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ABSTRACT ;

~ A

-

£

“Interaction of bronchographic égents with lung

3

. | ] -
surfaptant was investigated to determine if the signs

) . .
- and symptoms of atelectasis known to Hevelop in patients
w

pos%\br nchogram within minutes of the.dntroduction of

-’

the contrast material were due to interference of these

»

agents with the €urfactant.

[

Two ‘indirect methods  were used: a) Surface tfay

experiments with extracts of lung surfactant, and b) an v
H Rl

investigation of pressure-volume characteristics of ex-

. .
cised ‘¥abbit lungs before and after bronchography.

»

For the surface tray experiments, a system of

reference had to be developed. Propertiles of films from

lung lavage, from fractionated foam, and finally from

- synthetic¢ dipalmitoyl] phosphatid?ﬁ choline (DRPG) were

~ studied at the air-liquid interface. The minimum surface

tensions of lung surfac;ént films were found to be de- "

pendent -on cycling, speed and temperature. At 37°C,

minimum surface tensions below 5 mN/m could be produced.

only by increasing the.speed closer to physioloéicdl P

'frequencies, e.g. 8 cycles/minute. Results from fraetio-

nated surfactant foam .were more consistent than the ones

"

from fluid from lung laéage.




~likely due to saturated PC.

L
v

3

-

" Experiments with mixtures of synthetic DPPC and <

unsaturated phosphatldyl cholines demonstnated that- the
. . :

ratio of saturated to unsaturated Pc‘determlned the

minimum surface tension for a.given cycling speed ‘and

temperature. * : o~
. % 1 .
e Sl : : .

<
Hystere51s loops of 1ung surfactant show a,plateau

between 22 and 25 mN/m. Plateaux could be reproduced by

mixed films from synthetic DPPC and other phospholipids
-

(unsaturated ﬁc,or saturated PG) . The plateau level of

mixed films was dependent on the Mixing ratio. The blgger

the ratio of DPPC to unsaturated PC.. or PG (sat r ted),

the lower were the plateau level and thé minimum

tension. ‘ ¢ !

~ -

The conclusion was that surfactant platea

. ¥ R
due to separation of components and squeezing out of
cules other than saturated PC. Minimum surface tensions

of lung surfactant films below the plateau level are ver

» : ) ?

.. The broﬁEBographic agents Dionosil Dily and Aqueo s,
Hytrast and tantalum powder were investigated for their *
interaetion with lung surfactant. The effects of particles
and of peanut oil, the suspension medium in Dionosil Oily,
were_studied.separately. If particles or peanut oil were -

added to surfactant or DPPC films, the surface properties

were altered. Particles or peanut oil prevent the surface

iv



ten51on from reachlng relaflvely low values. The range

from neat zero surface tensxon up to the plateau level e
. N\ @

(22 - 25 mN/m) wasy the most affecte , \ .

- . A ".
- . . D10n051l Oily and peanut oil entered the alveoll

readily. Microatelectasiﬁ'in sections of the lung was
related to .the pregence of Dionosil 0Oily or peanut oil..

Characteristics of pressure-volume diagrams of excised

»

lungs were siénificantly altéered by Dionosil 0ily or

Y

/4
eanut oil. . \ '
P ; o

Dionosil Aqueous, Hytrast and tantalum powder could

- v
~

generally not .be found in histological sections. HOw r,

‘Dionosil Agueous and Hwkrast seemed to obstruct the air-

ways. " " \ |

The final conclusion is that Dionosil Oily reduces
the surface activity of lung surfactant in situ. Therel
is strohg evidence that tte suspension medium, peanut oil,
is responSLble for the interaction w1th surfactant al-

/
though an effect of partlcles cannot be excluded

-
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! . PREFACE

- ) The objective of this thesis is to de}ermine
the eﬁfect"of various bronchographic agents on lung

surfactant. e
*‘; ﬁjf'ff‘ In the first part, films of lung alveolar .sur-

factant and related synthetic phospholipids are studied.
, ~ ’ ; d

’ The'influénééloﬁ pycling séeed and temperature on
Y - . 1 : :

hYsteresis loops and the hy$tefesis effect itself are

e

investigated,, Various methods of preparation of the
® ) .

* -

"extracted surfaétant and its~composition are discussed. A\y/

-
o [4

+ In part two, interaction$\éf lung alveolar sur-

factant and contrast media used in)byopchography, are

studied. The influence of the contrast media was

examjined by surface tray experiments and by pressure-

-~

volume tests on excised fabbit“lunés. Finally, the

relationship of the two approaches are compared.

¢ : '
. s . . . ) ¢
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1.UNG ALVEOLAR SURFACTANT - HISTORICAL'@ACKGROUND .

9
5 4

1.1 Terminology . o . a

We have adopted the terminologj used in Scarpelli's

book: "The Surfactanﬁ System. of the Lung (1968) .

.
» 3

The alveolar lining layer is .an acellulaf lining 1layer

and covers the gurface of the epitheiiji cells of the ~

alveoli as a continuous film. The maje part of the lining
layer is some 5”tQ 20 nm thlck but 1t can reaach 1 to '3 gm
where deep qleffs m:st be smoothed ocut or where a macro-
N
phagé is present. 'The upﬁermost part, fac1ng the alr, is
- about 2 to 3 n; th&ckaand is called the_surface film of

* ’

the lining 1ayer (Weibel, 1970/1971, p. 56). The surface.,’

¢ ~

film consists of surface actlve molecules (surfactants)
— ‘ . . =
—— » N N - ; ~ -‘.

Thé'hypophaseuis\;he ”bulk" phase- of the 1iningalayer

. _ \ . .
below the surface film. - :

The surfactant system of the lung consists of the chemical

. v | -
constituents of the lining layer.

3
'

<

%he.surfactant isg usealsyﬁonymousiy with "the surfactant
eystem of the lung". . .

£

+

[



'~ expanded films -showed variable surface tension with the

e

1.2 Physiology

- ¢ ‘
In 1929, Karl von Neergaard observed differences

,in the pressure-volume characteristics of isolated air-
' . * 4 -

N

filled lungs as compared to filuid-filled lungs. He con-
cluded there must be an alveolar coating’with a surface

tensidn lower than*that of other physiological fiuids.

von Neergaafdisto}k received little attention until

‘ .Pattie (1955) discovered the extracfdinary stability of

bubbles from lung foam. He suggested that the lining

~
fllms of pulmonaryabubbles came from the alveolar surface

directly, and therefore, their physical propertles re--
: . ~ . e

»
*.presented the characteristics of the alveolar lining film
in situ. Pattle concluded that the stabilfty of the

Lo 8
1

bubbles. obtalned from gxtracts of normal- 1ungs ‘is a function

Y

of the near zero surface tension produced by potentasurface

actlve agents in the lining layer.
4 '
?& Clements (1957) pioneered surface tray studies to™"
té%t the surface activity of material from the -alveolar

lining layer. He.fou.ﬂ that_periodicallyocompressed~and

lowest value about 10 mN/m at 20% film area. His studies
s K
o 2 ]
demonstrated also that .the compression and expansion part

of the surface tension’area characteristics showed a

"hydteresis effect"”. Clements and his co-workers (1958,

—

1961, 1962) .formulated a ‘theory about alveolar stability
. { .

on the basis of ‘their surface tray model studies._The

assumptions were- that the'’alveolar sqsface is analogous

:
& h : o
l

-
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<

to the surface of the liquid extract and that the:

alveolar surface area changes directly with the alveolar
volume. The stability theory states_that as the area de-’
, .creases during deflation of the lung, the surface ten;ion

falls toward zero. ' D _ .

S s

. - -
a .

1.3 Chemistry and organization

Simnce the eérly experiments by Pattle and Clements,

‘

the main question has been: are the pulmonary surfactants

lipoproteins or phospholipids? Pattle (1965) cencluded from
his investigations and those by Klaus et al. (1961) i%ét
surfactaﬁ¢ is a lipoprotein,  rich in phospholipid. In

several papers, such as these of Abrams (1966} and'Galdétdn

4

et al. (1§69), the isolation of a specific lipoprotein was
reported; This view was challenged in sevefal bapets by
%Scarpelii and his co-wprkers’; e.qg. Scarbelli et al. (1967),
- Scéfpel;i et al. (i970). Scarpelli—does not deny tHa%
Q_Jroteins are present in‘ th%l{yp'ophase‘, but states tl"la‘t all

the surface activ‘ty-is in a purified 1ipid\fraction.
r o ‘

) "In the last few years attention ha;\BEen given to

. . . ) . g
(/J/;\~ possible contamination from the blood. Protein found -n

-

4

-

alveolar washing§ waS'attriﬂﬁted to leakage from the blood

system. Hurst et al. (1973), Reifemrath et al. (1973a). .

)

'Briefly; there is no definite answer yet for the

question "what is surfactanti. However, theére is wide
‘. ’ - hd

/ agreement that the surface activity of th -surfactant -

{

t

\ - <

Py
-



resides in the phospholipids, mainlytin saturated dipal-

mitoyl phosphatidyl choline. -

‘ In recent papers, some associations of lipid and
. 9 : N
protein. are discussed. Frosolone et al. (1970), King et al.

(1972), II., Colacicco et .al. (1973).

. Surfactant may exist as re tively large lipid-
<
prqotein particles, about the size of mitochondria. They
4
would function as = surface store apd periddically release

the phospholipid fraction required for the film of the
r ,’. . -

interface.

J
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* CHAPTEPR 2

OUTLINE OF THE PROBLEMS %

A

2.1 Dynamic properties of lung surfactant films

The characteristics of normal surfactant were
4

defined from the work of Qlements and his group (1958,

‘1961, 1962). If preﬁarations'of suffactant are placea én
a surface tray and the.films periodicall§ compressed and
expanded, a minimum surface tgnsion below 10 to 15 mN/m

should develop at about 20% ﬁilm area. The-curves show

—

a typical hysteresis effect. (For the preparatidh methods,

see Scarpelli, 1968, pp. 54-76). These criteria have been

used in many studies. However, the experiments were. usually

dpne at room temperature and at cycling speeds far below

physiplogical frequencies.

-

L]

rd & +

~

In order to have a reliable reference system, the

influence, of températuréﬁ speed«éﬁd lecithin content on

-

the minumum surface tension was investigated:

e

We found that Characteristics of hysteresis loops

‘ ¥ -

are very.dependent on the way the lung extracts are treated
“prior to the surface tray experiments. Therefore, pre?

pafﬁ%ion mgthods had to be developed and standardized.

]
r
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2.2 Propert1e§ﬁof’fllms from synthetic dlpalmltoyl
phosphatlﬂ#l choline (DPPC)

==

According to the literature, mainly phospholipids
are responéiblg for the surface activity of %he alveolar
}ininq layer. fhe most impoftant factor is saturated DPPC.
However, there is a conEroversy about the ability of DPPC
films to produce‘sgrfabe tensions below abéut 5. mN/m at
37°C; and about thg;ﬁehaviour on repeated cyclingi The
structure of these %ilms ;t near zero sﬁrface tension and

the mechanism responsible for the hysteresis effect are

not weil understood.

-

2.3 Stabilitonf phospholipid films

Factdrs which interfere with film stablllty were
1nvestlgated Is it unsaturation in the carbohydrate chains
* .
or is it the chain length itself? There is also a contro-
-~ H

versy about the influence of protein on the stabilityv and

reproducibility of phospholipid films.

2:4 Plateau of lung alveolar surfactant hysteresié loops

Surfacé tension area characteristics of surfactant

e . . . A

films dembnstrate a typical plateau at about 23 t6 25 mN/m.
We will show tha# the charaeteristics of this plateau can

be ‘reproduced by mixed films from phospholipids.’

-
€’ P

L -




CHAPTER 3

SURFACE FILMS

3.1 Intftroduction

The bQundéry region betvwgen two adjacent bulk
’ @

phases is called an "interface". When one of the phases is

\ . s .
a gas or a vapour, the term "surface" is commonly used. '™

5
Here we are interested in the liquid-gas interface.

3.2 Surface tension énd surface energy . ] ‘
Consider a drop of a liguid in ecquilibrium with'its

vapour in .the absénce of exferhal forces. The drop spoqtai

neously takes the form of a sphere, the shape with the

minimum surface to volume ratio. In order to increase the

surface area of the drop, work has to he ‘done’. Therefere,.

F

it can be 'seen that the surface molecules are in a state

of higher potential~9nergy than the molecules in the bulk
phase. This is explrained in part by the fact that surface
'molecules have fewer nearest neighbours, ,and consequently

ﬁewerﬂintermolecular.interactions than bulk molecules.

There is a free energy change associated with an
isothermal, reversible formation of a liquid surface. The ( n
presence of unbalanced forces acting on the surface

molecules leads to the concept.of surface tension. For

¥

a plane interface, surface tension is défined as the

-
4 - ¢

[

8 v

-
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-+ férce acting parallel to the surface pérbendiculan to a

line of unit length anywhere in the surface.

» A
3.3 ThermOQynamic treatment of a surféce

In a reaﬁ system, theére is a fiﬁite distance icross
an intexfacé. Thé propertieé gradually change ffom those of
qpe edjacent bulﬁ phase tg those of the other. One Qay-of
treating a)surfacé is to consider it as'a,phase which is |
distinci‘from the bulk phases and whiéh has, a finite thick-
ness and,vqlume. This treatment was developed by Guggenh%im-
(1933), pp. 160-181. A short descripﬁion of Guggen@eim's

method cafi be found in Adam (1968), pp. 404-409.

.' S Y ‘

In the figure above, the regions a and b are homo-

geneous bulk phases, separated by the surface phase s. All -

’

changes in properties from a to b take place in the region

" between AA' and BB'. In Guggenheim's concept, the surface

a [}
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.. . . )
phase is a definite regiqn of matte¥, with its own volume,

- eﬁtropy,‘enerqy and other properties. Fgg the Gibbs'

. treatment, see Adam (1968), pp. 106-113.

Here, we will adopt Gugqenheim’s'ZOncepta Préperties
concerning the surface phase alone will be denoted by a
superscript s. The work done by the systeﬁ‘in increasing
the, Qolume in one of the.bulk phases by 4V is pdvlwhere
p is -the pressure in that bulk phasé. The work done by
increasing tbgﬁyolume of the surface anse by av® and its

. _a}ea'by dA; isé_ ' .1 ' v
‘» ) C pdvs - yda o ¢
where y is the surface tension. . .

3.4. Thermodynamic functions for the surface phase

1f E° = total internal energy of the surface phase -
: for an area A, . . ’
s = entropy of the’sﬁrface phase |, .
Ni = number of moles (or ‘molecules) of spec1es '
i in the surface phase
. A = gurface area '
' ’ #i = chemical potential of species i in the
surface phase, then
dE® will be: : ]
’ de% = 7Tas® + vda - pav® + | u; an} (3.1) o
i rall] . -

- . -

N.B.: In thermodynamic equilibfiuﬁ, the chem;pal
- )

potentials of the two biulk phases and the surféce

) , ’hase are equal p? = ub = 1°, &

-

thls explains the missing 1ndex s on
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, “ !
3.5 Thesmodynamic equilibrium ' . S -
\ For a closed systém, the entropy assumes a maximum.
Since‘experimgnts are usually not d&ne in isoiated systéms,
rathé; at constént pfessure and congiant temperature, or .,
at constant volume arid teﬁperatu:e, %he thermodynamic . .
equilibrium is characterized‘by extr?me values of the s
following)fﬁnctioﬁs:
3.5.1 The Helmholtz free energy (F) . T
Definition: F = E - TS ' (3.2)
where ‘E ; interﬁal ener?y,
S = entropy, ’ ’ , ) - - .
T = absolute temperaturq[:, |
dF = dE - 4(Ts) and with (3.1l), for the surface
phase follows:{ ‘t I 1
dF° = yda - pav® - sSar + Z'u"idbii (3.3) o
F° is a function of- A, VS, T,'Ni. ' ' N
If these quan;}ties are given, thé'¢ondFFion for equi- .
librium is: X - '
‘ ar® = o0, agd F° be;5$%$ é m;niﬁﬁm.
From,(3.3).we see that the syéface'tension is now defined
as : = -
Y =(%%E), }Vs, ?/ Ni are constant) (3.4)
, (
vTherefo;eﬁ,Ehe surfaqe tension is tpe Helmholtz free '

enefgy per unit area, at constant T,-VS/ N?. If we have

adsorption of molecules at the interface, the Ni are no

ger constant and (3.4) does not hold.
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3.5.2 The Gibbs' free energy, or the free e%thalpy (G)

i

- Definition:*G = E + pV - TS . (3.5)

~ 4G = dE + d(pV) - 'd(TS)

~

with (3.1) and for.the surface phase:
. da6° = yda + viap - s%aT + u.ang (3.6)
i

S

G° is a function of A, p, T, NS,

A
If these quantities are given, the condition for equilibrium

<9\ is: _ ) : .
- s . - s - ? /
dG™ = 0, and G~ becomes a minimum,

The definition of the surface tension follows from (3.6):

aG°> s
s : Y =:Eﬁ?q ».(p, T, N are constant) (3.7)

¥

Therefore, the surface tepﬁion can be defined as well as
L ]

14

"the Gibbs' free energy per unit area, -at constant T, p,
, A

Ni. Both definitions gfre suitable for our experimental

set-up, since we work at constant temperature and constant

pressure. In the case of an insoluble monolayer, v® and -
L d

Ni are assumed to be constant.

v

3.6 Propérties of insoluble monolayers

L4 ' . . ‘
* 3.6.1 Substances whi%h form an insoluble monolavyer

-

A substance with, a proper ‘polar group, called
"hydrophilic“‘and a relatively large nonpolar portion,
called "hydrophogic" can form'a monolayer on water.

