16.33 0 .421 0 59.1 t  2 .2 8 0
1 1 /6 9 :2 16.86 0 .457 0 8 1 .3  t  2 .2 5 4
11 /6 9 :3 20 .53 0 .346 0 5 2 .8  -  2 .021
11 /6 9 :4 9 .1 8 0 .416 2 5 3 .4  ± 1.861

TABLE X

V o lu m e  o f  l u n g  p a r e n c h y m a  o f  f i x e d  l u n g

V- a F r a c t i o n a l  a l v e o l a r  v o lu m e

TN T o t a l  n u m b e r  o f  a l v e o l i  a
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is given in Table XI for each animal studied* Regression analysis was performed 

on the values of total a lveo lar surface area  against % TV|^; but no satisfactory 

correlation could be found * In view of the relationship between body weight and 

TN^ it appeared that body weight might influence the  values for TS^# A formula 

was therefore de rived , based on Equ* 14,

TS = T N ^  . 8  (V . ÇfTV, ) ^  
a  a a —a ^  L

Substituting the function obtained for the correlation between body weight

and TN , and also tha t obtained from the correlation between total a lveo la r  
a

volume ( = * ^ ,T V ^) and %  TV^, into Equ* 14, the  total a lveo la r  surface

a rea  (TS^) is given by,

TSq = 8g. fio^ .^0.0922 B.Wt. + 1 0 .4 ^ ]^  . [o.l998 -  2 .04s] ®

The only unknown is the surface to volume ratio & of the alveoli* This was
a

found to have a mean va lue  of 4 ,7 5  (see page 113)

Values for TS^ were computed using the above equation , for a  range of

values of %TVj^ and for a  range of values for body weight*

Fig* XXII shows the resulting curves as a  series o f body weight isopleths,
2

with total a lveo lar  surface a rea  in cm on the ordinate  and percentage total volume 

of the lungs on the  abscissa.

The values of TS^ measured by mean chord lengths, from all lungs exam ined, 

were then plotted on the B .W t. /% TV ^ diagram* It was found that each 

va lu e  for TS^ in the  control group lay very near the  appropriate  body weight 

isopleth. The values of TS^ and body weight given in Table XI a re  in order of 

increasing %TV|^ and correspond to the  control points on the  B,W t*/TS^/%>TV^
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TABLE XI -  TOTAL ALVEOLAR SURFACE AREAS MEASURED
BY MEAN CHORD LENGTH

%  TV|_ Body w t. g . TS X 10"3 2 
a  cm

V en t.
tim e.
m m .

17,46 482.1 3 .3104 0

28 .45 4 4 2 .5 3 .7526 0

3 8 ,0 7 3 7 2 .9 4 .1 352 0

4 5 .1 3 35 8 .2 4 .3269 0

4 5 .6 2 4 1 7 .5 4 .9073 0

56 .66 4 3 0 .5 5.7421 0

61 .4 3 4 4 7 .7 6.3391 0

71 .56 7 3 7 .8 11.2225 0

7 5 .7 4 6 2 .5 6 .8708 1

14.21 5 8 1 .5 2 .2962 5

4 8 .5 6 6 7 .8 6 .92 67 5

6 2 .5 4 8 6 .2 5 .4370 5

7 2 .4 5 10 .0 6.8121 5

15.1 64 0 .2 2.8472 10

2 4 .7 4 2 0 .0 2 .3525 10

4 6 .2 3 6 0 .0 3 .4700 10

7 4 .5 4 7 2 .0 5.6513 10

20 .4 5 45 .0 2 .6030 15

45.1 4 3 5 .0 2.9528 15

6 9 .7 4 7 0 .0 4 .6 1 8 0 15

8 7 .1 4 5 2 3 .5 6 .427 9 15
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diagram reading from left to r igh t.  The actual weights of the  control animals 

were not inserted in Fig. XXII for the sake of c la r i ty .

The values of TS^ for lungs which had been hyperventilated were plotted 

on the B.W t. /T S ^ /% T V ^  diagram . The vertica l d istance of each point below 

its appropriate  isopleth is shown by the broken lines. This is a  measure of the  

amount by which TS^ was reduced by hyperventila tion . The absolute values by 

which TS^ was reduced a re  given below for each of the  three hyperventilation 

groups, with the  percentage reduction given in brackets .

HYPERVENTILATION PERIOD

5 min 10 min 15 min

1 .1 5 (2 1 % ) 

1 ,6  (18%) 

1 .4  (18.5% ) 

1 .15  (20%)

1 .0  (25%) 

1 .5  (28%)

1.1 (24%)

1 .95  (25%)

1 .35  (34%) 

2 .2  (42%) 

2 .6 6  (41%) 

2 .8 5  (33%)

Reduction of TS
2 , . 3  "  

in c m  X 10

(% reduction)

1 .4  (19.4% ) 1 .2  (25.5% ) 2 .5 3  (40%) ' MEAN

It can be seen that the total surface area  is reduced progressively with the 

duration of hyperven tila tion , so that afte r  15 minutes it is 40% less than the  

predicted control v a lu e .

SURFACE TO VOLUME RATIOS

The mean surface to volume ratios ( = shape coefficients) were computed for 

each of the lungs studied using Equ. 13, and are  given In Table XII. F ig . XXIII 

shows the mean shape coefficients plotted against %TV^. The values for shapes 

comparable to a lveo la r  shapes a re  shown by the horizontal broken lines;



112

SHAPE COEFFICIENTS

Controls

Animal % T V ^ Body w t.  
gms.

TC 2TS cm a TN x l S ^  0
TV cc  

0
Shape 
C oeff. ' 
da

6 3 /6 8 :2 17.46 482.1 3780 5 6 .2 2 .603 7 5 .2 1 2
6 3 /6 8 :3 2 8 .4 5 4 4 2 .5 4466 5 0 .4 5 3 .9453 4 .8 4 2
6 8 /6 8 :2 6 1 .4 3 4 4 7 .7 7735 57.1 8 .5050 4.821
6 9 /68 :1 4 5 .1 3 3 5 8 .2 5280 4 2 .3 6 .0 4 5 2 4 .5 6 6
7 0 /68 :1 4 5 .6 2 4 1 7 .5 5939 4 7 .2 7 .0143 4 .4 8 7
7 0 /6 8 :2 3 8 .0 7 3 7 2 .9 4920 3 8 .3 4 .9 9 5 6 4 .9 9 6
6 1 /6 8 :2 7 1 .5 6 7 3 7 .8 13686 7 7 .2 16.3257 4 .9 9 4
6 1 /6 8 :3 56 .6 6 4 3 0 .5 7014 61.1 8 .0260 4 .4 4 2

Hyperventilated for 5 mins.

6 3 /68 :1 6 2 .5 4 8 6 .2 6672 4 9 .4 7 .2 2 5 7 4 .8 6 4
11/69:1 7 2 .4 5 1 0 .0 8322 59.1 9 .1904 4 .8 7 0
1 1 /6 9 :2 4 8 .2 8 6 6 7 .8 8399 8 1 .3 10.1591 4 .1 3 4
1 1 /6 9 :4 4 8 .5 4 2 8 .0 4872 5 3 .4 5 .0984 4 .3 6 8

Hyperventilated for 10 mins.