This type of molecule is also called "amphiphilic”. The

- w

pplar group favours solubility in water, the hydrophobic
< A

carbohydrate chains prevent it. The balance between them

(

determines whether’ a‘mo&ule‘ will form an insoluble

"
h ) 4
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monolayer. See Gaines (1966), p. 136 for details.
; . . L]

3.6.2 State of a monolgyér

In three dimensions, substances can be gaseous,
liquid or solid. In a monolayer, the different degrees of

*
molecular interactions between the surface molecules and

@

! . the subphase can result in several more distinct phases,

which have no analogue in three dimensions.

s

Figure 1 shows a surface pressure-area diagram-

with the main possible states. We are using the termino-,
logy introduced 5& Adam (1968), pp. 39-70. A good

description can alééibe found in Gaines (1966), pp.
& )
156-188.

- . el

a) The gaseous state is characterized by negligible

interaction between the molecules, and is réalized only

for relatively large areas per molecule, from s?veral
hundred ﬂz/molecule”ub to several thousand ﬁz/mofecuéeu
The hydrocarbon tails are in random motiég and may be
in contéc? with the water. This state can be dé$eribed.

by the ideal gas equation in two dimensions:’

-

mTA = KT . ' : (3-1)
where m = surface; pressure ' {mN/m) \ v

A = area per molecule (mz/molecule)
P R —23 ‘ -

K = 11,3805 x 10 Joule/degree

T = absolute temperature

L 4
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Figure 1: States of a monolayer

(for details see text)
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PR b) At higher éompression a transition ogcurs

the liquid exg?nded state. The chains are sfil in random

motion but they are progressively lifted from the surface.

= The area per molécule, for a molecule with gwo hydrocarbom

. - [
2

. talls may be about 100 32

) ? - ! .
c) At still higher compressions, the -side’/chains are

more and more vertlcally orlented The hydrophlllc end

groups are closely packed but possibly still hydtated.

ThlS state is called l4guid condensed.
\ . : >

d) On further increase in pressure, the water molecules
t B ,
"between the polar heads 'are squeezed out and the hydro-

carbon chains are organized parallel to each .other and

N f
most closely packed. This state is called condensed or

solid. S . : B ) '“ b‘\,

@ -

Once the limiting area per moleeule is obtained,

further compression will change the monoleyer into a three
dimensional structure and the monolayer coliapses. Several

proposals for the descrlptron for the liquid expanded

4

state can be fouhd in the literature. -They are ofsthe Van

der Waal's type. However, a detai'led dguantitative inter- .

———n

pretation has not yet been achieved. See Gaines (1966),

. . .
rs LY

pp. 167-172, . e ‘ . o
<

3.6.3" Quantities used in- monolayer studies .

See Gaines (1966), pp. 140-156. . .

[




I"Equilibrium‘spfeading;pressure"“islthe pressure, whert the

monolayer is in thermodynamic equilibrium with' the stdble

bulk phases. If spread with a solvént, after'awaporation;

~
L

the monolayer is noﬁ(necessarily in equilibrium, and may.
- w - - )
: be called metastable." T y

~

v

Collapse pressd}e is the highest pressure to which a mono= el
-~ ’ , . ot L
.. layer can be compressed without detectable expulsion of

molecules to form a new phase.

h . S

- »

! " Area of final collapse is the absolute minimum area into ' *
gy "
o

which the molecules can be crowded We will use this aregf-
h [ A Y

4

synonymously with the "limiting area of the molecule" in @ -

the monolayer.

1 . *

Since the aim is to investigate dynamic pr@perties-

of periodically-compressed and expanded films, our mono-

~ >

layer systems will not be in the thermodynamie equilibrfép.

- a

5 -

However, we will define a "quasi eduilibrium state". o \

-
¢

-
-

3.6.4 * The surface pressure T o . . Cy

}TIn monolayer exﬁerimentsl the film is ﬁsually con- .
.‘»~ . - ) ) ‘ . ) 5 ; W
fined by a foveable barrier on one side and by the surface

-

. tray on the other 51des_,Ihe.barr1er functlons as the sem€; -

@

+
-

permeable membrane of the three dlmen51onal analogue to

: osmotic jpressure Lgdg%, 1968, p. 22). : -

y . As already pointed out in 3.5, for an insoluble

3

monolaYEr, elther the Helmholtz free energz‘gf the GlbbS'

[ -~ [
-




P

3

S

free energy are suitable to-define the surface tension.-

he

* The éhange‘of the Helmholtz free‘enerby«for the

(X

2

. . . - 5
surface pRlase withwf;lmxfo;ming molecules and water
' - i N {,, /}’ . ._n-_-’-————:)* ’ ' .
molecnlesilﬁrxs/ﬁ , . _ ; .
& " ' [
S . 7 T &S A . . -
) | de = S_f 4aT + yda + udeﬁ‘+.udew : (3:2)
] \ . - Lo -
where: "s", = surface phase - - e
S , v P . . 4 ,
"f' = film.: ‘
. ’ 7 - © .
"w" '= water in the surface with film molecules

o . L RN . ",a - vl.-J ‘
'For the surface pha3e=with=wqﬁq;‘a;9ne’we’haVe:,
. ° s - _ S‘ ° s . Y ] .
aF -so dT + v dA + “od"; ) ‘ (3.3)

where: "o" "=f water surface only, and

uilibrium.

!

we get: .
T s s _° S _ aS,. v f~ ‘ -
. de‘— dF_ = (5, - 84T * (v IQ:dA
i + udeg + uw(de - dNo{
] . ~ L
5 . S . S - .
With dFf - dFS = ar,
. ’ s s _ . ' .
S, « Sg = S
Yo =Yg = T (éurface‘pressure)

The Helmholtz free energy change for the film is 'then:
£ £ + uwide-— dNo)

' -
. \ - a

drF_. = - 5_dT - 7mdA + udef

For an insoluble monbléyer’de, de and dNo are assumed
to be negligible. Thus we can write: o ™

. ) ‘
de = - Sde - ﬂdi

5




For reférences see Becker (1964), PP- 50-87, Guggenheim

(1933),.pp.'160f181, Motomuéa (1967).

- '

' 3.70 Surface potentia ; ' .

» .

The potential difference between a pointcin the bulk

L]

of a solution and a point in the bulk gaseous phase above

L

‘the #olution is modified by the presénce of a monomolecular

. ‘layer at the surface. The potential difference due to this

modification relative to the potential difference, across

&

4

thé "clean® surface is ‘called the surface potentiai of the

monolayer AV, (Gaines, 1966, p. 18).

© -

- 3.7.1 The surface voltéApotenfiqlgx§

’

S

x® originates from the presence’'of oriented dipoles

4

in a surface phase. Two contributions are to be -considered:

a) xi: due to polariz&d atéms 6r molecules (molecular
dipoles) : T . ,

“

b) xg: due to\ﬁipoles formed by segregatipn of.particleg

_e.g. iong, of;opposite chafge in a direction normal to the

-

‘'surface (ionic double layer). “7 - .
,‘XS = Xi +/ Xg , . (3.6)
The first term, Xi, is usually'related to the followiné
model: An array ‘of sufféce dipeles is equivalent to the
twé‘plates of alcharge&.capacitor. The two plates arel
‘separated by.the distance d, normal to the surfad%, between

the two charges of the dipole.

-




“

P

. P R
- .

The poteﬁtial difference across d pgra%}el plate * .

capacitor with cHarge‘Q, the area of. a p}ate A, and the - -

distance between the plates 4, is:

u = (3.7)

LI
12

9 > 1

)

‘ ) s ' .
where £ is the permittivity of the medium. In a vacuum,

e = ¢ the vacuum permittivity. (For an_alternate model v

OI

see Appendix IT) .- .

L . .

-~ LI

We put Q = mg, where m = number bf charges, and

*

g ="a unit chargé. Then we substitute acos6 for 4, where

" a = distance between the two charges of the dipole and 6

’

.

is the angle between the dipole axis and the normal to

the plane. The potential difference Qgcomes: "
‘ i
- lmg =4S
U‘. A acose‘. ) X1

M

where gacosf = P, = normal component of the dipole moment.

The potential difference dﬁe.to the dipole layer is then:

s _ 1 : ' . ’
Xy = T an _ o . N (3.?)
with 3 € = permittivity of the medium {(C/Vm) g
N = m/A,_number of dipoles per unit area (l/mz)
P, = pcoéé, normal cdﬁponent of tﬁe.dipole -

moment (Cm)

. -
‘ -

3.7.2 Surface potential of an insoluble monolayer

Changes in the molecular dipole potentigl xi can

-

be-measured, provided thé& ionic double layer potential

xg remains constant. The surface potential is then defined as

-




4

AV = -i-‘-A(an) : | L. (3.9)

I% 4 s S

This equation is commonly used to interpret surface po- -

%

. .

tentials préduceé by spreading of insolubie monolayers
at £he alr—water interface. Generally, both the ionic
double layer and the molecular dipole potentlals wilY
contribute to the total potent1a1 dlfference across an
1nterface, and the assumptlon of xl and x2 being 1nde—

pendént is an oversimplification. For further rgading and

comments see Gaines (1966), pp. 188-192 and Aveyard et al.

€

(1973), pp. 31-57. S ' .

-

b -

In thls study,‘wexmea/ﬁred the surface potentlal of
dipalmitoyl. phosphatldyl choline, a zw1tterlonlc molecule.
Colac;cco‘(l97l).points out that th:% molecule is a/neutral
phBSpholipid,betweeﬁ pH 4 and 9. The Qséumption.of indepen-~

dence of xi and xg might therefore beg justified.

In (3.8), € is usually taken as t£_, the vacuum

o
permittivity. . . .
3.8 Surface tension ~ area measurements

3.8.1 The Langmuir—Wilhélmy method /

gr o - This method was used to record surface tension as a

function of periodically compressed and expanded films.
Description of the set-up can be found in any book about

experimental surface chemistry. ‘ ~y
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S

. 3.8.2 Apparatus ‘ : N N N

We used: ‘ R : a

1. The *gaﬁh dynamic surface tension accessory °

-

2w The Cahn;electrobalance RTL

3. A Hewlett Packard X-Y fecorder, Model 7005B

Ten cycling speeds can be chosen, accofding to the

gear position, between 1/12 cyclé/min énd 12 ¢ycles/min.

The speed - time characteristic is approximately sinusoidal.
2

' The maximum area.between the teflon blades was 50.0 cm®,

the mimimum area 12,5-cm2, corresponding to 100% and 25%

relative area. The accuracy of the reading of the surface

tension was better than + 1 mN/m.

e - . -

3.8.3 Constant temperature bath

L4

Water from a constant temperature bath could be
circulated around the trough, which was émmersed in water.
Stabilization of the temperature of the liquid content of

the trough was better than + 0.5°cC.

© 3.8.4 The: sensor o _ w

-

A platinum plate of 1 cm width and approximately
6 pm thickness was used. It was mounted and adjusted to
touch the liquid surf'ace.'Buoyancy effects could be negin

lected. The platinum plate was cleaned frequently with 20%

" chromic acid and flamed thoroughly prior to each experiment.

.. h

*Cahn D1v151on, Ventron Instruments Corp., Jefferson st.,
Paramount, Califérnia 90723
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. .

the platinum plate produced wrong readings (see Appendix IX).

\ On repeated cyeling, expec1a11y ln the expan81on part, -

This was particularly true fo;‘films from §nghetic“phos-

) “, pholipids, but not for lung surfactant. Continuous loops

from phospholipid monolayers were recérded with a strip
of filter paper as‘sensor.~The;output signal was calibrated

with the platinum plate.

- »

! 3:8.5 The teflon trough ‘ -

‘ ] ’ The trough had to be cleaned very carefully prior
;;o each experiﬁenf by rubbing with a soluéibn of detergent
- kFiaher Sparkleen), followed by 20% chromic acid. The tray
was then rinsed with running tap water, then with'methanol
: and finﬁily Qith 1ight>petroleum which dried quickly. -
| ,Cleqnin;~o;’the trough proved to be the biggest single

preblem'since contamination had to be avoided.

3.8.6 Leakage :

‘Leakage'befween the teflon wipers and tﬁé~wa11 of
the trough was a very serious problem, especially4at rela-
tively low cycling speeds, below 2‘cycies/min and at temf |
peratures above 30°cC. fhe‘oriqinal‘Cahn surfaee tfay set-

uﬁ %ﬁ? to be modified.

'3.8.7 Modification: the rhombic trough

“ " Four ‘etallplates were connected by hinges. Metal

i

‘pins, coat@d with teflon tubing were put through the

order to support an endless téflon }ibbon. The

Wi
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Figure 2a:

f

1)

Electrometer

Electrobalance

Surface tray
. ,
X-Y recorders

Constant temperature bath

N

Figure 2b:

-

Ionizing air electrode
Rhombus-shaped barrier
Surface tension sensor (platinum)

Electrobalance
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teflon ribbon was hade from plumbing tape and the ends

were "welded" together with hot tweezers. The ribbon was

replaged after each experiment with surfactant or protein. .

<
-

one at 1

' .. Two a‘ffereq; rhombié f?ames were made, the larger

Jmé/gé%side length was used for the lipid monolayer
studies. The .alveolar surfactant experiments werejdone
with the sméller op;, of 7 cm side length. Pyrex glass

e

trays were chosen accordihg to the size of the rhombic
??aframes. Cleaning of the modified apparatus was no probiem
with chromic acid. With the rhombus-shaped trough, leaks =~ ~
wefé‘eliminated completely. However, .there was the disad-.
vantage of a nonlinear change of the area (Appendix I). |
Some of Khe experiments a£ higher cycling speeds (above
about 2 cycles/min) coulg sﬁiil be done‘ﬁith the old system.
But the results were compared and checked with those from

the modified apparatus.

-

3.9 Surface potential measurements

3.9.1., Method
The air gap above the film was fonized with a gold

- plated electrode. The. a-source, *Rmericium 241, of a total.
activity of 20 microcuries, is built into the head of the
b % 3 A :
3 air electrode. The resistance of the air gap (about,0.5 cm)

10

3.l
.

Ctad

was gppraxiﬁately*lo Ohms. The electrede in the subphase

. . was a silver wire coated with silver chloride. The circuit

L

~

*americium 2Q$, sealed source for surface tension studies
&« . Model A 10ll. Nu¢lear Radiation Developments, 360 Eddystone
Ave., Downsv;gw, Ontario.