68 /68 :1 2 4 .7 4 2 0 .0 2690 4 2 .3 2 .1385 4 .651
6 3 /6 8 :4 15.1 6 4 0 .2 3119 6 9 .6 1.8286 5 .0 7 0
6 9 /6 8 :2 4 6 .2 3 6 0 .0 4206 4 8 .7 3 .8 1 1 2 4.721
7 0 /6 8 :3 7 4 .5 4 7 2 .0 6904 5 5 .8 8 .401 2 4 .3 7 0

Hyperventilated for 15 mins.

5 9 /6 8 :2 2 0 .4 54 5 .0 3019 5 1 .7 2 .0808 4 .9 7 2
77 /68 :1 45.1 4 3 5 .0 3550 5 2 .4 3 .8 3 9 9 3 .8 6 9
6 1 /6 8 :4 6 9 .7 4 7 0 .0 5646 5 2 .2 6 .7 8 8 4 4 .2 1 5
1 1 /6 9 :3 8 7 .1 4 5 2 3 .5 7833 5 2 .8 10.8678 4 .2 5 7

TABLE XII
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No sfafîstîcal corrélation was found between the shape coeffic ien t and 

% T V ^; but there is a  tendency for the  shape coefficient to become less as the lung 

is in fla ted .

Hyperventilation tended to reduce the shape coeff ic ien t.

The overall mean va lue  was found to be 4 .7 5  ( 1 SD t  0 .2 1 ) ,  This

corresponds to a shape approximately equal to 5 /6  of a sphere.

LINEAR DIMENSIONS OF ALVEOLI AND ALVEOLAR DUCTS

The mean diameters of the a lveo la r  mouths and the a lveo la r  ducts a re  given 

in Table XIII. Fig. XXIV shows the  mean a lveo lar mouth diameters ^  1 S .D .  ond 

the  mean a lveo la r  duct diameters -  1 S .D . , a re  plotted against %  TV^, for each 

of the four ven tila tion  groups.

It Is c learly  seen tha t the mean a lveo lar duct diam eter increased with 

increase in lung infla tion; from 7 0 0 ^  a t  20 %TV^ up to 1000 ^  a t  70%TVj^. No 

statistical d ifference  was found between the four ventila tion  groups.

The mean a lveo lar mouth diam eter increased with increase in lung in fla tion , 

but the exact relationship was not satisfactorily  - found because of the w ide scatter 

of results.

H yperventila tion , cgused the mean a lveo la r  mouth diam eter to be less than 

in the  control lungs, but no d ifference  was found between the means for the  three 

hyperventilation groups.
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TABLE XIII -  MEAN ALVEOLAR MOUTH DIAMETERS AND MEAN
ALVEOLAR DUCT DIAMETERS

% T V ^
Mean 

A lv. Mouth Diam. 
± 1  S .D .

Mean 
A lv . Duct Diam. 

± 1  S .D .

V en t.
time
min.

17,46 133 ±  28 710 ±  52 0

28 .4 5 472 ±  34 710 ±  36 0

3 8 .0 7 280 ±  37 776 ±  47 0

4 5 .1 3 403 ±  46 782 ±  56 0

4 5 .6 2 461 ±  35 850 ±  48 0

5 6 .66 501 ±  56 918 ± 6 2 0

6 1 .4 3 4 5 7 ±  43 943 ±  45 0

7 1 .6 448 ±  31 1017 ± 5 1 0

7 5 .7 554 ±  49 1132 ±  67 1

14.21 92 ±  30 705 ±  43 5

4 8 .2 8 251 ±  32 838 ±  62 5

6 2 .5 299 ±  46 1004 ±  78 5

7 2 .4 348 ±  38 1001 ±  63 5

15.1 103 ±  42 649 ±  56 10

2 4 .7 132 ±  37 694 ±  70 10

4 6 .2 206 ±  42 767 ±  49 10

7 4 .5 303 ±  45 963 ±  58 10

2 0 .4 96 ±  28 659 ±  61 15

45.1 134 ±  36 744 ±  54 15

6 9 .7 291 ±  32 997 ±  57 15

87 .14 317 ±  57 1242 ±  76 15
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E L E C T R O N  M I C R O S C O P Y  O F  I N F L A T E D  A N D
C O L L A P S E D  L U N G S

It was not possible to use for electron microscopy lungs which had been 

rapidly frozen and fixed by freeze  substitution, since submicronic ice  crystal 

formation caused loss of much of the normal electron microscopic appearance  of 

in trace llu lar constituents* Perfusion fixation with buffered g lu teraldehyde gave  

exce llen t  preservation of in trace llu lar  o rganelles, as well as the  normal spatial 

ce llu la r  arrangement*

Observations ;

The various cell types making up the a lveo lar wall were c learly  defined 

(see Frontispiece and Plate XV). Abundant examples of the type 11 a lveo la r  

cell were seen a t  the corners of ad jacen t alveoli* Less frequently the type I 

a lveo lar  cell nucleus was seen with its cytoplasm extending over the a lveo lar  

surface* Alveolar macrophages were occasionally  seen floating free in the a lveoli 

or lying on the a lveo la r  surface, but separated from it by the cytoplasmic extensions 

of the  type I cell*

The inclusion bodies (cytosomes) of the  a lveo lar macrophage were similar 

to those within the  cytoplasm of the type 11 cells (see later)*

Large sheets of elostin were frequently seen in the a lveo lar wall* In 

most cases the eldstin formed a  cup around the type I I c e lls ,  possibly serving as 

a protective shield preventing excessive deformation of the cell during lung 

inflation*

No difference in the in tracellu lar  appearance  of the various a lveo la r  cells 

was seen between the inflated and collapsed lungs*

Position of the type II cell in the a lveo lar wall :

The type 11 cells were mostly seen to be tucked deep  into the wall o f  the 

alveolus* The cytoplasmic extensions o f  the type I cell abutted  against them*
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PLATE XV -  The a lveo lar wall of expanded guinea pig lung ( x 5,400) 
showing the cell types making up the a lveolar w all.

A

B

C

D

E

F

Type I A lveolar pneumonocyte

Type I I Alveolar pneumonocyte

Fibrocyte

W hite blood cell

Elostin fibres

Endothelium
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Plates X V la  -  d show the four most common positions that the type 11 cells 

occup ied . Plate X V la  shows the type 11 cell lying completely exposed on the 

a lveo la r  surface . This cell is identified by the fac t that there were no cytoplasmic 

extensions of the type I cell a t  the base of the type I I c e l l .  There appeared to 

be l i t t le  adhesion between the type I I cell and the underlying basement membrane. 

Plates XVI b and c show interm ediate  stages, where the type 11 cell is ha lf  

buried in the a lveo lar w a ll .  It can be seen tha t the microvilli extend over the 

whole exposed surface of these ce lls .  Plate XVI d shows a type 11 cell almost 

com pletely buried in the a lveo lar  w a ll ,  with only a small a rea  of microvilli 

exposed on the surface. It is noteworthy that the number o f inclusion bodies is 

g rea te r  the less exposed the c e l l .