[

. electrode, Am 241, and the subphase

| Rg: ﬁfp iesiétance ‘%
”~ Re:"Input impedance of the elect;ometerl
V,: ‘Voltage recorded . i
Applying Kirchhoff's law: .
Vg = RgI = RI = 0” L S e
. ) - . .
V_=I(R + R '.
) g ( g - e) C . ! 3;’
< ~ = .
:If Rg< Re' then YQ IRe Ve
. 5 N ‘- , ’ E

L]

LY N ’ N . , s
Potential difference between the air{ -

Ag—AgCl eleqtrode

If Rg, theggap résistance, is-zu¢h smaller than theuinput

impedance, Re' of theﬂelecfrometer; then we have:

P J
V.2V . In our tase: R_ - 1010'6hms ’
. g a o [of ‘
Rg : 1014 Ohms =~ . -
\' \ .
7 K o




The eleetfémetgr was-a *Corning ModelﬁlOl Qigital

instrupfent wi an analogue output for the X-Y recorder

and an input impedance greater than 10? onms. . -

-

-

. 3.&.2 Stability of the basellne potential-
¥

& The surfgfﬂ\potenﬁlal of the subphase solutlon (base—'
line potentlal) was an excellent test for contamination.
pavteg

The slightest contamlnatlon of the 0.9% NaCl solution pro=

.._ )

duced a relatively large increase of the baseline potential,
. | R ' \ .
even if the surface, fension stayed constant. The surfaee

was.considerE@ "cléan" if‘the'baseline potential changed
less® than 10 mv for reductlon ®f the surface area to 25%.s

The drlft of the basellne potentlal could’'be avoided by .
LS

properly 'aging” the® air electrode. Prlo()to the spreading

. -

of the film, the electrodé was mountéd above the NaCl

’ ' |
b solution and left for at lgast three hours. The sprface

L4 ~ - ~

was then swept with filterpaper and test runs were recorded

. for stablllty of the baseline potentlal Only after all of

these precautlonafy measures, the monolayerSawere spread.

|

*Corniﬁg Glass Works, LaLbratory Products Dept.,
Scientific”Instruments, Medfield, Mass. 02052, U.S.A.

.
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P " | | )
DYNAMIC PROPERTIES OF LUNG SURFACTANT FILMS

RELATED TO PHOSPHOLIPID CONTENT

-

. . 4.1 Materials and.methods

')./.\/

* 4.1.1 Extraction ' -

‘White rabbits of 2sto 3.5 kg were anaesthetized with |

[

y 4 an intraperitoneal injection of 30 to 40 ml of 20% urethane

solution. The trachea was thén exposed agd cannulated and
\ ; . . bt

the chest opened. Four gentle lavages, each with 40 ml of.
- 0.9% NaCl solution (pH' 6.4 'to" 7.1), were done., Each volume

of saline was injected and withdravn three tiﬁes before
P

being collected in an ‘ice-cooled flask. The ‘total lung wash

......

-y

of about 150 to 160 ml was then_pentrlfuged at 8Q0 g and

Y

-~ - about 3°C for .20 min for sedimentation of the cellular ' .
. N AN .. . N

material. The supernatant was the-basic‘material_for all

,surface tray experiments.
s /' ‘ - '
LA e ~ . «

YT 4.1.2 Preparation S - ’ -

-

The surface tray experlments were done w1th the«

- - ' .
followmng preparatlons- e
' -
a) The cell-free material was emptied directly intod )
- N the trough and aged .for at least two hours prior.to | "3- S

. “_the experiments. Slnce the capacity of the teflon. trough
was about 100 ml, we obtained only one .trough filling per

L 2
. [ +




-

rabbit‘lavage. ( 3
b) The cell-fre&¢ material was centrifuged at 27,000 ;
and 3€Cdfér 30 min. The:whiée pellet was di%éolved in as
little chloéoform : methan61‘(1 : 1, byivol.l as,éossible,
and 100% (by vol.) n-hexane added. The sﬁpernatant was -
then piaced into the trough and dissolved material of the
white bellet spread on-the surface until the surface
teidsion was below 30.mN/m, Spreading had to be ‘done slowly,
.. drep by drop, allowing time for evaporation of the solvents.

. With this technique, about four surface trays could be

prepared from each rabbit lavage. '

c) The cell-free mate%%}l was_ffactionated in a glass
column. Clean air from a'séeel cylinder passed through the
1liquid and produced a dense foam. The effectﬁsfdfﬁgﬁf;éctio—
nation cpuld be observed directly,vas the:foém on the top
.of the pipe was very dense and the bubbles appeared to Pe
of upiform size. Foam from lower ﬁarts of the dolumn cleafiy
ﬁéd a less uniform digtfibution of bubble size. Bié bubbles

. burst befdre tﬁey were able:to rg?cﬁ‘fhe=top of fhe qlassi'

pipe. The stable foam from the top was then collected and

h -

saiine added to increase the vqlumg ébout foﬁr times. The
fractionaﬁion‘was repéated-abouf four ts five times, At

the end of the process there were two}quélities og:foam:,
no. '1, from the top of the column and no. 2, from the lower

P - .7

parts« ‘ —
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Since the foam could not be used diréctly in the
' 1 )

surface tray, because the bubbles would just sit on top

of tHe saline surface, it had .to be desiccated at about

37°C. Before the Foam was'completely dry, a little distilled
water which hadgbeen.boiled.previousiy, wgs added. The -
rest of tﬁe bubblés diséppeared then by diffusion into

the airless Qater; This pregggation was then spread drop

by drop with é syringe on top of the saline in the surfdce
tray, until thg surface tension w;s below -50 mN/m. Two

to four surface trays could be prepared from each rabbit.

] _ *

4.1.3 The content of pllosphatidyl choline (PC)

/

From the total lung wash of about 150 to 160 ml;

30 to 50 ml were divertéd for lipid analysis. The qell:
f

free material was freeze dried; the lipids were then ex-
tracted by éhloroforq'i methanol- (1 : 1, by vol.), and

washed threg times with 0.9% saline (2-phase system),

in order to r;move proteins. Thé lipiﬁs were theﬁ spotted
on a pl§te coatedl with silica gel. (Thin layer chrémaﬁo—
graphy, TLC). A schematic preseqﬁaéidn of the method can
be found in AppendixAIII: ?hé—phosghoru§ assay was done

according to Rouser et al. (1963).
4.2 Results '
— . -~

4.2.1 Preparation of the surfactant
; '

Hysteresis curves of -surfactant prepared accordihg

-

to the methods described in' 4.1.2 weie examined. v




-

) ' ' . ‘ 3 0 .

Most of the Ehanges regarding extreme values of
: : -

surface tension and reproducibility of consecutive *curves

L 4

occurred in the first series of ten loops. The following

» curves could not be distinguished from each other in most

3 » - 1

. cases. The long térm devglopment over a series of a hundred )

- -

-\Eh\;r more curves will Be discussed later. Loop no. 10 of the

first series was therefdre taken as the reference for the

- .

_influence of the- investigated factors.

Results from the preparétions according to 4.1.2 a)

and b), were comparable with réspect to the shagg, the

reproducibility of the curves and to the extreme values

~

ofr the surface tension. Howeve%, about one thjird of the -

lung lavages showed a minimum surface tension abdput

20 mN/m at 37°C and 8 cycles/min. This value is considéreq_

4 . -

4s too high relative to "normal"” values of 15 mN/m and less.
Contamination from the blood might have been the reason [

for relatively high minimum surface tensions. p

Thé top quality foam né. 1l of the third method _

. (4.1.2 ¢) produced the most reproducible hysteresis loops

and minimum surface tensions as low asﬂthé‘ﬁbest" prepa-~

rations of the first two methods:. Spreading of the films-

Y

could be more standardized. Fgam suspended in water wa

&

N A

N

e spread on the surface'untiltthe tension at constant
maximum area was about 50 mN/m. After an, "aéing" time of

approximately three hours, the surface tgnsioﬁ was usually

. below 30 mN/m and periodic'compression and ekpansiop«bf

] .

*




e )

10 mN/m.

was determined. Small Sampling-theory with a-paired variate

* L4

the film was started. The second quality foam<¢ no. 2,

demonstfatedyconstantly higher minimum surface tensions
* ¥

and consecutive loops were leéss reproducible.

4.2.2 Temperature- and speed dependence of cell-free ‘ . .
—luang-aliveolar surfactant ' ‘

!\ 1

. ‘ \ .
The preparation was according to methdd a) lof 4.1.2.

*

a) Influence of temperature at a constant cycling
speed of 2 cycles/min

Figure 3 shows photograpEs of original tracings.

At 23°C, the minimum surface tension of iaop noc. 10 is

3

below 10 mN/m. At 37°C, the minimum surface tension is
approximately 18 mN/m. Both series show a marked plateau
at about 23 mN /m.

-
r

'b) Effect of cycling speed at constant temperature

In Figure 4; at 2“cycles/min£ the minimum surface

tension is ahout 15 mN/m, at 8 cycles/min approximately -

.

R .
In Tables I and II, the data of fifteen independent

experiments arg summarized.'According to 4.1.2 a), cell-

free lung lavage of fifteen rabbits was obtained and for

€ach sample the minimum surface tension of loop no. 10

/ . .
analysis was -used to test the statistical ®ignificance of

rd

the difference betwegﬁ the minimum surface tensions. At a

1% level of significance, W?th the t-test we conclude:

"

.




,L ' 3 2
1. From Table T:.

The minimum surface tension at 37°C is significantly

higher than at 23°C, for the constant speed of 8 cycles/min.

- 2. From Table II: .

The minimum surface tension at 8 cycles/min is

L4

significantly lower than at 2.cycles/min, for 37°C. :

4,2.3 Effect of speed on the minimum surfdace tension of
foam fraction 1
x

. * The preparation was according tP method c) of 4.1.8

In Table III the data of seven independent experiments are

summarized. Unfortunately, the sample size is4only about
half the size of Tables I and II. But the minimum surface
tensions 4t 2 cycles/min and at 8 cycles/min seem to be

considerably lower than for the unfractionated preparations

 t ~

of Tables I and II. Again, there is a significant difference

between the minimum surface tensions due to the speed effect
- Y . ' ) .

(1% level).

4.2.4 Amount of phosphatidyl choline (lecithin) - minimum
surface tension. Regression and correlation
v N
a For each sample of Table I, the amount of total phos-

1

phatidyl choline, m (saturated .and unsaturated) was de- '

pc’
termined. The‘minimummgﬁfface tensions at 8 cycles/min and
T ) . . 7 ,
the corresponding amounts of phosphatidyl choline‘:were then
—_— - - ) ,] 4 * ‘\ '
analyzed by linear regression and correlation, at 37°C and

-
X,

- . 22°c. C - ' g

For the regression line:
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Figure 4: Speea dependence of hysteresis loops from

lung alveolar surfactant (LAS) ' 5

Original tracings of ten consecqutive culyes P ‘ .

The loops go clockwise. .

.Figure 4a: - Tempergture: 37 + 0.5°C

Speed: 2 cycles/min

)

Figure 4b: Temperatume: 37 + 0.5°C . ‘
Speed: 8 cycles/min

. Note: The minimum surface tension of loop no. 10 at

v

2 cycles/min is about 15 mN/m, at 8 cycles/min

about 10 mN/m.
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TABLE

I

»

EFFECT OF TEMPERATURE AND PHOSPHATIDYL CONTENT ON THE

MINIMUM SURFACE -TENSION OF LUNG ALVEOLAR SURFACTENT AT

8 CYCLES/MIN

-

‘35

»4

mpeue

Surface tension + 0:5

- 'PC cogtent (mpc) + 8% »

(N /m) (mg)
Sample no. 22 + 0.5°C 37 + 0.5°C "M“‘\L '
1 | 10.2 21.4 T 186
2 T0.8 24.2 e .1'.95 .
3 % 7.80 22.4. J 3.92
4 6.40 24.3 b s .
5 - 7.10 . 25.4 3.40
6 . 6. 40 16.6 7.62
7 5.720 6.1 - 7.7 g
8 ) 6.8 147 " 8.18
9 2.00 8. 40 9.38-
10 . 3.50 9.80 " 1022
11 3.20 5. 50 13.6
12 2.50 , " 8.0 0.2
13 9.60 21.2 : o 18hs
14 9.60 -. _ 21.5 A3.68 é
15 - 5.50 . 16.8 6.24 .
MEAH 6. 40 17.1 p < 0.01 not paired
+ S.E. 2.92 6.57 p < 0.005  pairea °

mpc
in milligram

o

S. .

-~

is the amount of PG in a sample (one trough%filling),

' .

Note: The surfactant was prepgfedlaccordipg to 4.1.2 a).

o

IR
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: TABLE TI , -
. : K
EFFECT OF SPEER_ON THE MINIMUM SURFACE TENSION OF {ﬁ%F
ALVEOLAR SURFACTANT AT (37 + 075)°C o
X P . - A ?:
) . _
. « Surfacé tension + 0.5 } ,
+ ‘ ;
(mN/m)
Sample no. S 2 éycle§¥min . 8 ¢cycles/min ]
. . . . - ‘ - - @ .
1 . o 23.8  ° .21.4
oL . c ' -~ .
2 24.0 ) © 24.2 J
‘3 23.1 . 22.4 .
) 4 24.5 ' VS
-5 24,2 - . ' _25.4 .
6 « | 22.0 _ . 66
7 . 23.2 PN T |
8 ' 20.3 , - 14.7
9 o 15.4 e 8.40
10 - 15.0 : ©9.80
11 -7 13.6 ] ‘ 5,50
. : . A *
. .o 12 ‘. 17.7 " 8.10
s < ’ . . \ .
13 ., 19.6 12.2
[V -

14 : ) ©23.3 - ©21.5

. 15 L o212 . ¢ r . 16.8

v oL - e
\k~ . MEAN 20.7.- - 16.5
‘. . £+ S.E. - -, 3.67 - - '6.586L//

p'< 0.05 not paired
‘ ) _ ' o p < 9.01 paired
- . ‘
w ¥ : .
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a

TABLE III

/

EFFECT OF SPEED ON THE MINIMUM SURFACE TENSION OF

FOAM FRACTION 1 OF LUNG ALVEOLAR SURFACTANT, AT 37°C

k]

3%

Surfacestension + 0.5

mN/m

Sample no.

1
2
3

2 cycles/min’

18.0
12.1
1.6
9.80
io.g
11.2

13.3

b

-

3.60

p < 0.01 not paired

pe< 0.005

‘p%ired.

Ly

-



v

Y = A+ Bmpc,
the follow1ng quantltles are calculated: at” 22°C (Figure 5a)

A

11. 02 mN/m

B i L

- 0.73 mN/m-mg

Standard error of estimate, S.E.E. * '

T~

— N el
s -

.{ . S.E.E. = 1.28 mN/m
//\ ~ . - - A
Correiation coefficient, r
. ’ ’
r = - 0.89
» - - -

' With.95% confidence limits of - 0.69 and - 0.97 for the

corrélation coefficient of the poQ?lattbn. At. 37°C,

(Figure 5b) : ' . . . . .}"
A = 28.32 mN/m . -
B = -1.78 mg/m-mg \ d ,/ﬁ\\
S.E.E. = 1.84 mN/m | '
Toor = - 6.95

- . ——/ '
With 95% confidgpce limits of - 0.87 and - 0.98 for the

correlation cogfficient of the population.

Thus the amount of lecithin in the sample appears to
- ¢ X

determlnedEhe minimum surface tension. .

A

4.2.5 Develop\ent of hystere51s loops of lung alveolar,
surfactant on repeated cycling

- Several hundred continuocus lowps were recorded with

a speed of 8 cycles/min at room temperature and 37°C. Regard-
less of the method of preparation (see 4.1.2), the minimum

surface tension rose up to the plateau level at abéut

23 mN/m. At this level, the curves seemed to be statlona;y,

at least for more than several hundred further successive

]
cycles. At 22°C a much longer cycling time weas required

t

1
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Al

B !
. Figure 5: Regression lines with standard error of estimate
- Ly
of minimum surface tension and amount of phosphatidyl

choline (lecithin). (See Table I). ) .

The surfactant was prepared'according to 4.1.2 a).

[

3 e 'z

Figure 5a: Standard error of estimate g N

S.E.E. =-1.28 mN/m ' "
Correlation coefficient
. r - & o.89 °
. : -95% conf%dence limits ‘ il

- 0.69 and -.0.97

i

Figure 5b: S.E.E.

1.84 mN/m . a

\ 2 ’ r

[}

~ 0.95 SR
95% confidence limits

- 0.87 and - 0.98

R
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to produce this "stationary state",*than at 37°C.

g

?

The long term development was dependént on the way

.the surfactant was prepared. Hysteresis curves‘fiom the
. cell-free unfxactionated preParafion reached the stationary
staske at 22°C with loop no. 50 to no. 100, and at"37°C with —
X » ; . \

loép no. 10 to n%: 30. Hysteresis curves' from foam fraction
*no. 1 rose to the stationarylstate only after more than

600 continuous cycleg at 22°C; and after m?re tian iOO ’
cycles at=37°C (see Figure 6).

¢

~4.3 Summary K
From these experiments, we conclude thaﬁjcycling,
speed énd tempqraéure play interdepéndént roles on the
stability of surface tension~area loops of lung surfactant.
The hethad of péeparatiqn, cycling speed and téﬁpérature,
al]l determine when the films become stable. In addition, o
" the lecithin content appéars to determine the minimum. |

surface tension. Thus the lipid fraction of lung sur-

*factant -will be studied next.