It would seem to be possible th a t  the series of plates XVI a -  d not only 

represents the sta tic  spectrum of cell positions in the a lveo lar  w a l l ,  but also might 

be an illustration of a possible turnover route for these ce lls ,  from d through c & 

b to a .  This infers that as the cell ages the number of inclusion bodies diminishes.

Although many of the type 11 cells were examined carefu lly , no evidence 

was found to suggest tha t the  osmiophilic inclusion bodies discharge their contents 

onto the cell surface. Abundant p inocytotic  vescicles were seen on the surfaces 

of the type I, type II and cap illary  endothelial ce lls .  There was a  concentration 

of these vescicles a t the microvilli of the  type 11 cell suggesting tha t a c t iv e  

transfer of 'substances' occurs here .

Osmiophilic inclusion bodies in the type 11 cell :

These bodies were typical of the type 11 celK  Plate  X V I1 shows a  high 

power eIectronmicrogroph of two osmiophilic inclusions in a type 11 c e l l .  It 

can be seen that a double layer plasma membrane surrounds each inclusion body.

The substance within the inclusions was osmiophilic and is demonstrated to hove 

a  lamellar s tructure . The interval between lamella is about 50 -  100Â. This
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PLATE XVI -  Showing most common positions that the type I I cells occupy
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PLATE X V II  -  Lamellated osmiophilic inclusion bodies (LO I) in a type I I a lveolar  
pneumonocyte. Showing a double layer plasma membrane (PM) 
surrounding the inclusions and the abundant rough endoplasmic 
reticulum (REPR),

(magnification x 112,000)
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corresponds to the lamellar interval of lecithin (Bangham & Horne, 1964).

Abundant rough endoplasmic reticulum is also demonstrated.

A lveolar membrane :

Plates XVIII a & b show the a lveolar membrane in the collapsed and 

inflated lungs respectively . In both cases the cytoplasmic extension of the type 11 

cell is seen to be separated from the capillary  endothelial cell by a  thick band 

of in te rce llu lar substance. The junctional complexes between ad jacen t  cells a re  

c learly  seen . It can be seen that these are  tight bridges. It was observed in 

most of the sections examined from the inflated lungs that the junctional complex 

nearly  always ran a t  right angles to the surface membrane (Plate XIII b ) . Whereas 

in the collapsed lungs the a lveo lar cell type I junctional complexes were most 

often seen lying a t  a  tangent to the a lveo lar surface (Plate XVII la) .

No ev idence was found that the a lveo lar surface membrane folded when 

the lungs were co llapsed . In both the inflated lungs and the collapsed lungs the 

a lveo lar  membrane appeared as a smooth contour.

Osmiophilic electron dense material was occasionally  seen lying on the 

a lveo lar  surface (Plate XVIlb). The possibility that this material was a r t i fac t  

cannot be ruled ou t;  but it did not have the usual appearance  of a r t i fa c t .  It may 

possibly have been small collections of the staining material lead a c e ta te .

A ir-blood barrier:

The harmonic mean thickness of the a ir-b lood barrier was measured on 

20 e I ectronm i crog ra phs of inflated lungs and on 20 of collapsed lungs. A total 

number of 460 estimations were made of the barrier thickness on the inflated lungs 

and 540 on the collapsed lungs. The harmonic mean thickness was given by .

5 .  =h J_ J_ J_
D D D .................  Hmes
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w here: n was the total number of estimations, and 

D was the barrier thickness in X .

The mean harmonic thicknesses of the total a ir-b lood barrier as well as the 

individual barrier components a re  given below in X .

Total A lv . Epith. Intersitium Endothelium

Inflated 4000 665 1335 2000

Collapsed 6000 2000 1500 2500

It can be seen that the harmonic mean barrier thickness increased from

4000 to 6000X in the inflated and in the collapsed lungs respectively . It is also

noted that the re la tive  change was greatest in the a lveo la r  cell thickness between

the collapsed and the inflated states.

SUMMARY OF ELECTRON MICROSCOPIC OBSERVATIONS 
MADE IN THIS STUDY

1. No evidence  was found to suggest that the type 11 cell discharges its cytosomal 

contents onto the cell surface.

2 . The concentration of pinocytotic vescicles in the region of the microvilli o f the 

type 11 c e l l ,  suggests very ac tiv e  transfer of unknown substances a t  this s i te .

3 .  The lamellar interval of the osmiophilic inclusion bodies in the type 11 cell 

confirms the suggestion that lecith in  may be a constituent of the inclusions 

(page 16),

4 .  No surface corrugation of the a lveo lar membrane was seen .

5 .  The harmonic mean thickness of the air-b lood barrier is decreased when the 

lungs a re  in fla ted .

6 .  The thickness of the a lveolar cell (type I ) was reduced to a  g rea ter extent in 

the inflated lungs than was the  cap illa ry  endothelial c e l l .
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SUMMARY OF THE EFFECTS OF LUNG INFLATION

1. The a lveo lar volume fraction (V ^)  increases in the m id-inflation rang e , then 

decreases back to the va lue  for low lung volumes above 60%TV|^.

2 . The a lveolar duct volume fraction (V^) remains constant during lung infla tion .

3 . The ratio  of TV^ /T V ^  falls steadily  during lung inflation up to 60 %TV^^,  ̂

thereafter it remains constant.

4 .  TV^ increases during lung infla tion; but levels off above 80%TV^^.

5 .  TVy changes l it t le  until the lungs are  inflated to above 40 % T V ^; thereafter 

TVy increases steep ly .

6 .  During lung infla tion , TV^ increases proportionately more than TV^ up

4 0 %  TV, above which TV and TV , increase to the same ex ten t.
L a d

7 .  Total a lveo lar surface a rea  (TS^ ) increases during lung infla tion . The absolute 

values of TS^ depend on the body weight as well as the degree of lung in fla tion .

8 . The surface to volume ratio  of a lveoli is independent of the degree of lung 

infla tion .

9 .  The mean a lveo lar  duct d iam eter increases by about 40% when the lung is fully 

inflated from a near collapsed s ta te .

10. The mean a lveo lar mouth diam eter increases during lung infla tion .

SUMMARY OF THE EFFECTS OF HYPERVENTILATION

1. V^ decreases progressively with duration of hyperventila tion .

2 . Vy is not a ltered  by hyperventila tion.

3 .  TV^ is reduced by hyperventila tion .

4 .  TVj is not a ltered  by hyperventila tion .

5 . The ratio of T V ^/T V ^ decreases progressively with duration of hyperventila tion . 

Hyperventilation caused the TV^ to increase linearly with TV^ during lung 

infla tion .
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A B

Fig, XXV, A ,  The more common a lveo lar  shapes (after W eibe l,1963),
B , The possible effects o f lung inflation on a  spherical alveolus,

6 ,  TS^ was reduced afte r  hyperventila tion . The percentage reduction of TS^ 

increased with duration of hyperventilation and tended to be greatest a t  high . 

degrees of lung infla tion ,

7 ,  The a lveo lar shape coefficient tended to be reduced a fte r  hyperventila tion ,

8 ,  The mean a lveo lar  mouth diam eter was reduced by hyperventila tion ,

9 ,  The mean a lveo la r  duc t diam eter was not a ltered  by hyperventila tion .



121

%
DISCUSSION OF MORPHOMETRIC ANALYSIS

It has been shown in the present study that during lung inflation the  total

a lv eo la r  volume and the total a lveo lar surface area  increase. The increase was

greatest from the low to the m id-inflation  ranges. Above 80%TV|^ there  was

l i t t le  change in both TV and TS . The lack of a statistical correlation between
a a  ^

the  a lveo lar  surface to volume ratios and degree  of lung inflation indicates tha t 

during lung inflation there is l it t le  or no change in the basic shape of a lv e o li .

The increase in the mean a lveo lar mouth diameter during lung inflation 

need not a l te r  the basic a lveo lar shape. Fig. XXV shows the more common 

a lveo la r  shapes on the left (A), with the possible effects of lung inflation on the 

right (B), for a spherical a lveolus. It is evident from the evidence produced in 

the  present study that lower right (B), e ffect in Fig. XXV most nearly  represents 

the  effect of lung inflation on the a lveo lus; namely that a lveo lar volum e, surface 

a rea  and mouth diam eter increase.

It has been suggested (W eibel, 1963a) that any change in a lveo lar  surface 

a rea  during lung infla tion , might be due to unfolding of the a lveo lar surface membrane, 

Electronmicrographic ev idence  has been produced here indicating that the a lveo lar  

surface membrane is smooth a t  all degrees of lung inflation. This implies that it 

has inherant e la s t ic i ty . Although the appearance  of the junctional complexes .

(Plates XVIII a  & b )  suggests that there may be some degree of overlapping during 

collapse of the lung.

The increase in TV^ during lung inflation was greatest above 40 %  TV^, 

in contrast to TV^ . This indicates that in it ia lly  the forces which hove to be 

overcome during expansion o f  the alveolus are less than those of the a lveo la r  duct* 

Since the  a lveo lar duct has a loose envelope of smooth muscle fibres, it is possible 

that these may hold the a lveo lar  duct re la tive ly  stable in i t ia l ly .  This suggestion

may also account for the re la tive ly  small change in the mean a lveo lar mouth
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diam eter during lung inflation up to about 4 0 % T V ^ , since each a lveo lar mouth 

has a lip of smooth muscle fibres.

The initial proportionately greater increase in TS^ and TV^ during lung 

inflation could be accounted for by the presence of low surface forces in the 

a lveo li a t  low lung volumes. This has been suggested by others from the surfoqe 

tension properties of extracted lung material (see review of litera ture  section on 

page 8 et s e q .) .

The relationship between TN and body weight contrasts with the findings 

of others (W eibel, 1963a); but the highly significant statistical correlation found 

in this study suggests that TN is d irec tly  re la ted  to the body w eigh t. This 

suggests that TN^ may be  determined by the m etabolic  needs of the indiv idual; 

Functionally this would be more efficient than merely increasing the  mean sizej of 

the  a lv eo li .  The work done in overcoming the  surface forces of a  large number of 

small a lveoli would be less than that of a  slightly smaller number of large a lveoli 

provided that the surface tension is lower in small a lveoli than in large ones.

The increase in the harmonic mean thickness of the a ir-b lood  barrier as 

well as the increase in the a lveolar surface a rea  during lunginflation, would 

fac i l i ta te  the transfer of respiratory gases in the  lung. Since oxygen consumption 

is related to body w eigh t, it is perhaps not surprising that TS^ was found to be 

re la ted  to body w eight.

O nly  one other study has been made on the  effects of lung infla tion . 

Dunnill ( 1967) found that TS^ was re la ted  linearly to the ratio  of lung volume to 

lung w eigh t. He also showed that increases, and decreases linearly  with 

increase in the lung volume to weight ra t io .  Further useful comparison with this 

study would be very limited for the following reasons: the actual degree of

inflation was not measured, the  methods of fixation were en tirely  different from 

that of the present study, no correction was made for shrinkage due to processing
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and finally  the relationship between TS^ and body weight was not explored.

O ne  would perhaps want to corre la te  the findings presented in this study 

in guinea pig lungs to similar changes in human lungs. The anatomical differences 

between the  two were studied. Fig. XXVI shows the terminal unit of the guinea 

pig lung, drawn from 100^ thick serial lung sections, compared with that of th# 

human lung. The terminal unit of the  guinea pig lung differs from that of the t  

human lung in several respects.

1. The respiratory bronchioles a re  shorter re la tive  to the a lveo la r  ducts .

2 .  The a lveo lar  ducts are  re la tive ly  longer and only infrequently branch 

beyond the first division a t the respiratory bronchio le. t

3 .  There are fewer a lveo lar sacs per a lveo lar  d u c t.

4 .  The a lveo la r  ducts frequently extend right up to the  pleural surface.
■ t

Hyperventilation decreased V^ but not V y, and TV^ but not TV^, suggesting 

that the a lveo lar forces which have to be overcome during lung inflation were 

increased . The lack of effect on TV^ implies tha t tissue forces were largely 

unaltered following hyperventila tion . This suggests that there was a  change in 

a lveo lar  surface properties such that surface tension forces were increased . This 

is also suggested by the finding that TS^ was reduced a fte r  hyperventila tion .

In contrast to this however is the  finding that the mean a lveo la r  mouth 

d iam eter was decreased following hyperventila tion . This suggests that the smooth 

muscle ring around the a lveo lar opening may have increased its tone . If surfacq 

tension forces were increased in the a lveoli after hyperventila tion , then this would 

tend to extend any opening in the a lveo lar  w a ll .  However it is possible that the 

decreased a lveolar size after hyperventilation could by itself have caused the 

reduction in the  a lveo la r  mouth d iam eter. This implies that the  forces determining 

the  size of the  a lveo lar mouth, a c t  from within the  alveolus and not from the  a lveo lar 

d u c t .
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Fig. XXVI. Terminal lung units of human and guinea pig lungs.

GENERAL DISCUSSION

Evidence was presented in Port I of this study indicating that hyper

ven tila tion  caused a significant change in the surface tension properties of the 

guinea pig lung. These changes were shown to be rela ted  to  the  duration of 

hyperven tila tion .

The pressure-volume relationship was a ltered  a fte r  hyperventilation such 

that the lung tended to empty prem aturely. The stability  ratio of lung bubbles 

was decreased following hyperventila tion , causing them to reduce in size more 

rapidly than the controls. Both findings suggest that the  surface forces in the lung 

were increased.

The morphometric evidence presented in Part 11, indicates th a t  the main 

site  of the changes following hyperventilation is in the a lveo lus. The increase
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în TS^ during lung inflation meets the basic requirement of the theory of action 

of pulmonary surfactant: namely that surface tension in the lungs is dependen t 

on surface a re a .  At low lung volumes with reduced surface a re a ,  the surface 

tension would be low, thereby tending to maintain the s tab ility  of the a lv eo lu s•

After hyperventilation the a lveo li were less expanded , and the surface 

a rea  less than in the controls, indicating that there were increased surface forces, 

since the pressure used to in fla te  the lungs was equivalent in all anim als.