-

Figure 6:' Development of hysteresis loops from lung

alveolar surfactant, foam fraction 1, on continuous

and successive cycling.

The curves go clockwise. >

$
T~
N o
&
Figure 6a: Loop no. 10 demonstrated the plateau at about
—3 o
23 mN/mh.

Figure 6b: Loop no. 200 represents the stationary state,

with the minimum surface tension at the plateau level

v e

of about.23,mN/m. : >

The following curves, up to no. 1000, did not show a
! ) ;o
measurable increase of the minimum surface tension.
- .
L \—-———— '

-
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CHAPTER 5

PROPERTIES OF THE LIPID FRACTION OF LUNG SURFACTANT

-

5.1 . Methods ——e
Extraction of the 1lipid fraction and itd analysis

by thin layer cﬁromatography have been described in 4.1.3.

Fof the surface tray studiéé, the, concentration of
the lipid solution was compared with a standard soiﬁtion
of 2‘mg/mi of dipalmitoyl phosphatidy? choline (DPPC). If -
equal amounts of the solutiqns lowered the surface tension

4 e

by the same order of magnitude, we- assumed the lipid

\

_concey{ration of the lipid fraction to be about 2 mg/ml,
othérwise it was adjusted by evaporation or dilution. For

easier spreadghg'of'the films, usually we added n-hexane

to make a final'soluti?g,ef chloroform : methanol : n- .
hexane (1 : 1 : 1, by/vol.), with a lip¥d concentration

of about 2 mg/ml. Thé monolayers were then spread at
maximum area and to produce a surface tension of about-

30 mN/m. R ' A ~ , >

Approximately 3 to 5 'min were‘j}iowed for the sol-

. vents to evaporate before the cycling was started. r

-~

~




: 5.2 Results ¢
5.2.1 Phospholipid‘cquosifion’of rabbit lung surfactant

. The results are summarized in Table IV. Figure é~ r

-

. A demopstrates,the‘separation of th various‘phpspholipids
éﬁ‘thin layer thromatography. The dominant factor is phos-
pha%idyl choline kPC)L witﬁ over 80% of the' to£al Bhospﬁo— /
lipid content. Phbsphatréyl glfberol (PG) , couﬂ%ﬁ«fbr~

about 10% and phosphatiayl serine and phospﬂatidyl inositol

e

combined-fof'approximately 5%. Only about 4% of the total

surfactant phpsphoiipid is phésphatidyl ethanolamine (PE).

~ r

It seems %o besa much more impaytant~factor in the 1lung

Qissue-(Figure 7).

5.2.2 Surface tray studies >
(2]

-

a) Quality of the extract . -~ o
Figure 8a shpws‘the series of the first ten curves
of a film formed by the lipid fraction of foam no. 1,

. . E

u » ~
(see 4.1.2 c). The initial surface tension at maximum

ge

area 1is below 30 mN/m, the minimum value possible for
- static conditions. It,could not be decreased further by
excessive spreading of film material. The loops demonstrate

the typical plateau like surfactant curves, at about 23

. -
- -

© to 25 mN/m.

-

(v

3

7 4

the lipid fraction of foam no.

2.

[v)

\‘ -

.

Figure 8b shows the first ten curves of a film from

-
It demanstrates. how

L

fractionation affects the dévelopmedt of the hysteresis

&}

loops- and the minimum surface tension.

o

*

&




. " TABLE IV ORI

. - ) L2
PHOSPHOLIPID COMPOSITION OF "RABBFL LUNG ALVEOLAR SURFACTANT
' ) h _“ N A ' -

. Phospholipid $ of total | Rarige | No. of -
- o © : phaspholipid C % . samples

o , . MEAN + S.E. 2 o

Y

. f .
a&, .phosphatidyl choliée (PC) 82 + 5.1 76-9T 21 .
4 . ’ J h ! - ’

phosphatidyl glycerol {(PG) 9.2+ 2.4 - ~7.5-11.6. a8

. 'phosphatidyi i
: ’ ethanolamine ¢PE) 4.0

i+
=
U

A
()
‘
N
w
()
N
ot

phosphatldyl serlne (PS) : ’ TN

(62}
L]
(9]
+
[ax]
L
o
Ve
>
~J1
|
e
-
o]
N
o

phosphﬁfldyl 1n051tol (PI) Coe

-~ ' | _ . , .
Other phospholipids such ‘as lysophosphatidyl choline

1
N h sphlngomyeI\J phosphatldyl dlmethyl ethanolamlne may also

‘ - . - .\ . . -
. w . G « ' \‘ 0
For each sample,.;he phospholipids were measured three

v ¢ S
.-

be present but these “are negllq1ble quant;tatlvely. ,Zf

Tootd ffour times. ¥ 2

For comparlson, fiom Bfleg%r et al (1971)

n

Llpld comp051é10n of dog lung %$veolar surfactant

¥

- *

, PhOSphOllpld llﬂ " . % of total phosphoLapld
s . - PC ) . T 74
R T PR ', 10

(a3
- . ) o
. v - PI : ' " ) N < bl
1 ‘ N . .
, v _ . PS
. ' , LPO - ‘e » -

+ Sphlngomyelln
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° .

Figuré 71 Separatiqp of the phospholipids from rabbit lung
alveolar syrfactant and from rabbit lung'tissue (who}e

‘lung) by thin layer chrohatogpaphy?‘ - “

3

? . -

)
N NEutral’Lipids f
" i ', ; PG Rhésphat}dyl glyéeroi ‘ . e
PE fhosphatidyl éthanolamine o ' .
PS o Phosphatidyl serine @

PI | Phosphatidyl 'inositol
PC : Phosghétrdyl choline N
‘ SPHING Sphingomyelin )
a ; ' - T ()ﬁPC ' -JL§SOVphosphatidyincholine

Note; PE seems to be an, important factor in whole lung

e »~ tissue, but not in alveolar wasgh.

Y S ‘
The 1lipid- analysis was done by Mr. Patrick 'Shum.

. v
. Y
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s ,
Figure 8% Effect of the foam quality on the ‘minimum surface

’

-

tensionr of the first ten curves.
The curves go.clockwise.

The“films were spread from the lipid extract of foam

no. 1 and 2 (4.1.2.c¢). (

~

- ®

o

"

Figure 8a: The minimum surface tension of loop no. 10 is

about 5 mN/m for the lipid fraction of foam no.” 1.

\ ¢

Figure 8b: The minimum surface tension of loofrno. 10 =
< . , ,

»

B

.is about 23‘mN/m for the libid fraction’ of foam no. 2.
- * ’ ' .
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e

b) Influence of proteln (quure 9)

Even relatlvely large amounts of albumin in tﬁe

subphase have no effect on the minimum surface tension.

- ¢ ¥
.For-¥igure 9b, the same film material as for Figure 9a

’

was used, exceﬁt that the subphase contained approximately

3.S§mg/ml of albumin’bovine. The protein decreases only
. ‘

- ’

+ the maximum surface tension. It will be shown later that

3

-

.~ . ’ . S

albumin does not interfere with the development of large N
t

series (seveﬁel hdandred curves), of hysteresis loops from

synthetic dipalmitoyl phosphatidyl choline. | - S

c) Spéyd effec L ’ C

-

* Figuyre lQ 1llustrates the influence of the- cycllnq

-
<
L -

speed -on films from the llpld fractlon of foam no. I

-(4.1.2 q). , - . - - * - ’ ‘ -

- . -
+ . -
. .

I3
-

No. 10 of the first ten curves are drawn; At

1/12 cycle/min¥ the mlnlmum surface ten51on was- about

-

18 mN/m, at 4/3 cvcle/mln ablout 9 mN/m and at 2 cycles/mln

- L / L] a - Q.“ - »
about 2 mN/m Snot*shoqp on Fngre,IO). A ¢ "

) B T
5.3 Summary . ‘ N ) | 4 /, )

1y Lipid fraction

p
Films‘%rom the lipid fraction of foam ng, 1 producé;>

lower minimum surface tensiodns.and more reproducible -
s . . +

. hysteresis loops than the ones from the lipid fraction of

‘

foam no.’ 2.

s



-

-

. . : LY
on surfactant films. Albumin in the subphase has po effect

on the minimum surface tensioyx and on the reproducibility

of consecutive curves.

.2) Phosphollpld.@omp051tlon of rabbit lung surfactant

Unfractlonated\Iung surfactant contains fore than

80% PC, about 9% PG and 5% PS or-PI. >

5] N .

. | | '

<
c——
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. 5 ,
Figare 9: Effect of albumin on hysteresis loops from the

'
1y .

lipid fraction of foam no. 1

I Figure 9a: Lipid fraction only l ' .
" e

<

Figure 9b: . Approximately 3.5 mg/ml of albumin bo¥ine in the

».subphase b

A -

¥
4 -

Note:.The presence aof albumin in the subphase has no

3

effect on the minimum surface tension, the plateau

level and reproducibility‘of Conaggutive curves.
: X N\ o -
Only the maximuyn surface tension seems to be
‘ £ :

affected. .

i
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Figure 10:

of foam‘

‘tension

9 mN/m.

o~

Spée& effect-on.films from the lipid fractiom
no. 1. At 1/12 cycle/min, the minlmum surface
at 4/3 cycle/min about !

: ¥ .

p

is about 18 mN/m,

-

‘No. ;Oxof the first series of ten curves ‘is shown.
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CHAPTER 6 .

DISCUSSION- OF CHAPTERS 4 AND 5

.

6.1 Preparation of the films
]

A wide variety of methods are described in the

- Iy
literature. Schrpelli (1968, Chapter 4) poimts out that
: -

standardizationof extraction of the surfactant and

T

preparation of the film is an empifical process for %

particular laboratory. However;, centrifugation between

300t§ and 1000 g for sgdimen;ation of the cellular material

is a common initial procedure.

E J
Since "aging" of the cell-free material (4.1.2 a)
. L o 4
was important with respect to low minimum surface ten%ion
and reproducibility on repeated cycling, we conclude a

time depenéent organization of the film. Molecules which

v

interact most strongly with each other at the, interface,

produce thérlowest free energy per unit agsa. It is there-

-

‘fore reasonable to allow an "aging" time until no further

defecgable decrease of the surface tensionican be observed
® ‘ .

under staﬁic conditions. Scarpelli (1968, p: 67) suggests

g

15 min to one hour before compressioh of the surfgce is

begun. We found a time of one hour usually too short and

4

prefered an aging time of up to three hours.
'<¢ . . .
Even foam 1, from the top of the fractionation

column had to be "aged" more than one hour until ho furﬂ.Fr

O St




decrease of theigurface tension occurred. The static .

‘
s

minimum surface tension was then ‘approximately 25 mN/m,

‘the value obtained from synthetic'lecgthin films.

. . !

3
'

o The fac¥# thatimbnélayers of the lipid‘fraction alone

. . :
demonstrate a surface activity very similar to that of
lavage sdrfact?nt, suggests thaé_proteig’is not an impoftant
factor of the surface fi&m itself. However., itnmay be an

importanf component of particles in the subphase.

Reifenrath et al. (1973a) report that "albumin

%

decreases the ability of lecithin films to reduce surface

-

tensipn regardless ‘of the protein being’in'the gurface

> ",

film or«in théWEubphase. Without exception, we did not ’ .+

fyégjany interference with phé minimum surface tension of
. .

monolayers from the lipid fraction. Albumin in céncentra-

tions up to 5 mg/ml in the subphase affected‘only the

maximum surface tension. Also, there was no measurable
. 9

* effect due to albumin on the development of hysteresis

loops with repeated c&cling.

®
- )

6.2 Temperature ‘and speed dependence

’

Variations of temperature between 22°C and 38°C

are repdrted tovhavé no influencé on surface properties
of surfactant (Ave;y et al.‘195é). Not much attention )
. has been given éo'tﬁe influence of speed on the surface

tension-area diagram. It was assumed. that cycling fre-. -

y gquencies from as low as one cycle per hour up to 14




/
cxcles/min have no significant effect ' on the hysteresis

.,67). However, Frosolone et al.
| £ "
(1970) found_that about five times as much surfactant- .

A}

material had to be appiied on a surface with a 28 min

loops (Scarpelli, 1968,
A -~

cycle as with a 3 min cyclé,in Qrder to get a surface

-
«

tension of 12 mN/m. Protein or lipid components other than
' ’ ™. T -
lecithin are suggested by these authors to be the reason

for the dynamic effect.

I

From our study, we conclude that th? minimum surface

~

tension at‘37°C,is signifi@ntly higher than at 22°C,

leaving the speed and £he amount of film material constant. -
This was found to be- true ford de lung. lavage material,

for the foam fractiqn'l, and for fhe lipid fraction. The
experimegts with protein suggest that t?e spsed depend?nce
cannot be attributed to the presence of albumin in the

system. We willashow iater that lipid components other~th9n
lecithiﬁ are very likely responsible for the sbeed efféct.

But we Will also demonstrate‘that dynamic effects for pure

DPPC films in the temperétu;e range from 22°C up to about

40°C and from 1/12‘CYCle/mih up to 8 cycles/mih are negli-

©

gible. = ’ - ‘

6#3. Development of hysteresis loops on repeated cycling .-,

"

Siama et al. (1973) used a bubble method for large

series, up to several thousand, continuous cycles. Their

"Equilibrium area surface tension diagram" corresponds

4




Yo

+

' ; : .
6.5 Regression and correlation ‘ . , )

£

to our "statﬂqnary" hysteresis loop. Generally, our

.

findings agree with theirs, except that the minimum surface

tension of our statlonary statk is about (3 - S)mN/m
higher, at the plateau level, (23 -~ 25 mN/m) . They dﬁé not

mentlon the typical plateau of the surface tension~area
T, »
dlagram to which the minimum surface tensmon rises with i
time. : h ’ ' !
. .

6.4 Phosgﬁolipid‘éomposition 0 1 lvecNar sujlectant
TN

’

We found th;t over 80% of the\total surfactant

phospholipid was PC. Frosolono et al 0) reported the
corresponding number to be 76% ung surfactant, with
54% DPPC. Toshima et al. (19 68% PC in the total

phospholipid ‘content of rat

.
-

The second most abundant°compone Bwas PG, whﬁé;hkf Tl L

x'.

- -

~made ‘'up more' than 9% of the total phOSphOllpld Thls agrees 3‘5‘%ﬁ-

well’ w1th the fledlng of P!leger et al. (1972}, who re-
.ported 9% of "the tétal surfactant phosphollpld to be PG.
They found only 2% PG in the ghéspholipid<poutept of whole
lung tissue. Like PC, PG seems to be strétegically located
and it may be an iNportant- factor Of the surfactant. For
further information on the phospholipid gontent see Toshiﬁa

et al. (t972f, Pfleger et al. (1971), Frosolone et al.

(1970) .

v

-

The good correlation between the lecithin content

(total lecithin,'saturated and unsaturated), and the




A

jinimum surface tension supports the importance of this

. -

c mponept.rghe results were obtained. ia spite of our

-

crude washing technique and therefore uncontrolled "con-
tamination” Sy protein and other factors (Hurst et al.}

1973, Reifenrath et al., 1973a).

No relationship between the maximum surface tensipn

AN 1

and the lecithin content could be detected. This suggests\
. X -
compeénents of surface active material other than Iecithin

determine the maximum surface tension.

- . ~

Plateaux ofr curves .from lung alveolar surfactant

or of the lipid fraction, regardless of the preparation,
. are no measurably dependent on cygling speed'and‘temperaw
.-

ture.

Surfactant samples with a relatively‘low lecithin
content showed a minimum surface tension at about the
élateau level, between 22 and 25 mN/m., even at 8 cycles/min

L4
. and room temperature. -

]

6.6 Summary s
& R | ‘
Cell-free crude lung lavage material from rabbits

was compared with foam-fractions and with theffipid extract

)

of the same lavage.
»

-

2
} 1) Surface tension-~area diaérams from cell-ffee prepa-
?ations were found to be temp&ratufe— and speed dependent.
At 37°C, surface tensions belbw 10 mN/m were bossible only

j
'

-

55




P

_reached

Y 56

< - -

by increasing the cycling speed to_values closer to

physiological frequencies, e.g. B cycles/min.

: . ‘
2) Foam from the top of the fractionation column
i«
produced more consistent results than the unfractiaogated €

N

cell~free lung wash; the minimum surface tension was

lower and there was less change betwten successive loops.

3) Characteristics of surfactant hysteresis curves,

.

. . . 3 .
minimum surface tension, plateau and change on successive

cycling could be reproduced by the lipid fraction alone.

[ 4

4) Albumin, up to yglatively high concentrations in
. A 1
the hypophase, had no measurable effect on the minimum

+

surface tension of films from the lipid exttact.

5) After series of about a hundred to a thousand N
continuous cycles, the surface tension-area diagram

"stationary state" at the plateau level of

v,

about (2

W

4 ~
. »
- 25)mN/m. This process is dependent on témpgga-

- -

ture and on the guality of the foam fraction, but not on

cycling speed. -

6) The good correlation between the lecithin content

and the minimum surface tension, in spite of "uncontrolled

-

contamination” of the ;avageamaterial, supported the

'

importance of lecithin.

»

7) More than 80% of the total phospholipid was found

, . &
to be phosphatidyl choline (PC) .- About ‘9% of the total

¢ r

-




»~

glycerol 1PG).




CHAPTER 7 . ¢

'SYNTHETIC COMPONENTS RELATED TO LUNG ALVEOLAR SURFACTANT

7.1 Introduction

Recently, a good selection of pure synthetic phospho-
lipids has become available. Cadenhead (1970, p..l75,
points out that a better understanding of the properties of

extracted natural phospholipid mixtures is now possible by

*

. comparison with those of selected synthetics. In Table V

b

some impoftant phospholipids can be found. Their’stereo-

specific and commen names are given. '
B '3 :

—

7.1.1 Non polar i1ipid L

Reifenrath (1973) reported that cholesterol may be
‘an important factor of surfactant, at least in rat lungs:
his estimated ratio of cholesterol to phosphatidyl choline

is between 1 : % and 1 : 15.

-~ -

Frosolono et al. (1970) found <holesterol to be

about 11% of the total surfactant lipids from dog lungs.
Pfleger et al. (1971) estimated between 10% and 16% of

cholesterol in total surfactant lipids £rom dog lungs.

s

- \\
7.1.2 Phospholipids

N

'Galdston et al. (1969) feported that about 90% of
thé total surfactant lipids Sre phospholipids in rabbit

. lungs. Pfleger;ét al. (1971) gave the corresponding number

-

. F




| 2 59
) . ’“" : : . ' \; -
to be 802, for dog lungs. , R >
wé have already presented our_findiggs regar?ing '
the phospholipid composition®of rabbit aiveolar waigﬁidf ;
5.2.1. Over 80% of the total phosphA{iﬁid conte?t.wés PC, -
about 9% was,PG; and approximately 5% was PS and'P£~com— )
bined. In Table VI, the structures -of éc, PG and PS are .
shown. b f ’
o - \ o’ ) B s . .
7.1.3 Fatty acid distribution \\\/// N '

Detgiled information about the fatty'acid distri-
bution of total surfactant p;ogpboliéids can‘be.found in
Frosolono et al. (1970), Pfleger et al. (19715, Toshimé , .
et al. (1972), Galdston et al. (1969). ~ ‘

Palmityc‘acid (Cl6 : 0), is the most. important factor

¥ ®

in all the phbspholipids. FPfleger et al. (1971) found

approximately 60% palmitic acid in both, PC and PG. v

] . b P

. . . ) e LY A .
bd It is i1nteresting to note that there. are relatively
1 ] ‘ -

‘large poftions of (Cl18 : 0) and of the one unsaturated

-_ -~
compound (€18 : 1). There arfe only trace amounts of fatty
*

- 14

acids with less than fourteen carbon atoms in a chain.
Galdston et al. (1969) found about 10% of (Cl6 : 1), 29%
of (C18 : 1), and 14% of (C18 :"2) of the total fatty, acids

in rabbit 'lung surfactant. o 1 -
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.

7.2 Properties at the air-liquid interface

7.2.1" Introduction ° , S . C

In the following, characteristics of films from -

synthetic DPPC or PC (Cl6é : 0), PG (Clg : 0), PS_(Clé :10)

were investigated. The influence of unsaturation and chain
length on the dynamic properties of DPPC layers weré_

studied. ’ ’.¥" \‘ ’

The behaviour of DPPC films in presence of albumin

" was described. .. ’ s

(

7.2.2 Materials and methods

’.

The apparatus has been descgibed,ih 3.8.
- " Lipids - .,

Synthetic lipids were purchased from *Serd%ry Re-~

Y

search Laboratories, All solvents were of s§éctrb£co§ib

x

ﬁgrade; The lipids were usually dissolved ih.ehloroform.

N-hexare was then'added with a little propanol as a sprea- !

ding agent. The concentraﬁions were 2 mg/ml if not other- =
wise specified. Fog problems with spreadiﬁg solutions, see

Munden et alT‘(l973é). DPPC was dissolved in chloroform’:

]

\propanbl : .n-hexane (1 : 1 : 8, By vol.).

“ -~

The solutions were stored at about 5°C and- renewed

- LY

every other dayl The chem¥cals were not further qurified.

However, the lecithin was periedically tested for purity

*Serdary Reségrch Laboratorieé,41643 Katﬁryﬁ Dr.,
London, Ontario, N6G 2R7 ‘

f ' . . , ~

O M . -

- H B
r - >
o - . .
e : Y
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e “TABLE VI

[ : - .

STRUCTURE OF THREE PHQSPHOLIPIDS y

' ¥
. "”
9 .
N <
——— .
® . -
P , Phosphatidyl choling
" PG : . Phosphatidyl glycerol
PS : Phosphatidyl serine e

Note: R, andARzArepreSent the hydrocarbon chains.

VAN
v
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L "

» by thin layef chrohqtography.

. ¥ . . €
The films were spread with:ra 10 pl Hamilton micro-

4

syringg\(t 0.1 pl), on a solutién of 0.9% NacCl (pH 6.4 -~

7.1). The solvents were allowed to evaporate. for two to

- five minutes, The wate; was double distilled in pyrex glass.

.

* Further cleaning of -the saline surface was found to be
necessary. When the rectangular trough was used, the sur-

face between the two teflon blades was swept several times

* ”

o "at gi&imum area with filter paper until the change of the

+°  baseline potential (see 3.9.2) was less than 10 mv for a

reduction of the film agea to 25%.
’ ‘ N

-

Wwhen the rhombic.trough wasﬁused, the surface was
cleaned at Qinimum surface arga by aspiration with a

pipette. ‘ ' ' ‘ . oA

7.2.3 Experiment$ with L-1,2 dipalmitoyl-sn-glycerol-
3-phosphatidyl choline (PC (Cl6 : 0) or DPPC)

5.

a) Phase transitions . ) £

figure lla showslthe surface tension-area, Figure 1llb .
the surface potential—area‘diagrams.,Thg cur were re-
. corded simultaneously and continuously with a cxpiing speed
T of 1/12 ;ycleymin. The experiﬁents were done with the rec-
//tangular trbugh and then repeated with the rhombic tray, .
in order to check for possible artifacté introduced by /

leakage. The diagramé-are drawn on the basis of &t least

four independent runs. At maximum film area’; the area per -

»
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Figure 1ll:  Surface tension-area and surface potential-

2T

. area characteristics of DPPC films. The curves were

reconéed simultaneously. The cycling speed was

1/12 cyEle/min. Two curves: are shown, the upper one

-

for 22 + 0.5°C (unbroken line},. the lower one for

37 + 0.5°C (broken line). : , ‘

I L

.~ Figure lla: Surface tension-area characterjistics

S : Point of inflexion, corresponding to (43 + 2)10'-20
% mz/moleculeq the limiting area of the DPPC mono-
‘ layer. ‘ .
. P : Point iﬁ about the middle of the transition

-

plateau from the liquid expanded tb the liquid

. . condensed state.

Figure llb: Surface potential-area characteristics
- < )

P': This point corresponds to P in Figure 1lla.
, .
The curves demonstrate two linear barts,

separated by a marked change of the slope at P'.

. B - 3 . ’
Q : Maximum surface potential. Q does not correspond
o S' (limiting area). * ] o »

"

- ‘ “ . _T
Note: The area axis is lineag.

t N
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’.ﬁblecule was chosen to be 100 x 10_20 m2 (100 Xz) and

' the amount of lecithin to be spread was calculated accor-
- ”’ . o ": +
dingly. The phase transitions from the liquid expanded
rE T o K ot ) A
to th€ condensed ‘state agree with earlier results (Phillips

®

S

et.al., 1968, Villalonga, 1968). The surfgfe tension-area

. - - . . .l ¥y
characteristics show_a point of inflexion S, correspondihg

20

to (43 + 2)10°° mz/molequlev(MEAN f S.E., ei??t independent -

‘\.ekpgrimentsY, as the limiting area of the molecule in the

monolayer. L o

»

The'su;facefpotential—area diagrams démonstrate
two linear parts; sépqrated_by a ﬁagked'change of the slope
in P'. .This ghanée of .slope éor;espongs,approximatel§ Eo
péiﬂt P .in the middle of %ﬁeltransition’z5ne from the liquid

LY . . .
expanded to the liquid condensed state in the surface
# . -’ . [y .
. ’ LR " ‘ "’
. tension curve. ' - .

; T x_, . -
The maximum-surface potential; Q, is xeached beyond

the limiting area, but dogs not correspond to the smallest

-
.

> > w.
possible value of the surface tehsion.

b)* The guasi equilibrijium state v

Figure 12 represents ‘a surface tension—<area diagram
- . . .

e ) )
at 37°C + 0.5°C. In order to investigate the time dependi?t

behaviour, tﬁelﬁovemegt of the vhombic tray was stopped at
- L v *

various points and the surface tension recorded as a func-

tion of time. Short of the limiting area, at about 25 mN/m,

the rise of the surface tension in the fiPst minute after

v - [

-

\







. t§7sion, indicated by the circles. 1

W

1N L —

13

. '

Figure 12: Surface tension-time characteristics of a

hAY}

DPPC film after stop at various levels of surface

The curve with the arrow represents the surface
- r

tension-area diagram.

: .J

Note: At minimum surface tension, about 2 mN/m, the

- -

’ .

"film is in a relatively stable state (see texe®).
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[

the stop was always smaller than 1.0 mNZm, regardless of 2

¢

the temperature, a criterion for stabiiity (?hillips et ai.,

1968) . After the first minute, the surface tension_changed

-

. ) ¢
. less ghan 0.1 mN/m per‘minute, indicating a state relatjvely

~ Yy »
i L I N
. close to the thermodynamic equilibrium. .We are using these !‘-

criteria to define the "quasi equ ‘briﬁm state". .In order.

~ - ’

. . L )
to achieve g true equflibrium, we would have ‘had to fulfill
o

. i - ' » . . ’ t *
more rigorous conditions, su¢h as ant%tmosghene saturated
. . N Sl |

terial.

-

[N

with the vapour of the m¢nolaye

molecular; the surface te f&q_rises much faster with time s~ .

B For & surface tension of 5 to 10 mN/m, we observed the . ®

. " fastest change with time in the first 3 to 5 min éi&gr the *
4 M . '
stop. According ‘to the criteria above, the film is no mote ’ -

) ]
.in the "quasi equilibrium state®.

However, it'is very interesting to note that the

. - ]
film, once the minimum surface temnsion is reached,qbelow

-

)
N

A}

1 mN/m, is again in a much more stable state. The surface;

-

tension~time characte ticyswas observed for at least
L J

N

N\
three® hours. Within this time interval, the surface tensioq

rose less than.3 mN/m. Since the film is compressed far

beyond the limiting area, it is no longer: a moﬁolayer, but
- - * . . .
rather is characterized by a three dimensional structure

.

which is very stable. S -




)

c) Surfaggtpotentiél—erea hysteresis

3

‘Figure 13 shows the surfade tension- and the

. -

. ) . ,
surface potential-am®a diagrams of two films. In g{burexi

13a, the dashed %éne represents the surface tension-area
1 - , * - . ’ ?
loop of a monolayer which was spread- to produce an initial

o

! - . 4 - x
surface tension of about 65 mN/m. For the unbroken 1§ne,
more lecithin was spread the maximum surface tension was®
1n1t1a11y about 50 mN/m. THe expan51on part of the un-

broken.llne follows the dashed llne, it is therefore

)

omitted®in the figure. -

-

orresponds to the upper curve of 13a,

Figure 13c to the lower ,curve of I3a,

» °

The surfébe potentigl—-area bharacteristios-reach'

a first maximum in the compre351on part of the curve.

Agaln,‘lt is demonstraté& that this maximum does not.

E C

correspond to-the mihimum surface tension. After the first

’

max1mum, the’ surface potentlal decreases and follows then

a horizontal part, correspondlng,ylth thelborlzontal sec~-

"

L
tion at minimum surface tension in‘Figure,13a. In the
v . . . y
expansion phase, a second maximum of the surface potential

is reached. S P

For Figure 14 -much more lecithin was spread in
order to produce the minimum possible surface tensién,

” / B E -

about 25 gmN/m,” at maximum.trough area and for static

-

conditions,. Therefore[ the film was alreadyacondensed

L]
a
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Figure '13: Surface tension- and surface potential-

area diagrams of two films of. different initial

concentrations.

3

Figure 13a: The expansion part of the unbroken line

- N e

. .
follows the same path as the broken line. -

F£§ufe l3b:’_The dashed line corresponds to the upper

curve of 1l3a.

~
2

)

Figure 13c: The unbroken line cg*responds to the*un—_

, broken curve of 1l3a.

-

.

The surface potential-area loop demonstrates H&steresis

- * t h !
and two maxima, the first in the compression part, the
. L . N

o~

seco‘d‘in the expansion part of the curve. .

'\ Note: The maximum surface potential does not correspond

to the minimul surface ‘tension.

-

7

: » ‘
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———————— surface tension- and T

surface potential-area

L\ d

" hysteresis loops, simultaneously recorded

-
—

. . .

L

- Compression was- -started from a condensed state of the
film. A rélatively large amount of lecithin was spread'
inifially to0 produce the lowest minimum surface tension

for static conditions, about 25 mN/m. )

Note: The first maximum of the surface potential—érea
: curve is relatively flat,‘dde to the nonlinear
area change. The~rate of'area»change,is much slower
between lOO%{énd 75% film area‘thaﬁ between 50%

. and 25%.

-
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"Figure 15: Hysteresis gpffect due to "loss" of film material

k]

during the horizontal part at minimum surface tension.
/

The amount "lost" waw determined by respreading the

necessary lecithin jrr reproduction of a particular loop.

- 2 >

Figure 15a: shows three loops with different initial film
‘ \ :

concentration. The pxpansion phase of the curves follows

. §

an identical path. b .
. ‘

Figure 15b: The lecithin guantities which had to be respread
were determined six times, the MEAN values + S.E. are

plotted vs. the lengths, of the horizontal parts. MP, MP',

MP" * a0 et\c‘. M ' f\:

r

. b '
Note: The experiments were done with the rhombic\}rough,

this - explains the greater uncertainty of the area

at small areas. The area axis were linearized for

-

the drawings.
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f
péior'to compressibn. Again, there are two maxima of the
surface potentiald. The horizontal part with the minimum
surfacey tension close to zero corresponds to thé hori-
zontal part 6f the surface potential-area diagram. Upon

expansion, the second maximum is riéched.

» i t
.d) Hysteresis and "loss" of film material

Figure l1l5a shows three curves from films spread *

to produce different initial surface tensions at maximum

. -

trough area® For 1 diagrams, the expansion parts followed
wan identical path. In order to reproduce a particular

curve, a certain amount of lecithin had to be‘resprea& at

f

maximum area, at the end of the expansion part.

. . - .
In Figure 15b is demconstrated that the "loss" of
N~

f

' film material is directly proportional to the horizontal

part MP of the surface .tension-area diagrém, at,minimum
surface tension. Thié "loss" was determined by reépreading
the amount of lecithin necessary to reproduce a specific
curve of Figure 15a. In 15b these qugntities are plotted
against the length of ‘the horizontal parts Mp, Mpf, MP", ...

which represent relative film areas. Note, only three

\ 3

curves are shown in Figure 1l5a. .