The physical effect of hyperventilation on pulmonary surfactant and thç way 

by which it causes an a ltera tion  to the surface tension properties, is not knowp.

It is apparent that hyperventilation in some way degrades pulmonary surfactant 

and that this reduction in surface a c tiv i ty  produces instability of the a lveo li  With 

a tendency to a te lec ta s is .  /

Future W ork:

More work is needed before the origins of pulmonary surfactant can be 

defin ed , and before its true functional significance can be iden tified . O ne  would 

like to explore further the relationship between the total number and surface area  

of a lv e o li ,  and body w eigh t. L ittle mention has been made of the  other side 

of the co in , -  the cap illa ry  system in the lungs. The change in cap illary  blood 

volume during lung infla tion , the  factors controlling the distribution o f  blood flow, 

and even more bas ica lly , the direction of flow a t  the a lveo lar leve l,  a ll need 

careful investigation.

Lastly, one hopes tha t  by defining the factors which affect pulmonary 

surfactan t, the time may be brought nearer when the many pathological conditions 

associated with its depletion can be successfully t rea ted .
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.......................& T i e r n e y , D . P . , ( 1 9 6 5 ) .  A l v e o l a r  s t a b i l i t y  a s s o c i a t e d  w i t h
a l t e r e d  s u r f a c e  t e n s i o n .  I n  ’ H a n d b o o k  o f  R e s p i r a t i o n ’ s e c t i o n 3 ,  
R e s p i r a t i o n ,  v o l . I I ,  c h . 6 9 : 1 5 6 5 - 1 5 8 3 .  A m . P h y s i o l . S o c . ( W a s h . )

.......................T i e r n e y , D . F . ,& T r a h a n , H . J . , ( 1 9 6 3 ) .  I n f l u e n c e  o f  k i n e t i c
b e h a v i o u r  o f  s u r f a c e  f i l m s  o n  p u l m o n a r y  e l a s t i c i t y .

P h y s i o l o g i s t . 6 : 1 5 9 .

 . . . . . &  T r a h a n , H . J . , ( 1 9 6 3 ) .  T h e  e f f e c t  o f  t e m p e r a t u r e  o n  p r e s s u r e -
v o l u m e  c h a r a c t e r i s t i c s  o f  r a t  l u n g .  F e d . P r o c . . 2 2 : 2 1 8 .

C o h e n , M . M . , W e i n t r a u b , D . H . ,& L i l i e n f i e l d , A . M . , ( I 96O ) .  T h e  r e l a t i o n s h i p  
o f  p u l m o n a r y  h y a l i n e  m e m b r a n e  t o  c e r t a i n  f a c t o r s  i n  p r e g n a c y  
a n d  d e l i v e r y .  P e d i a t r i c s . 2 6 : 4 2 - 5 0 .

C o l l e t , A . , B a s s e t , F . , & c  N o r m a n d - R e u e t , C . , ( 1 9 6 7 ) .  E t u d e  a u  m i c r o s c o p e  
é l e c t r o n i q u e  d u  p o u m o n  h u m a i n  n o r m a l  e t  p a t h o l o g i q u e .

P o u m o n  C o e u r . 2 3 : 7 4 7 - 7 8 5 #

C o l l i e r , C . R . , ( 1 9 6 3 ) .  P u l m o n a r y  s u r f a c e  a c t i v i t y  i n  o x y g e n  p o i s o n i n g .
F e d . P r o c . . 2 2 : 3 3 9 .
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C o o k , C . D . , D r i n k e r , P . A . , J a c o b s o n , H . N . , L e v i s o n , H . ,&  S t r a n g , L . B . , ( 1 9 6 3 ) .
C o n t r o l  o f  p u l m o n a r y  b l o o d  f l o w  i n  t h e  f o e t a l  a n d  n e w l y  b o r n  
l a m b .  J . P h y s i o l . ( L ) . . 1 6 9 : 1 0 - 2 9 .

C r a i g , J . , F e n t o n , K . ,& G i t l i n , D . , ( 1 9 5 8 ) .  O b s t r u c t i v e  f a c t o r s  i n  t h e  
p u l m o n a r y  h y a l i n e  m e m b r a n e  s y n d r o m e  i n  a s p h y x i a  o f  t h e  
n e w b o r n  i n f a n t .  P e d i a t r i c s . 2 2 : 8 4 7 - 8 5 6 .

C u r r y , C . P . , & N i c k e r s o n , M . , ( 1 9 5 2 ) .  C o n t r o l  o f  p u l m o n a r y  o e d e m a  w i t h  
s i l i c o n e  a e r o s o l s .  J . P h a r m . . 1 0 6 ; 3 7 9 - 3 8 5 .

D e l e s s e , M . A . , ( 1 8 4 7 ) .  P r o c é d é  m e c h a n i q u e  p o u r  d e t e r m i n e r  l a  c o m p o s i t i o n  
d e s  r o c h e s .  C . R . A c a d . S c i . ( P a r i s ) « 2 5 : 5 4 4 - 5 4 5 .

D o d r i l l , F . D . , ( 1 9 5 8 ) .  T h e  e f f e c t s  o f  t o t a l  b o d y  p e r f u s i o n  o n  t h e  l u n g s .
I n  • E x t r a c o r p o r e a l  C i r c u l a t i o n . *  p p  3 2 7 - 3 3 5 .  E d . G . A l l e n .

( S p r i n g f i e l d , 1 1 1 . )

D r e s s i e n s , J . , D u p o n t , A . , & c  D é m a i l l é , A . , ( 1 9 5 9 ) .  T h e  u l t r a s t r u c t u r e  o f  t h e  
r a t  l u n g  e x a m i n e d  b y  t h e  e l e c t r o n  m i c r o s c o p e .

C . R . S o c . B i o l . ( P a r i s ) . 1 5 3 : 6 1 1 - 6 1 3 .

D u n n i l l , M . S . , ( 1 9 6 7 ) .  E f f e c t  o f  l u n g  i n f l a t i o n  o n  a l v e o l a r  s u r f a c e  a r e a  
i n  t h e  d o g .  N a t u r e . ( L ) . 2 1 4 : 1 0 1 3 - 1 0 1 4 .

E c a n o w , B . , B a l a g o t , R . C . ,& S a n t e l i c e s , V . , ( 1 9 6 7 ) .  P o s s i b l e  r o l e  o f  a l v e o l a r  
s u r f a c t a n t  i n  t h e  u p t a k e  o f  i n h a l e d  g a s e s .  N a t u r e . ( L ) . 2 1 5 ;

1 4 0 0 - 1 4 0 2 .

E d m u n d s , L . H . ,& H u b e r , G . L . , ( 1 9 6 7 ) .  P u l m o n a r y  a r t e r y  o c c l u s i o n  I .  V o l u m e -  
p r e s s u r e  r e l a t i o n s h i p s  a n d  a l v e o l a r  b u b b l e  s t a b i l i t y .

J . a p p l . P h y s i o l . . 2 2 : 9 9 0 - 1 0 0 1 .

E n g e l , S . , ( 1 9 6 2 ) .  * L u n g  s t r u c t u r e . * P u b . C . C . T h o m a s ,  S p r i n g f i e l d , 1 1 1 .