-

l, A monolayer with a surface tension of apout/72_mN/m
required lstpg of DPPC for the initial sprgading. It
reached the minimum surface tension of approximatéiy 1 mN/m

‘at (25 to 30)% area. In order to reproduce this loop,

.4



A

~ / 5!
only 0.5 to 1 pg of lecithin had to be respread at 100%
area. . 4
LY ' - _ -
1 . . .
2. To reproduce a curve from a highly condensed mono-

layer with the minimum possible surface tension for static

>

“onditions, about 25 mN/m required respreading of 15 =~ 16 pg

. - ¥ N
of lecithin pex cycle. » S
» Y

| -

e) Develggmeht upon continuous cycling

., For Figure 16, a monolayer was spread at mgximum
trough’area énd to produce an -initial surface tension of
about 55 hN/m. The temperature ¥as 37°C, the film was
compressed and expanded contiﬂﬁously at a speed b%‘Z
cycles/min. Loops no. 1, 10 ané 200 ;re'shown. Cycling
was continuéd up to loop no. 600. As we have demonstrated
in Figure 15, the loss of film material occurs during the
horizontal part, at near zero miﬂ&mum.surface tension.
Therefore, it .is not s( rising that the loop areas become i
smaller and smaller} the horizontal part at migimum surface
tension disappears quickly, after three to five curves.
However, the minimum surface tension of less than 1 mN/m
islmaintained for several ﬂunaredLsuccessivg cycles. Only ,
aftef about 500 curves, a small increase of about 1 to

| ,

3 mN/m could be observed. . ?

\

7.2.4 Discussion

I4

-

a) Surface tension-area studies

A number of papers have been published about équi:/\\\\

. ?
librium properties of lecithin monclayers. (Phillips et al.,




A8
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. a . 1
Figure 16: Development of hystéresis loops froTPQPPC,

'films'upon continuous and successive cyclingd

Figure l6a: Loop

1Y

‘Figure 16b: ZLoop 10

Figure 16c: Loop no.-200

Note: Loop ﬁo. 600 could not- be distinguished from

loop no. 200.
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1968, Vllal\onga, 1968, vilallonga et al., 1964, Hayashi
\
et al., 1972) Phllllp§ et al. (1968) pointed o t that the

marked phase tran51t10n$ from the llquld expanded to the

condensed state are ‘an 1nd1catlon fo; the purity of the

DPPC film material. Since our monolayers demonstrate these

» » !

transitions clearly and from the good reproducibility of
the data, we onclude that the lecithin used was pure.
According to the manufacturer, DPPC has a purity better

than 99%. We have seen that films from DPPC are stable

-

and in the "quési eguilibriyum statéﬂ, if ﬁhey are-pot com-
pressed beyond the limiting area. At"the limiting area, the
surface tepsion is appréximétely 25 mN/m, Since aE 25 mN/m,u
the monolayer is most closely packed, a structural’chqﬁﬁé
ﬁust occur upon further éomﬁression. The layer might fold
up to a mo;e three dimensional film. (This will be dis-

4

cussed later, see Figure 18). o

3

In Figure 12 we have demonstrated that the film is

= [ *

less stable below 25.mN/m. However, at the minimum” pogsible

surface tension, less than 1 mN/m, the films we}e at least

©

\gs stable fpr an arbltrarlly‘chosen time 1nterval of about‘

T

/g/ ‘:and Swarbrick (1973b) report that higher surface pressures

Ebree hours as. in the "quasi equilibritm state"; above _

the,limiting area, even at temperatures up to 40°C. Muriden

were obtainable w1th lung surfactant han with DPPC. The
reason for these flndlngs may be leés purified lecithin or

leaks from the surface tray, sjince w1thout exceptlon, our

i
|




3

DPPC films produced lower minimum surface tensions or

N ¢
higher maximum surface pressures than lung surfactant. -

“

©

- b) The hysteresis effect . . - - ' ’ -
\ ) - 4 - " -
This effect is.due to squeezing out of~Qolecules,
. -
' mainly at the lowest possible minimum surface tension,

- )

> below 1 mN/m. This, "loss" of film material-is character-

ized by the horizontal part at the bottom of the hysteresis

loop. Upon successive cycling by sqdeezinq out of moledules,‘

.

the compression part comes closer to the expansion part with

less and lems hysteresis effect. But nea
. .

tension is still achieved at minimum“film anea.

zero surface

N
.

- N L} i

Colacicco et al. (1973), p. 321,. defMonstrate no. 1

5%
tiwi

and no. 10 of a series of DPPC curves.. Loop no. 10 shows a

.

minimurd surface tension of about 12° mN/m. Under no cirdum-

stances except in the césé\of leaks or contamination did

the surfaceé tension of a pure DPPC €ilm.rise in such a
" ‘ . N

o

way-, for temperatures from 20°C ug to 109C.ang\for the
‘ P ! r ~ b
speed range 'from 1/12 cycle/min to 8 cycles/min..

] -

- ~

-
v

c) Surface potential-area ‘diagrams
>

- } S .
The maximum walue of the éurfaqe potential in the -

compression part corresponds to a'gtate‘of;fhe film just
' ¢

below the limiting area of the moleclile, but definitely
. g .

above the on&:with the minimum Surfaqelfension of less

av = L A(mpl) : (3.8)

than 1 mN/m. ¢In
‘ §

P, = pcoée.is the vertical component of the dipole moment.
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In the literature abdut surface chemistry, it }s assumed
_ that the molecules are more and more'ﬁertically oriented | v

during the compression of the film. We would there%oré .

expéét a non linear céntribution to the surface{potential RN

due ‘to thiscoriéﬁﬁafién.'Thé'permittivityLE isitakg; as

.constant and. equal to eo,Cthe vacuum
’r . - [}

permittivity. .
. ¥ .
"Colaciccé (1971) criticizes thé& capacitor model, since ‘it

-

>y

requifes free charges. The dipole layer }g a system of . N

neutralized’ charges. N
. N ‘9 LI T ;_" ) ‘ ) ) i
“  Our exp%;lmental data.reveal a linear relationkhip

“betweén the dipole density and the:surface potential. The
. . , . ' —t .

marked- change of the slope in P' of Figure 1l1lb could be
‘attributed to a sudden change‘df the dipole orientation

- or, what we ‘think as befng more likely, a change of the

<

electrical environment of the polar heads. The polar end

‘-groups'may_be hydrated in the iiqu}q expanded state

(Kezdy, /1972, p. 137)J‘Upon compression and condensation,

' the water molecules may be squeezed out, causing a change, - ¢

of.the electrical field around the polar heads. Phillips .

.

(2972) , pp. 3159-167, points out that the ugderstanding of
, the hydratiop.and conformation 6f the polar head groups

. are limited and that it is still uhcertain how hydration

-

is contributing te the free eﬁergy of the mogplayer. On .

"the ,next pages we will deééribe.possible simple meéhaggéhs -

for the surface tension and surface pdtential area qhé-
» '

-
[y

racteristics. . N : -
. ‘ ] w .

-
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Figure l7c demonstrates what might happen at, P'
s ‘ - . \
of Figure 1llb. ‘At an area per molecule, short of P',

the ‘polar heads .are still hydfated, the dipole moments
of the water molecules’ are opposite to,the dipole moments

of the DPPC molécules. Upon further reducﬁion of the area,f

Al

e "the water molegules are squeezed out, the dipoleumoment

»

per unit area increases and therefore the surface potential -

increases, resulting in a change of the slope. From equa-

tion (3.8) we see that the surface potential is dependent
e N ] \ . ” , . [ 4

®

on the number of dipéles per unit area. . .

. . ii Since the maximum surface potential does not cor-
'respoﬁd to the limiting area of the film, we conclude

a higher dipole density upon compression beyond the limiting

- -4

-

( K .

* Figure 18a illustrates the monolayer in the @losest

area.

-

packed state, at the limiting area of the molecule. In
Figure 18b, the film is folding uyp and produces a hiéﬂer
dipole dehsity and therefore a‘bigger surface potential.,

This might illustrate approximately the sitﬁatton at

maximum surface potential. . T

In PFPigure 1l8c, parfé of the layei are pushed into..
biﬁolecular Ptructﬁfes. There are, less dipoles~ﬁé£tically
oriented per unit area, which meqné a lower sqrface po-
tential. Upon further compfession, in Figure 185, the top

L] [ ﬂi}

. g parts of Figure 18c are clesing in on each other to form
i . ; -
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orientation of‘ﬁhb”pPPt molecula

—~

- ¢

Figure 17a: It repfeéents the dipalmitoyl phosphatidyl

choline (DPPC).moleéule. ' s . ®
Each of the hydrophobic tails contains sixteen carbon

. atomg. The dipole of the polar head is vertically
"oriented. = N .
/" . ‘

’-

Figure 17b: - DPPC molecule, schematically with vertical

orientation of the dipole.

»

Figure 17c: 1In tHe first group, of threeg molecules, the

polar heads are hydrated. The dipoleé of the water

molecules are opposite to the DPPC dipoles. d

The second group demonstrates the situation after

squeezing out of the water molecules.







a °

Figure 183v Compression q{ifhe pPbC- £ilm (model),

s

« -

Figure 1l8a: The DPPC monolayer in the closest packed state,‘

at the limiting area

N

Figdre 18b: Situation after further compression

?

Figure 18c: On even stronger compression, a three-dimen-

sional Structure is being built.

Figure 18d: 'Micellulir structures appear separated from the

rebuilt monolayer. -
On continuocus compression, these micellular boflies are

progressively squeezed out and migrate into the. subphase.

Note: The maximum surface potential in the compression
part corresponds to Figure 17b, where the dipole

density is dreater than in 17a.

2 .

For further comment éee text. .
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again a more or less continuous film. The bimolecular

5 .
structures are transformed into micellular particles

whiqh then are'pushed into the subphase. This process

corresponds to the horizontal part in the surface po-

tential-area diagram of Figure 14. The surface potential,

is approximately constant; but not atsits maximum value
as it is in Figure 18b.

, . 8Since there is a second maximum in the expansion

part ¢f the surface potential curve, the situation of

18b might be restored when the lateral pressure is re-

leased.

-
[}

7.2.5 Influence ,ef chain length and unsaturation on
dynamic propgrties of phosphatidyl choline films

a)_ Introduction
-

The behaviour of lecithin molecules in monolayers

are controlled by two mechanisms:

- the short range interaction between methylene groups’

of ddjacent hydrocarbon chains (Van—der Waals interaction)

- interaction in the polar region, which depends on

many factors, like hydration or electrostatic interaction
between ionized groups and the subphase ions. Lecithin is

a zwitterion and therefore has no net charge. Between pH 4
. <
and 9 it is a neutral phospholipid, not sensitive to the

" presenceg of ions in the subphase (Colacicco, 1971, Hayashi,

”

1972) .

D

81




. 2
< ' T . \. 7 /
¢ ' . If the hydrocarbon chains are suffitiently long,
s condensed monolayers will be formed, while shbrter chaine

[ ¢ .

produce expanded monolayers. Lowering of the temperature

can cause the monelayer to become-completely condeneed,
eveﬁ if it was fully expanded at higher temperatures.
Subtractlng two methylene groups from each chain of the
lecithin molecule, is approx1mate1y equ1valent t6/ra151ng'

the temperature by about 20°C (Phillips et al., 1968,

p. 307).

>

f

J . .
Double bonds between. the carbon chains {unsatura-

-

tion) have an expanding. effect. The chains are then less"

hydrophobic and act against closest possible packing.

b} Results
Figures 19 - 23 illustrate the experiments con-
cerning chain length and unsaturdtion. The curves were
. » . .

drawn on the basis of at least four independent experi-

S '
ments each. (For comment see the legends to tﬂé figures).

]
.

) 7.2.6 Films with phosphatidyl glycerol, PG (Cl6 : 0)
and phosphatidyl serine, PS (Clé6 : Q)

a

’

a) Introduction

Fd

These phospholipids have cherged polar heads. The
behaviour of .their films will therefore be much more in-
fluenced by pH and the ionic cpntent of the subphase than

zw1tterlonlc compounds. The pH of the subphase for all

'

experiments with PG and PS was Jlways between 6.4 and 6.6.
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Figure 19: Influence of chain length on surface tension
» and surface pofential-area characteristics, of phospha-

- tidvl choline fi;ms;' . <i;> .

1
v

]

~

Figure 19a: The surface tension-area curve of distearoyl

PC (Cl8 : 0) is more pon@enseé than the one *from dipal-.

mitoyl PC-(C16 : 0), (DPPC). -
N ‘ 5 L a
Figufe 19b: The»monolayer from dimyristoyl PC (Cl4 : 0) ’

is more expanded than the monolayers in Figure 19a.
The minimum surface tension is about 20 mN/m, cgnsi—

derably higher than for PC (Cl6 :,OY or PC (Cl18 : 0).
The maximum surface potential is about 450 mV. For

PC (C18 : 0) it is épproximately 580 mv.
. . . : ,

'
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Figure 20: Films of PC (Cl4 s O} _.

-

. -
@ ¢ &
- a - t.
3. ~
- © . [N
-~ . g-) -

Figure 20a: Single monolayer experiments with- dimyristoyl

-

" pC (Cl4 : 0). The minimum %urfacg tension ®s dependent . -
on the cycling speed; at 1/12 cycle/min, it is about

20,mN/m, at 8 cycles/min about 15-mN/m.

”

Figure 20b:“DeveLopment of hysteresis loops on continudus

. - cycling. The Film'was spread initially at 100% area

énd to produce a surface tension of about 50 mN/m.

Loops no. 2 and no. 50 "are shown. . - : '
‘ : - e
N Figure ,20¢: It represents loop no. 10 -of-wa series af

> o

successive curves, The -film was spread from a mixtyre

)
1

. of ,PC (ClG:: 0) : PC (614 : 0) =1 :1, by mass.‘ " v
' \ , | ~

)
-

Note: ‘A relatively large amount of PC (Cl4 :-3) in L

. mixed film with.PC (Cl6 : 0) dqes not prevent
! LY / ’ s ’

. . . e ’
. the surface tension from reaching near zero values.

- s
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Figure 21: Effect of unsgturation on the surface tension-

c

and surface potential~area characteristics.

_Figure 2la: ‘The monolayer of PC (Cl8 : 1) produces a

"minimum surface tension of about 25 mN/m at 25% area.
The minimum surface tension of the saturated PC
(C18 : 0) reaches near zero surfacé tension at mini-

mum film area. The maximum surface potential of

PC (C18 : 1) is only about 430 mvV, as compared to

PC (Cl8 : 0), with approximately 580 mV (Figure 19a).
\

Figure 21b: The effect of three double bonds is even more

dramatic. The minimum surface tension of thé PC (Cl1l8 : 3)

film is about 33 mN/m. The maximum sgfface potential

- -

is only about 370 mV.

n:‘}
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Figure 22: Time dependent behaviour of mixed films . j

-

<

Figure 22a: Surface tension-area characteristic of a

mixed film of PC (C18 : 0) and PC (C18 : 3) = 1.: 1,
by mass. fhe compression part of the curve shows a’
plateau at about 28 mN/m.

In additional experiments cycling was'stopped at

P and q/ﬁfd the surface tension was plotted against
time. ..

 Figure 22b: Surface tension-area characteristic of a

mixed film of.PC (Cle : 0) and RC {C18_: 3y =1+:1,

by mass. fhe_éashed line represents the curve at a s '

speed of 2 cycles/miq{ the solid line the one at 8
Py cycles/min. In additional experiments, cyciing was .

stopped at R and S and the surface tension was élotted

agéinst tiﬁe.-Tpe figure demonstrateé that the minimpm

surface tensign at 8 cycles/min is-due to the dynamic -

behavidur.-

>
h /ta._.._J N
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Figure 23: Mixed films of various mixing ratios

r)

Figure 23a: Surface ténsion-area chlracteristics of mono-

layers of various mixing ratios (by mass), of PC (Cl6 : 0)

and PC (Cl18 = 3).

It demonstrates that the minimum surface tension decreases

with increasing content of PC (Cl6 : 0).

~ 3

Figure 23b: Surface potential-area characteristic of a
mixed monolayer cof PC (C1l6 : 0) : PC (C18 : 3)

4

il

8 «+ 1,
’ by mass. » LN

E indicates the beginning of the separation proocess. The

‘
PC (Cl8 : 3) molecules are sgueezed out in favour of the

PC (Cl6 : 0) molecules, which are then responsible'%or

the further increase of the surface potential. More
~ . b.a ’
_~examples for this separation of components in a mixed

/

film will be demonstrated later.
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b) Results

i ’ - | ' .
N . ’ o 4 .
¢ The following figures illustrate experiments

v

with PG and PS. fhe curves are drawn on the basis of at
s : /

least four independent expefimen;sf T . .

et
N ’

»

- o

.". ) T A - S ! i ®
Figuré‘24a shows the cqmpresgion part-of a PG (Clé : 0)

£film. The minimum surface tension is appfoximately

" 30 mN/m at 1/12 cycle/miﬁ and 37°C..The‘broken ling re-

. ‘pPresents the curve frdm a PC (Cl6 : 0) monblayer. For

both films, equal*amoﬁnts (mas;) of materigl were spread
at maxim&%vtréugh areé. The PG curve is. ore_expanded | y
than the one ffom.PC.,The reason is moséiaiggl;‘thé dig— o
V‘fereﬁﬁ polar-hééd,:since-the hyérocarbonjtaiis~are iden- .
. «
ical foi both molecules. Intéractionsvin th region of
he polsr heaa ma& also bes»the reason for thg higﬁer

v

N . "
- R *

“minimum surface tension.

h v
-

" Figure Q4bﬂdemon§trates the development of continuously ) +
. ° ’ C . ¢
cycled hysteresis loops from a PG (Cl6 : 0) film. It

Y : - g ‘
was spré%q\fhffiqggy at .maximum area and to _produce an .

i | . L 5.

inifial surface tension,éf abqut 50 mN/ﬁ. Loops ﬁo.AZ

and 60 are shown on the figure. Die to a &

4

- @

the minimum surface tensio%uis'hgre, with

" about .4 mN/m 19wer'th§n at 1/12 cycle/min (seke
24‘a') . . - ; “ .

:
s ; v a

s [} ~ * -
L]

: ) .
Figure 25a shows the'surface tension-area characteristics
[

of mixed monolayers from PC (Cl6, : 0) and PG (C16 : 0).
< . ‘,‘ . . ’

< - * ’ . - ;a:! ('Y
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Figure 24: PG ¥ilms

»
Ay ‘ ‘i i - ' )
’) ) } 1Y
5 e
. .‘ . -| ‘c ' . - - -
., Figure 24a: , .
. ’ ' ‘ ' -~ , '
The unbroken line shows the cbmpression part
of a‘?d (Cl6 : 0) monolayer. J - .

-

——tm———— The‘bquén line represents EEe compregsion

-

part of a PC (Cl6 : O) monoclayer.

For both layers, equal amounts (massj_of fiim material
\

- was. spread at 100% area. o T

~

N

Figure 24b: It demonstrates the development of continuously

cycled hystgreéis loops, from a PG (Cl6 : Q) :film.

'Loops no. 2 and Ho. 60 are shown,

" - ¢
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The mixing ratio has a great effect on the minimum sur- |,
face tension and on the plateau of. the mixed film. For

PC/PG = 1 : 10, by mass, the minimum surfaceptension is

-

approx1mately 28 mN/m, the plateau at about 35 mN/m. For -

—— 'l

_PC/PG.= 1 : 1, the minimum surface tension is about - v e

1 mN/m, the plateau is approximately at 25 mN/m.

Figure 25b represents the surface potential-area dia-

- grams which were recorded simultaneously with the curves
- Py s L ]

of Figure 25a.‘The solid line corresponds to the solid . .
llne of Flgure 25a, the broken line corresponds to the

one of Fléure 25a. Plateau E 1llustrates separatlon bF E

L [3

‘the two components in the mixed film. PG 'molecules are

most likely being squeezed out at the plateau. PC is.
* becoming the dominant factor aggxks responsible for
- the further increase of the surface potentjal.. PC s

not squeegzed-out, since there is.no horizontal section

> .

at near zero surface tension in Figure 25a.

v N 'Y / - -
Figure 26 shows about twenty suasessive cycles from a

mizxed film of PC (Cl6 : 0)/PG (CW : 8) = 1 : 1, by -
" [} . - N .
. - -
//mass. The layer was spread at maximum area and to pro-
- . [
duce an initial eurface tension of about 50 mN/m. The\

loqps/demonstrate a marked plateau at approximately 23 ) é‘
mN/m. The- plateau is very likely due to a separatlon of

PC and PG molecules in the film that was mixed 1n1t1a1ly.
‘* The PG molecules are squeebed'out at the plateau ieuel

and the remaimiﬁg PC molecules og%se further decrease

L4



-‘A
v
[ 4
. [
. .
[
. '/k
.
-
~
. .
“w
+
' ~~
¥
N [
- LAY
.
s i
L .
\
0] . . hd
) - * \
»
+
'
° -
L]
» : "
. 4
]
N
a
. B
.. . E 4

-t
R




7

- Figure 25: Plateau level of mixed films

Figure 25a: Surface tehsion area diagrams of mixed films

from PC (Cl6 : 0) and PG (Cl6 4 0)
For Pé/PG = 1 : 10, by mass, the minimum surface
tension is about 28 mN/m, the plateau at about

35 mN/m. For PC/PG = 1 : 1, the minimum surfacg tension
o ' ) '
'~ is.close to zero, the plateau is at about 25 mN/m.
/ -

L -
Figure 25b: Surface potential-area curves corresponding

» . [

to the diagrams of Figure 25a.

4

Plateau E corresponds to the plateaux -in Figure 25a.

e

The reason for the plateau is most likely sqgue

‘out of PG moleculés. .

‘ £
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Figure 26: Hysteresis loops from a mixed film of PG »

(Cl6 : 0)/PC (C1l6 : O¥= 1 i\i;-si/mass.

The photograph shows about twenty successive cycles,

dr§wn clockwise.

Note the similarity teo lung surfactant hystefesis'

loops. Plateau, hysteresis and low minimum su;face’

tension are characteristic for lung surfactan€\loops.
. )

'
*

and for the curves of this figure. The plateau is

at 5bqy£223 mN /m. \\\\\\ ’
7 R - -

-.’ | ’ \,
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of the surface tension. The loops.show more hysteresis

than curves from pure PC (Clé : 0}. This relatively %frge
hysteresis effect on contiﬂuouslg cycled curves ‘may be
due to an exchange mechanism between the subphase and .
the film. PG molecules, squeezediout at plateau levél

may re-appear at the surface upon expansion of the filé

area.

Pl

The characteristics of mixed films from PC and

PG are very similar to the ones from lung surfactant

<

films. The film of Figure 26 demonstrates a blateau at /

about the same level (32 -.25)mN/m as curves from lung

surfactant. Other'characteristics such as low minimum
- e

&

surface tension aﬂd hysteresis are typical for both

films. (Surfactant and PG/PC).

Phosphatidyl serine, PS (Cl6 : 0) monolayers

produce very similar surface tension-~ and surface p‘ntial— "
[y .
area ‘diagrams *o the ones from PG (Cl6 : 0). The curves

, are more expanded than the ones from pdfe PC (C1l6 : 0).

/,

Figuge’ 27a demonstrates the speed effect on the surface

tehsion—area diagrams of PS (Cle :, 0) films. The layers
were spread at maximup area "and to produce a surface
tension of about 60 mN#m. At Fﬁz_sloﬁest speed of

1/32 cycle/min, the minimum surface tension is approxit -

mately 28 mN/m, at 2 cpm about 20 mN/m and at 8 cpm‘
¢

about 15 mN/mf
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«

~

o

'7.2.7 "Infiuence of §ome additional agenhts on fllms

N BN
Figure 27b shows curve no. 1 and thé loqQps no. 2 and

no. 10 of ten successive cycles from a mixed film of |,

L
PS (Cl6 : 0)/pPC (Cl6 : 0) = 1 : 1, by mass.” The minimum S

surface tension is about 1 mN/m, the same as for pure
,
PC (Cl6 : 0) films.. However, there is no plateau like
"- —

the one p¥Yoduced by mixtures of PG and PC. . But similar )
& R - . -

to PC/PG mixed films, successive loops show more hystes ’

LR
resis than pure PC monolayérs. - -

from PC (Cl6 : O)

T a) " Cholesterol

“ c. - . -

qdnsfderable work has been done on the inter=- il

action of cholesterol with vArious lecithins at phe air- , )

.

liquidlinterfade; see Ghosh et al. (1973). Reifenrath

et al. ?1975b) 1nvestlgated surface tension proPertles .
of lecithin/cholesterol mlxed films with a bubble-method y
They fqund that films_from mixtures of cholesterol with

lecithin in &he ratso 1 : 7 do not produce a lpwér

minimum surface tension than about 20 mN/ﬁ; regardless
of the cycling speed. - - B : ’ ) T

We tried mixtures of cholesterocl éhd leéithin-iﬁ

the ratio of 1 : 1, 1 : 2, up to 1 : 10, by mass. The ,

results ifjicate that for the mixed films 1 : 5, near

Eepo surface tension was again produced at 37°C and »
2 cyclé§/min, but not foremixtures with .a higher chole— -°
sgefbl content. ¢ . - ~

[y ’ -

”

& . - . . . .
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Figure 27: Filns
h , - [

a

»

-

b

Figure 27a: Speed efﬁect.ép films of pure PS.

. T

At 8 cycles/min., the !&nimpm shrfaceﬁtension_is about
15 mN/m, at 2 cycles/min dhout 20 mN/m and at 1’12

cycle/min,’approximatel? 28 mN/m. o

Fiqure 27b: Curve no. 1 and the lddgs no._2 and no. 10.

..

of ten successive c%fies from a2 mixed ffim of

(€16 _: 0)/PC (cie' :

@) =1 : 4, by mass.
‘The minimum surface tension is'éiéég,tg‘zgro.; R B
. : : - T

RS
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b) Lyso PC, (C16 : 0), phosphatddic ‘acid (Cl6 : 0),
and PE (C16 : 0) ) - . ®

They do not 1nterfere w1tb the abllitg of R

-~
ol

»PE (Cl6§~ 0y films to reach near zero surface §7n51ons,

at least not mlxtures up- to the, ratio of 1 : 1, by mass. '
v .

¢) . Albumin ¢

"

:For Figure 28, 14 pl of an albumiﬁ bovine solution,'

.

2 mg/mi, was sﬁ;ead on the 0.9% NaCl surface; the surface

tension-area characteristic was recorded at 37°C and

—t

1/12 cycle/

-
, a PC (Cl6 : 0) monolayer

was<Spread at maximum area and to produce a surface ten<

In a second

sion of about 70 mN/m. An “amount .of 14 pl of 2 mg/ml of

-

-albumin solution .(0.028 mg), was then spread on the lipid‘

monolayer. As expected, the maximum surface tension
-

. n - 2 N . Fi )
decreaseds The minimum-.surface tegnsion does not seem to gf-

be affected by the presence of‘protein. For comparison,

-

the surface tensionferea curve of a pure PC (Cl6 : 0)
-film is alsc shown, ‘ ‘*_'v' 3 ) (\V;(//

Flgure 29 demonstrates hYstere31s loops after about 300

T s A

‘successive cycles. The subphase cohtalned tw? different

-

'

amounts of~albumin bovine, 0.03 mg/ml for the unbroken

cu1ve, 3 ngml for the broken line. Both films contained ] ‘(g

equal amounts of lecithin. The minimum surface tension

L4
3

of the lecithin f31lm is not ;ffected by relatively large
- ? o Jo. ) } S
. amounts of protein in the subphase. -

-~ -
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;‘Figure 28: Surface tension- and surface potential-area
. . v
characteristi'cs "of PC 4C16 : 0) (DPPC) films in

’

presence of albumin bovine

L B
. v
\
<
.

v

. - S d
Figure 28a: Surfacewpotentlaligrea-dlagrams
‘ %/——-———m- DPPC film only 4
> . .

Albumin only

r

DPPC + Albumin, (0.028 mg spread on zhe
: <8

- monolayer of .DPPC) e o
. .

) -t

s Figure 28b: Surface tension-area diagrams recorded
. : - ’

simultaneously wigh the curves of Figure 28a-°

L

-

DPPC fiYwm only

"Albumin only

“«

pPPC + Albumin, 0.028 ng spread on

monolayer’of DPPC) H

Noke: *The minimum surface tension of.the DPPC

-

is not affected by the protein.
- . L.
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Figure 29: Surface tension-area characteristics of _

=

PC (Cl6 :

" subphase

-
-

'The curves ;epreqént'the loops aftqr about 300 .,

v
’

. v
., successive cycles.
i

o

The ability of the-lecithin film to reach surface

tensions below 5 mN/m.is not influenc

»

by relativelf -

0) films in presence .of albumin ®n the ’

large amounts of albumin in the 0.9% NaCl subphase.

-

®

5
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The hysterésis effect ifi the upper part of the

graph is due to the albumin, which iégsqueezed out in the

app . surface tension from rising

further.

. r

7.2.8 Separation of components in surface lavers frdm
the l%gid extract of foam no. 1
3~ o =
In 5.2.2, dynamic propertiaes of films from the

-~

lipid'extract of foam fraction 1 -are descrihed.

Figure 30, curve no. 1, represents the surface tension-

‘" .

area diagram of a film spread at”maximum area and to pro-

duce a surface tension of about 70 mMN/m. For curve no. 2,

~r

- . - , . - v - .
more fi-lm material was spread until the-minimum possible

surface tension for static conditions, about 25 mN/m, was

- ~

obtained. For qurve no. 3, the process of no. 2 was 're-
- \

peated on the same subsolution.

The results indicate that more and more molecules
- - .
with stronger surface activity are collected on the surface.

. . v .« .o
The_components\of the film are separated,yand less- surface

ath§2 molecules leave the surface in the compression

1
g -

phase. Morefstrongly interacting molecules remain in the

’

surface film and are then resbépsible for the further de-‘_

creasing surface- -tension. ‘ ) _ —

- i3 - . ¢ - -~

'The moleculed remaining in the surface are most

-
.

probably: PC (Cl6 : 0) afd PC (C18 :_ 0). Molecules with

) .
L4 - ”~
L4 A . {9 tpa rarme T R

. ®

=



L =
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Figure 30: Separation of components in surface layers

from the lipid extract of foam no.'l . . | -

‘
»

e N\

Figure 30a: Sur‘.pa tension-area characferistics,

»

No. 1 was‘ obtained from a film spread-initially to
’ e 5

Ers

produce a surface tensidn of ‘70 mN/m. For no. 2,

much more material waf spread in order to achiewve the

lowest minimum surface tension for staXic conditions, .
) .

"“a

repeated. ’ s

Squeezing out of lessnsurface—active molecules is Pawt

demonstrated by the successive lower mlnlmum surfacqp

tensions, and by\the increased hystere51s effect of '
i

the surface tegﬁion- and surface potential-area diaqrams.

) Cee -
. { . »
.~ - .

L]

Figure 30b:. Surface potentlal area characterlstlcs, .

recorded 51mu1taneouslv with the curves of Flgure 30a

- E Plateau lfﬁely due to squeez;ng'oub'qf mblegcules
“ther than PC. 7 - : a0

At
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shorter hydrocarbon chains or withxdouble'bondé and .

. ] .-
possibly also PG and BS molecules are sgueezed out.
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"CHAPTER 8
- DISTUSSION OF PART I S

8.1" Nature of lung alveolar surfactant

RNz
" The nature of surfactantPand its definition,

operationally Qr chemically,-will certainly regquire

more work. . - .
1y - ; n
.

From oui inveétigation we cannot say much about
the relatively new concept of surfactant being in the

form of\structured hodies, which are typical for the

-

quuid crystalline phases of phosphoIipid—water‘systems,

Steim et al. (1969L described surfactant as appearing .
in. the form of micelloids, about.p.3s; 0.5 pam in dia-
meter, contagnihg.essential;y oniy,a mixture JOf lipids’

and almost no protein: Dermer (1970) reported that the

""Inclusion bodies" of.thé—alveolar type II cells, show

the typical lamellar cnystalline phase of a’lecithin-
y | . S
water system..

4
-

Frosolono et al. (1973) supporé the postulate
that surfactant has the chargcteristics of bimélecular
lameZlae with the hydrocarbon chains closely.packed,
Cstfuctured gel). Thej-t@ink the surface actite fraction

| .
is a "particulate” lipoprotein assembly-
- ’ \ om— ’

: , 102

A
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&

From the fact that "aging" of #he surfactant

films was necessary, we may conclude that phospholipids
are leaving the stfﬁctdred particles in, the subphase>to'
form the surface film. We cannot think of{prdtein having

any significant role in the fiim itself, since all the

" typical characteristics of surfactant hysteresis loops

can bq repréduced by the 1lipid extract alone. o o

- -

8.2 Dipalmitoyl éﬁosphati@yl choline (DPPC)
As‘Colacicco et al. (1973) Pbint out, DPPC meets
the operational griterié of surfactant, such as: near
zero surface tension and hysteresis. If we accept near
zero surface tension as mandatory we may discuss two

types of DPPC films:

Ty &,
L

A. The monolayer:is initially, at 100% atea in a

; highly condensed state with a surface tension
/ . ' *
below 30 mN/m. A compression of about 10% produces a

surface tension below 1 mN/m. On further reduction of
the\film'area, this near zero minimum surface tension is

maintained. The qﬁrve follows a path parallel to the area

/

axis. During thi/s process, film substance is continuously
squeezed out aqé the "loss" of film material isvpropor-

tional to the length of the bottom part of the curv-

e

. Sincaiﬁhis squeezed out material does not* respread
- ’ :‘{-" ‘
orf the surfaoce®upgn reexpansion of the film, at least not

L ol -«

»
L . .