E p s t e i n , P . S . ,& P l e s s e t , M . S . , ( 1 9 5 0 ) .  On t h e  s t a b i l i t y  o f  g a s  b u b b l e s  
i n  l i q u i d  g a s  s o l u t i o n s .  J . C h e m . P h y s . . 1 8 : 1 5 0 5 - 1 5 1 1 .

F a r b e r , S . , ( 1 9 3 7 ) .  S t u d i e s  o n  p u l m o n a r y  o e d e m a  I .  C o n s e q u e n c e s  o f  
b i - l a t e r a l  c e r v i c a l  v a g o t o m y  i n  t h e  r a b b i t .

J . B p t l . M e d . . 6 6 : 3 9 7 - 4 0 4 .

F a r i d y , E . E . , P e r m u t t , S . ,& R i l e y , R . L . , ( 1 9 6 6 ) .  E f f e c t  o f  v e n t i l a t i o n  o n  
s u r f a c e  f o r c e s  i n  e x c i s e d  d o g *  s  l u n g s .

J . a p p l . P h y s i o l . , 2 1 : 1 4 5 3 - 1 4 6 2 .

F i n l e y , T . N . , T o o l e y , W . H . , S w e n s o n , E . W . , G a r d n e r , R . E .  ,& C l e m e n t s , J . A . , ( 1 9 6 4 ) .  
P u l m o n a r y  s u r f a c e  t e n s i o n  i n  e x p e r i m e n t a l  a t e l e c t a s i s .

. A m . R e v . R e s p . D i s . , 8 9 : 3 7 2 - 3 7 8 .
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F i n l e y , G U N . , S w e n s o n , E . W .  , C l e m e n t s , J . A . , G a r d n e r , R . E .  , W r i g h t , R . R . ,
& S e v e r i n g h a u s , J . W . , ( i 9 6 0 ) .  C h a n g e s  i n  m e c h a n i c a l  
p r o p e r t i e s ,  a p p e a r a n c e  a n d  s u r f a c e  a c t i v i t y  o f  e x t r a c t s  o f  
o n e  l u n g  f o l l o w i n g  o c c l u s i o n  o f  i t s  p u l m o n a r y  a r t e r y , i n  t h e  
d o g .  P h y s i o l o g i s t . 3 ; 5 6 . ( a b s t r .  )

F o x , F . E . , &  H e r z f e l d , K . P . , ( 1 9 5 4 ) .  G a s  b u b b l e s  w i t h  o r g a n i c  s k i n  a s  
c a v i t a t i o n  n u c l e i i .  J . a c o u s t . S o c . A m . . 2 6 : 9 8 4 - 9 9 1 .

P u k a w a , H . , M a r t i n , C . J . , Y o u n g , A . C . ,& K a t s u r a , S . , ( 1 9 6 8 ) .  M e c h a n i c a l
p r o p e r t i e s  o f  a l v e o l a r  w a l l s .  J . a p p l . P h y s i o l . . 2 5 : 6 8 9 - 6 9 3 .

P u j i w a r a , T . , ( 196 5 ) .  S u r f a c e  t e n s i o n  o f  t h e  l u n g s  a n d  b i o c h e m i c a l  
f i n d i n g s  o f  s u r f a c e  a c t i v e  s u b s t a n c e s  o f  t h e  l u n g .

A c t a . P e d i a t . J a p . . 6 9 : 1 9 3 - 1 9 9 .

....................... k A d a m s , F . H . , ( 1 9 6 4 ) .  I s o l a t i o n  a n d  a s s a y  o f  s u r f a c e  a c t i v e
p h o s p h o l i p i d  c o m p o n e n t s  o f  l u n g  e x t r a c t s  b y  t h i n - l a y e r  
c h r o m a t o g r a p h y .  T o h o k u  J . E x p t l . M e d . . 8 4 : 4 6 - 5 4 .

....................... A d a m s , F . H . ,&  S e t o , K . , ( I 9 6 4 ) .  L i p i d s  a n d  s u r f a c e  t e n s i o n  o f
e x t r a c t s  o f  n o r m a l  a n d  o x y g e n  t r e a t e d  g u i n e a  p i g  l u n g s .

J . P e d i a t . . 6 5 : 4 5 - 5 2 .

G a l d s t o n , M . ,& S h a h , D . G . , ( I 9 6 7 ) .  S u r f a c e  p r o p e r t i e s  a n d  h y s t e r e s i s  o f  
d i p a l r a i t o y l  l e c i t h i n  i n  r e l a t i o n  t o  t h e  a l v e o l a r  l i n i n g r  
l a y e r .  B i o c h i m . B i o p h y d . A c t a . . 1 3 7 ; 2 5 5 - 2 6 3 .

G a s i c , G . , &  - B e r w i c k , ! . , ( 1963 ) •  H a l e  s t a i n i n g  f o r  s i a l i c  a c i d  c o n t a i n i n g  
m u c i n s .  A d a p t a t i o n  t o  e l e c t r o n  m i c r o s c o p y .

J . C e l l . B i o l . . 1 9 : 2 2 3 - 2 2 8

G i a m m o n a , S . T . , M e n d e l b a u m , I . , F o y , J . ,& B o n d u r a n t , S . , ( 1 96 6 ) .  E f f e c t s  o f  
p u l m o n a r y  a r t e r y  l i g a t i o n  o n  p u l m o n a r y  s u r f a c t a n t  a n d  
p r e s s u r e - v o l u m e  c h a r a c t e r i s t i c s  o f  d o g  l u n g s .

G i r o . R e s . . 1 8 : 6 8 3 - 6 9 1 .

.......................W a l d h a u s e n , J . A . ,& D a l y , W . J . , ( 1 9 6 4 ) .  E f f e c t  o f  l u n g  a u t o 
t r a n s p l a n t a t i o n ,  h o m o - t r a n s p l a n t a t i o n  a n d  d e n e r v a t i o n  o n  
p u l m o n a r y  s u r f a c t a n t , s t a b i l i t y  a n d  p u l m o n a r y  f u n c t i o n  
o f  d o g s .  J . P e d i a t . . 6 5 : 1 0 9 1 - 1 1 0 1 .

D e  G i e r , J . , &  v a n  D e e n e n , L . L . M . , ( 1 964 ) .  A d i e t a r y  i n v e s t i g a t i o n  o n  t h e  
v a r i a t i o n  i n  p h o s p h o l i p i d  c h a r a c t e r i s t i c s  o f  r e d  c e l l  
m e m b r a n e s .  B i o c h i m . B i o p h y s . A c t a . . 8 4 : 2 9 4 - 3 0 2 .

G l a g o l e f f ,4 .A . , ( 1 9 3 3 )  • On t h e  g e o m e t r i c a l  m e t h o d s  o f  q u a n t i t a t i v e
m i n é r a l o g i e  a n a l y s i s  o f  r o c k s . T r a n s . I n s t . E c o n . M i n . M o s k a u . p  5 9 .

G l a z i e r , J . B . , H u g h e s , J . M . , M a l o n e y , J . E . , P a i n , M . C . F . ,&  W e s t , J . B . , ( 1 9 6 7 ) .  
V e r t i c a l  g r a d i e n t  o f  a l v e o l a r  s i z e  i n  t h e  l u n g s  o f  d o g s  
f r o z e n  i n t a c t .  J . a p p l . P h y s i o l . . 2 3 : 6 9 4 - 7 0 5 .
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G i t l i n , D . ,&  C r a i g , J . , ( 1 9 5 6 ) .  N a t u r e  o f  t h e  h y a l i n e  m e m b r a n e  i n  a s p h y x i a  

o f  t h e  n e w b o r n  i n f a n t .  P e d i a t r i c s . . 1 7 : 6 4 - 7 1 .

G r e e n f i e l d , L . J . , E b e r t , P . A . ,& B e n s o n , D . W . , ( 1 9 6 4 ) .  E f f e c t  o f  p o s i t i v e  
p r e s s u r e  v e n t i l a t i o n  o n  s u r f a c e  t e n s i o n  p r o p e r t i e s  o f  l u n g  
e x t r a c t s .  A n e a s t h e s i o l o g y . . 2 5 : 3 1 2 - 3 1 6 .

G r o n i o w s k i , J . ,& B i c z y s k o w a , W . , ( I 9 6 4 ) .  S t r u c t u r e  o f  t h e  a l v e o l a r  l i n i n g  
f i l m  o f  t h e  l u n g s .  N a t u r e . ( L ) . . 2 0 4 : 7 4 5 - 7 4 7 .

D e  G r o o d t , M . , L a g a s s e , A . , S e b r u y n s , M . , ( 1 9 5 8 ) .  F i n e  s t r u c t u r e  o f  t h e  
a l v e o l a r  w a l l  o f  t h e  l u n g .  N a t u r e . ( L ) . . 1 8 1 : 1 0 6 6 - 1 0 6 7 .

G r u e n w a l d , P . , ( 1 9 4 7 ) .  S u r f a c e  t e n s i o n  a s  a  f a c t o r  i n  t h e  r e s i s t a n c e  o f  
n e o n a t a l  l u n g s  t o  a e r a t i o n .  A m . J . O b s t . G y n e c . , 5 3 : 9 9 6 - 1 0 0 7 .

....................... ( 1 9 6 3 ) .  A n u m e r i c a l  i n d e x  o f  t h e  s t a b i l i t y  o f  l u n g  e x p a n s i o n .
1 J . a p p l . P h y s i o l . . 1 8 : 6 6 5 - 6 6 7 . i

...................... ( 1 9 6 4 ) .  P u l m o n a r y  s u r f a c e  f o r c e s  a s  a f f e c t e d  b y  t e m p e r a t u r e .
A r c h . P a t h o l . ( C h i c a g o ) . . 7 7 : 5 6 8 - 5 7 4 .

H a c k n e y , J . D . , B i l s , R . F . , T a k a h a s h i , Y . , R o u n d s , D . E . ,&  C o l l i e r , C . R . , ( 1 9 6 7 ) .
O r g a n o t y p i c  c u l t u r e  o f  m a m m a l i a n  l u n g :  s t u d i e s  o n  m o r p h o l o g y ,  
u l t r a s t r u c t u r e  a n d  s u r f a c t a n t .  A m . R e v . R e s p . D i s . . 9 5 : 8 7 1 - 8 7 2 .

...................... C o l l i e r , C . R . ,& R o u n d s , D . E . , ( 1 9 6 5 ) .  A u t o f l u o r e s c e n c e  a n d
f l u o r o c h r o m e  s t i n i n g  o f  t h e  a l v e o l a r  l i n i n g .

M e d . T h o r a c . . 2 2 : 7 7 - 8 8 .

...................... R o u n d s , D . E . , & c  S c h o e n , A . W . , ( I 9 6 3 ) • O b s e r v a t i o n  o f  a  l i p i d
l i n i n g  i n  m a m m a l i a n  l u n g .  F e d . P r o c . . 2 2 : 3 3 9 .

H a l e s , R e v . S . , ( 1 7 3 1 ) .  ' V e g e t a b l e  S t a t i c k s * ;  a n a l y s i s  o f  a i r .  p 2 4 0  e t  s e q .

H a l m a g y i , D , F . J . ,& C o l e b a t c h , M . J . H . , ( 1 9 6 1 ) .  C a r d i o - r e s p i r a t o r y  e f f e c t s  
o f  e x p e r i m e n t a l  l u n g  e m b o l i s m .  J . C l i n . I n v e s t . . 4 0 : 1 7 8 5 - 1 7 9 6 .

H a m i l t o n , W . K . , ( 1 9 6 1 ) .  A t e l e c t a s i s , p n e u m o t h o r a x  a n d  a s p i r a t i o n  a s  p o s t 
o p e r a t i v e  c o m p l i c a t i o n s .  A n a e s t h e s i o l o g y . . 2 2 : 7 0 8 - 7 2 2 .

H a r l a n , W . R * , S a i d , S . I . , S p i e r s , C . L . , B a n e r j e e , C . M . ,&  A v e r y , M . E . , ( 1 9 6 4 ) .  
S y n t h e s i s  o f  p u l m o n a r y  p h o s p h o l i p i d s .  C l i n . R e s . . 1 2 : 2 9 1 .

H a r r i s o n , G . A . , & W e i b e l , J . , ( 1 9 6 9 ) .  T h e  m e m b r a n o u s  c o m p o n e n t  o f  a l v e o l a r  
e x u d a t e .  J . U l t r a s t r u c . R e s . . 2 4 : 3 3 4 - 3 4 2 .

H a y e k , H . v o n , ( 1 9 5 3 ) .  ' D i e  m e n s c h l i c h e  L u n g e . *  B e r l i n : S p r i g e r .

 ............. ( i 9 6 0 ) . *  T h e  H u m a n  L u n g . * t r a n s l a t e d  b y  V . E . K r a h l .  H a f n e r , N . Y .
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H a y e s , T . L . , L i n d g r e n , P , T # ,& G o f f m a n , J . W . , ( 1 9 6 3 )  • A q u a n t i t a t i v e  
d e t e r m i n a t i o n  o f  t h e  o s m i u m  t e t r o x i d e - l i p o p r o t e i n  
i n t e r a c t i o n .  J . C e l l . B i o l . , 1 9 : 2 5 1 - 2 5 5 .

H e n n i g , A . v o n , ( 1 9 5 6 ) .  I n h a l t  e i n e r  a u s  P a p i l l e n  o d e r  g o t t e n  g e b i l d e t e n  
F l a c h e .  M i k r o s k o p i e . . 1 1 : 2 0 6 - 2 1 3 .

...................... ( 1 9 5 9 ) .  K r i t i s c h e  B e t r a c h t u n g e n  z u r  V o l u m e n - u n d  .
O b e r f l a c h e n m e s s u n g  i n  d e r  M i k r o s K o p i e .  Z e i s s  W e r k * s c h r i f t . , 3 0 :

I 7 8 - 8 6 .

...................... & M e y e r - A r e n d t , J . R . , ( 1 9 6 3 ) .  M i c r o s c o p i c  v o l u m e  d e t e r m i n a t i o n
a n d  p r o b a b i l i t y .  L a b . I n v e s t . . 1 2 ( 4 ) : 4 6 0 - 4 6 4 .

H e r s , J . F . , M u l d e r , J . , M a s u r e l , N . , K u i p , V . L . , &  T y r r e l l , D . A . , ( 1 9 6 2 ) .  s t u d i e s  
o n  t h e  p a t h o g e n e s i s  o f  i n f l u e n z a  v i r u s  p n e u m o n i a  i n  m i c e .

J . P a t h o l . B a c t e r i d .  . 8 3 : 2 0 7 - 2 1 7 .

H i l d , R . v o n , &  B r u c k n e r , G . , ( 1 9 5 6 ) .  D a s  D r u c k - V o l u m e n - D i a g r a m m  d e r  .
D r u c h b l u t e t e n  M e e r s c h w e i n c h e n l u n g e .  Z * s c h r . B i o l . . 1 0 8 ; 2 5 0 - 2 5 6 .

H o b e r , R . , ( 1 9 4 5 ) .  I n  ' T h e  P h y s i c a l  C h e m i s t r y  o f  C e l l s  a n d  T i s s u e s ' .  p 2 0 0

H o l a d a y , D . A . ,& I s r a e l , J . , ( 1 9 5 5 ) .  A l t e r a t i o n  o f  t h e  w o r k  o f  r e s p i r a t i o n  
d u r i n g  a n a e s t h e s i a .  F e d . P r o c . , 1 4 : 7 4 .

H o w a t t , W . F . , H u m p h r e y s , P . W . , N o r m a n d , I . C . S . ,&  S t r a n g , L . B . , ( 1 9 6 5 ) .
V e n t i l a t i o n  o f  l i q u i d  b y  t h e  f o e t a l  l a m b  d u r i n g  a s p h y x i a .
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f u n c t i o n a l  r e s i d u a l  c a p a c i t y  o f  l u n g s  i n  c a t s ,  a n d  
m e a s u r e m e n t  o f  r e s i s t a n c e  t o  b r e a t h i n g .
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O k a d a , Y . , I s h i k o , S . , D a i d o , S . , K i m , J . ,&  I k e d a , S . , ( 1 9 6 2 a ) .  C o m p a r a t i v e  
m o r p h o l o g y  o f  t h e  l u n g  w i t h  s p e c i a l  r e f e r e n c e  t o  t h e  
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l a y e r .  P r o c , R o y . S o c . B r i t . ( S e r . B ) . . 1 4 8 : 2 1 7 - 2 4 0 .
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P f i s t e r , A . , ? a b r e , J . , L o u b i e r e , R . ,& V i o l e t t e , G . , ( 1 9 6 4 ) .  E x p e r i m e n t a l  
l e s i o n s  s h o w n  b y  W i s t e r  r a t s  s u b j e c t e d  f o r  2 - 3  d a y s  t o  
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( 1 9 6 5 ) .  S u r f a c e  p r o p e r t i e s  o f  s a l i n e  e x t r a c t s  f r o m  l u n g s  o f  
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A P P E N D I X  1

STAINING METHODS

HAEMALUM & EOSIN

1. Bring section to x y l o l ....................................................5 m
2. Transfer to m eth. s p i r i t ...............................................   3 m
3 . J  50% a lc o h o l .......................................   .3 m
4 .  w a t e r .................................................   5 m
5. haemalum....................................................... 3 m
6 . w a te r ........................   . 5 m
7 . e o s in  1 m
8. Rinse in w a t e r ...................................................... . . . . . 1 m
9 . C lear in m eth. spirits ................................................... 1 m

10. Transfer to obs. alcohol  ...................................   1 m
11 • corbol .X y lo l ...................................     1 m
12. Xylol ............................................................. 2 m
13. Mount in Canada Balsum .................................... .. .

PERIODIC ACID-SCHIFF (PAS)

1. Bring sections to w ater .
2 . Rinse in 70% e th an o l .
3 .  Immerse in periodic ac id  so lu t io n ............................. 5 min
4 .  Rinse in 70% ethano l.
5 . Immerse in reducing b o th ...............................................1 min
6 .  Rinse in 70% e thano l.
7 .  Immerse in Schiff s o lu t io n .........................................20 min
8 . Wash in running w a t e r    10 min
9 . Stain lightly  with celestian  b lu e ............................  2 min

followed by M ayer's h a e m a lu m  2-3  min
10. D ifferentia te  in 1% ac id  e thano l.
11. Wash in running w a t e r ............................................... 30 min
12. Counter stain with O ra n g e  G ................................10 sec
13. Wash in water until the sections a re  pale

yel lo w ................................................................ about 30 sec
14. Dehydrate through the a lcoho ls , c lear  in xylol 

and mount in DPX.



G O R D O N  & SWEET'S METHOD FOR RETICULIN

1 • Bring sections to w ater.
2 .  Oxidise in acid ified  p erm angana te .............. ....... 5 min
3 .  Wash well in w a ter .
4 .  Bleach until white in 1% oxalic  a c id .
5 .  Wash in running w ater.
6 .  Mordant in 2 .5 %  aqueous iron a lu m ................ .. 20 min
7 . Wash in d istilled  w ater.
8 .  Impregnate in diamine silver h y d ro x id e   1 min
9 . Wash in d istilled  w ater.

10. Reduce in 10% formalin.
11. Wash in d istilled  w ater.
12. Tone in 0 .2 %  gold chloride   3 min
13. Wash in d istilled  w ater.
14. Fix in 5% sodium th iosu lpho te ..................................  5 min
15. Wash in w a te r ,  dehydra te , c lear and mount in

Canada Balsum.

BAKER'S ACID HAEMATIN METHOD

1. Cut frozen sections and mordant in dichrom ate-caloium  for
one hour a t  60^C .

2 . Wash in distilled  w ater.
3 .  Transfer to acid  haematin for five hours a t  37^C .
4 .  Rinse in d istilled  w ater.
5 .  Transfer to borax-ferricyanide solution for e ighteen  hours 

qf 37° C .
6 .  Wash in w ater .
7 .  Mount in g lycerine  je lly .

PHOSPHOMOLYBDIC ACID METHOD (LANDING)

1. Dry section thoroughly in a i r .
2 . Dip into 5 0 /5 0  o ce to n e-e th e r .
3 .  Transfer to 1% phosphomolibdic ac id  in 5 0 /5 0  ethanol-chloroform 

for 15 min.
4 .  Rinse in ethanol-chloroform , then in chloroform and dry .
5 .  Dip into 1% aqueous stannous chloride In 3 - N  HC1.



6 .  Wash în w ater .
7 .  Counter stain with 1% aqueous eosin.
8 .  D ehydrate , c lear and mount in Canada Balsum.

FLUORESCENCE METHODS

1. Cut frozen sections.
2 .  Stain sections for 3 min. in 0 .1 %  aqueous Phosphine 3R 

(or aqueous Rhodomine B).
3 .  Rinse in w ater 10 sec .
4* Mount in 90% g lyce r in e .
5 .  Examine immediately with an u ltra -v io le t  m icroscope.

\