<

aggregates of micellular structure. For the film type A,

. expansion phase. The curves show a large hysteresis effect.

. ., . o104 -

withinh a time interval of .about 15 min, it has probably

migrated into the subphase, po3sibly in form of stable

. . ’ ]
we have to consider two cases:

4

1. the area is reduced very 1little, about’l0%, the

minimum surface tension of less than 1 mN/m is obtained
L 4 ; . =7
just at the end of the compression phase. : y -

2. 'gaé area is reduced to about 25% of the initial

area, the curve follows a relatively long horizontal path

* '

at near zero surface tension.
N : [
o

g In the first case, no film materlal is squeezeq\

oyt, there is no separatlon of- the gemﬁre551on- and _

9

expansion part of the curve (no hystéresié). The maximum

surface tension is about 25 - 30 mN/m, the minimum
approximately 1 mN/m. - -

.
, PR

' -
- »

In case two, a relatively large amount of film

material 1s no longer available for the following cyc&e.

In order to restore the initial state of the film, the.
substance "lost" has to'be,resupplied at the end of the

1 4

B. The monolayer is initially, at 100% in the liquid §

expggged state,Fﬂith a surface tension above 70 mN/m.

On reduction of the areé,'theﬂfilm condenses and produces
L.} .




“case 2. _ L T

‘/I ‘&1{“5 W . v

near zero surface tension at the end of the compression

I

phase, at about 25% area. As for type-A, case 1, almost
no substanceAis squeezed out, since there is no compres-L

sion. at near zero surface tension. The maximum suyrface

=]

tension is above 70 mﬁ/m, the minimum is about 1 mN/m.

- [N

In 7.2L3 4d), we have seqP\that continuous gycling
of a film type™a, case 2, requires a large amount of

legithin per cycle, equivalent to about the material#y

needed for one monolayer of type.B.

‘.

t

-
M

F -
Alveolar lecithin has a surprisingly short turn-

over time. Toshima et al. (1972b)y found between 5 and

'

15 hourg. Iwainsﬁy.et al. (1970) found a biological half

‘life for the time from inorganic phospﬁorus to lecithin

)

phosphorus-~to be approximately 6 hours. Alfhough there

Bl

is a continuous supply of lecithin to the alveolar lining:
layer, it is unlikely that such 1érge amounts would be

needed per?cyclé,'as Epis occurred in a ﬁﬁ}m of type A, .

—-—

~

x . - -

8:5 ., Dynamic properties
The dynamic characteristics of films from lung
alveolar surfactaﬁt of any investigated preparation must

be attributed to other factors than dipalmitoyl lecithin,

.since pure DPPC monolayers produce near zero surface

tension at cycling épéeds far below phyéig;ogical fre-

quencies, even at 40°C.L§ixed films from §dtqrateé and".

4

-

P

a ) t ‘gj‘

4
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unsaturated lecithins demonstrate strong dynamic effects

(7;2.5 bX' Unsaturation in mixed layers with DPPPC in-
. " . - s
. fluenced film stability much e than shorter chain

length. S;ncé significant amounts of unsaturated cémp;-
nents in lung surfactant aré‘repgrted inlthe'iiteratufe
(7.1.35, it is likely\fhat unsaturétion is responsible
for théﬂhynamic properties of surfaqtaﬂt”films. Also,

monolayers from phosphétidyl‘sefine, Ps (Cle : 0), re-

veal dependence of the minimum surface tensiopn on the
cycling speed. But PS accounts for only about 5% of the

- suffactanE phosphoiipids. It”is'therefore‘prébably less

14

important for’ the dynamic behaviour. ’
. F iak:] .

8.4 Plateaux . T
R
The characteristic plateau of hysteresis loops

-  from éurfactant or from its lipid extract is always

found between 22 and 25 mN}@, with fable influence

— -

- rgi,temperatﬁfé’éﬁadggged on its level. Since phase transi-

-

tions in monolayers from DPPC are temperature dependent,

at 37°C it occurg at about .35 mN/m, we conclude that sur-

’

+ - -
factant plateaux are not due to phase transitions. We

observed plateaux in- curves of the following mixed films:.

- PC (€18 : 0) with PC (C18 : 1) or PC (Cl8 : 3)
" - opppc with PC (C18 : 1) or PC (C18 ; 3) .
- DPPC with PG (C1l6 : 0). ,

As is demonstrated in 7.2.6, the plateau level is depen-

dent on the ratio of the components in the mixed layers.



) " ) \ l . ) .
' The larger the amount of DPPC relative to PG, the lower
< . B . N ¥
is the plateau. Mixed film, from PC/PG (1 : 1, by vol.),
\ o - .
see Figurp‘%, showed a plateau at approximately 23 mN/m,

o

’ thé level of the surfactant plateau.
. \ o

e _ . |
- The surface tension- and surface potential area

®haracteristics of mixed films from synthetic components %“

- and of layers from the lipid fraction of surfactant,

’" . strongly suggest that the plateau of surfactant loops is
.due to sepiration of the components. The molecules'which
- i are able to interact mosﬁ'gtrongly dnd therefore produce

a lower minimum potential energy, stay in the surface

*
-

‘phase. ) ’ : i
' ' »

I
B.5 Role of components other than DPPC

. _ ~ i
We have seen that unsaturation and shorter chain

lengfh have an expanding effect on films from PPPC. Mixed
. layers of DPPC, and PG (C16 : 0) or PS (C16 :'0), are
'more éxpanded than pure DPPC films and they show more
hysEefésis‘Qn repeqpea cycling.'If thefg is no constanq,)
influx of substénoei:hyster;sis of pure DPPC films dis- ['
: Qap earstqﬁickly. Since layers with PG (C16 :-0) or ' .
,)S (C16 : 0) show more hfstéresis on repeated éycling, we s
cthlude’there mu;t.be‘a fas;er exchangelmechanism betweeh
a "gtore" in the subphase'and the film itself. It is

reasonable to assume that micellular structures are very

N
likely produced during squeezing out. They are probably

4
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less stable if they contain components with urisatura-

tion or shorter chain length or molecules like PG or PS.

L]

Therefore, these agents might facilitate an exchange
, X . e

between the surface film and . the structured particles

12

in the subphase.

[ L ) . . .
Cholesterol would have an opposite effect, since !

it condenses liguid expanded lecithin films (Ghosh et al.,

1973). In sufficient concentration it prevents the mini-

mum surface ten51on from going below about, 20 mN/m.

8.6 Lung surfactant and alveoiarﬂstability

Consider gheNQynamic systeh of the breathing 1ung

in the deflptlon phase and the alveoli as communlcatlng
spherical unlts. Even 1if the influence Qf the suyfaag e SN ..
,forcEs was neglected there would be an "a priori" fluc-uliéﬁf‘yﬁei

tuation of the size of th alveoli, at a given moment.

-

Laplace's ‘law seqtes: - F‘ ,
. P .- .
_/_\np = 'fl - o . .', -, -

where Y : Surface tension - -
r : Radius og a spherical unil .

L
- -

. Ap : Pressure difference
We npw discuss three cases: .

1. the surface tension is constant, independent of

the area, . ' . _ - )

2. the surface tension is below 1 mN/m, close to zero,
A )

a

3. the surface tension decreases with the’ area.

(7
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- 'Q L d
In’the first cgse,'an uneven distribution of the

‘ 4 r

size of the units is promoted, relatively small alyeoli

would tend to collapse and blow up the larger ones.

. The second case is approximately realized by a

condensed DPPC film with near zero surface tension. Since
e \
according to Laplace, Ap is close to zero, no further

4 4

fluctuation Of the sizd of the units would be promoted.

In the third case, tNe surface tension changes as

~

-

a function of the'area an@“therefore decreases in the

. -~

deflation’ phase. -

7 *

. If the area of the film is reduced sdfficiently,-
near zero surface tension is reached. Again, larger fluc-

tuations of the size of the alveoli are prévented. Un-

-

fortunately, there are two great drawbacks for building

‘a valid model:

.~

1. the ph¥ysical state of the surface film at the
beginning of the aeflation phase is not known, therefore

we do noﬁ'know the necessary reduction of the area to

achieve near zero surface tension. .

-

<
I,

2. the surface area - volume réiationship Qf the

1

» * -t

"pbreathing” alveolus is-not yet known. -

If the film is indeed*initially in a highly con-
densed state, then the surfate area - volume’ relation-

ship would be tof no importance, since a reduction of



- ] . » ) ) 11.0
about 10% of the area is almost certainly realized during
normal deflation. Stability of the lung will be further

> , -
discussed in Part II. <

' 2
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PART II -

INTERFERENCE OF BRONCHOGRAPHIC AGENTS
WITH ALVEOLAR SURFACTANT AND WITH

DIPALMITOYL PHOSPHATIDYL CHOLINE FILMS

.

o
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CHAPTER 9

INTRODUCTION \

9.1 Qutline of the problem’

It is known that patiénts dﬁring or shortly after

a

bronchographic examination become acutely short of breath
{(Christoforidis et al:, 1965). This dyspnea appears to be
caused by coliapse of the'&lveoii in parts of;£he lung.
Whether' the atelectasis is due to the contrast medium
<plugq}ng the ai?ways or dué'to irfactivating or alEering

{.

the effect of surfadtant is not known.
\*\—z——-

o

The present study jnvestigated the hypothesis that
bronchographic‘contrast media caused atelectasis by inter- -

acting with 12§g surfactant and reducing its surface acti-

. : \
vity. This hypothesis arose when Dr. Margot R. Roach (per- ,

-

sonal communication) heard that. the™”signs and symptoms

of atelectasis in patients post bronchogram developed

within minutes of the introduction of the contrast material.

If the hypothesis is correct, the following points

.

r

have to be verified:

) .
1. the bronchographic agent or its suspension medium

alter surface properties of surfactant.

-

2.h£he_matérial must be found in parts of ‘the lung

112 .

P

5 . -
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« ~ where there is surfactant (3}veoli and alveolar ducts).f

* N
. ¢ " ‘e

. - “‘ . 1\<-m - .
In order to verify point'o‘e, surface tray .
oo experiments were done with the :agent and, if possible ®

-

: with.the suspension medipm‘sepa;ateij.~ \ 'J
] .

Fl
L4 » .
4 .

. ' .
To prove p53nt two, histological sections of lungs

-

' . . : : _ s .
in which the media had been introdwuc were examined.

. . : ‘ .
Quasi static pressure-volume tests on\excised lungs gave -

s further evidence for point one, provided e media had
z )

been found in the glveqli or alveoclar cts.

S

-

9.2 Experimental apprdgch .

-~y O

a) Studies wére done on rabbit lungs'into which
varioué roentgenographic agents had been introduced. These é;J

SOy . . A
investigations involved:. . “\

~ Radiology to determine where the brohchographic
. / - . ' A
material was positioned ’
. '4 ra .‘-ﬂ. Y
- Gross pggbological examination to-determine the

—
-~

extent of collapsé

r, N

-

. - Pressure-volume characteristics to determine if the .’

agent altéred‘tﬁé lung'propeﬁties ‘ ) ‘

- Histological exantination to determine the pogition
- ’ T e &
of contrast material and the uniformity of¥atelec-

tasis. .

)

b)  Surfgce trey studifes

-

The contrast matefial

, ,
) . . >
.
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o were added to films from rabbit lung ‘surfactantsand to

-

films of %ynthetic dipalmitoyl phosphatidyl tholine.

s ] -
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EFFECTS OF BRONCHOGRAPHIC AGENTS ON RABBIT LUNGS

10.1 Materials and methods - .

-

" a) The4fluid~contrast media, Dionosil Oily, Dionosil
- [ ] '

-~

' Aqueous and Hytrast as well as tantalum powder (1 pm
{

.particles) were used.' A detailed‘desémiptiqh of the chemiq
-cal and physical propeftaes is faqund in Appendix IV,
- ¢ - R
. . ‘ ]
b) White rabbits, male or female (2.5 - 3.5 kg),

- .

were anaesthetized with 30 to 60 ml of 20% urethane. The

¥

E

trachea of the rabbit was then exposed and cannulated.

-

with a "y"-cannula with an outside diamet%r 0.5 cm «mi

sﬁem'length 5.0 cm.

Fl

- - ' e

c) Ihjection of the fluid contrast media

3

The rabbit was placed supine on the %x-ray table.
- . e— )

A 15 om Ibngtpolyethylene Eatheter, inside diameter
0.12 cm, which was attached to a size 18 hypodermic needle

was then introduced' into the "y"-cannula, and fga into

-

the righ£ bronchus until slight resistance was felt. The

‘right bronchus was entered in about 80% of the experiments.
“~ ' . :

. ?

A 1 ml syringe was then used to inject 0.25 ml/kg rabbit”

I'd

of the antrast medium. During the injection, the poly-
, ethylene cannula was slowly withdrawn about 3 cm. The -
agent was .hopefully distributed evenly throughout /the

/ r

P
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[

1unglwhich had been catheterized.

ARY

e d) Dose .
bl

y . . ;
» As mentioned before, 0.25 ml/kg rabbit of contrast

|
/ medium was introduced into the one 1und The dose was esti-

mated to make it .comparable to that used in man. Accordlng -

.

to the maanacturer, a max1mum of about 20 m1 of Dlon0511
Oily is used for a human lung. Assumlng a lung capacity of
3000 ml for man and Of iOO ml for a rabbit of 3 k;, the
.volumé rétioiﬁsvapproximatély one o thirty. Therefore,'

4411 the'dgse for '‘a rabbit lung would then be about 0.7 ml.

/J e) Injection of tantalum powder

Tantalum pgwder particles have a strong £endency
to stick together to form cbnglomerateé. This is especially
true for the small pant;cles used in thls 1nvest1gat10n
(l um size}. A method had to be found to suspend the par-
tlcles in alé. The usual way is to use a powder blower orv
atomlzer. However, the requlred air flow of 0.2 - 0.5 1li-
ter/sec (Nadel et al., i970, Gamsu et al., 1973), was too
high for rabbit lungs, where in our method;;a‘catheter had
to; be-.introduced into the’one lung, leaving the other one
without tantalum as .a control. -We chose the "fluidized-
bed~technique", applied by chemicél engineers .to suspend
particleé in air. A descéiption of the apparatus is found

in. Appendlx V. The air flow- laavxng the polyethylene ca- .

theter, 1ns:|.de dlameter' 12 cm, was l to 2 ml/sec. The

N
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>

amount of tantalum powder injected lnto the one lung was

J

between 0.03 and 0.07 ml g"o .5 to 1.0 g. This compares
w1th 0.5 to 1. O ml (Gamsu et al., 1973) or 0.2.to 0.5 ml '

(Nadel et al., 1970) for human bronchograms.

i

f) X-rays taken

[j; - one ‘any time post anaesthesia as a control
‘ - one immediately (about 10 sec) post injection of
« the agent ‘ ) ’

- several at intervals of 10 min to 20 min for up to

two hours post injection.

g) Gross pathological examination

jAfte} the x-rays, the animal was ‘sacrificed, the
trachea closed off with a clamp,.eo that the iungs would
not collapse‘when‘the"chest was opened. The heart and
lungs;were\zheﬁ removed—"en bloc", and mounted en'the

cannula. in the flask of the pressure-volume apparatus

Pl

(see Figure 31). Before and during the pressure-volume

tests, photographs were;taken to reveal.any gross pathologyi -
) ; . , .

. »

h) Pressure-volume recordings

Air was infused at a rate of about 24 ml/@in with a

Harvard Infusion Withdrawal pump. Before the air enter%Q

)

the lung, it was meistened by flowing through a 0.5 m
- long plexiglass tube that was stuffed with wet gauze. All

the experiments were done at rodm temperature. A small

-

-

clamp d%shused to close off one prineipal bronchus, so that

>
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, -
the pressu;e-vglumelcﬁrvés of the opposite :lung cég;d be .
done. The lung withé;t radiopaque material‘was called‘
the controi lung. The volume change. AV was measured by
integrating the flow‘of the displaéed air'&high was
monitored by a hot;wire anemometer (see Figure ?l and
Appendix VI). The pressure differencq between the atmo-
sphere outside and the intrapulﬁépary pressure was ré—
éorded with a.Staéham‘P23,Aé pressure transducer. The .
calibrationqwas done with a water.manometer. Both, the
. pressure and thg\xélume signals'weré displayed on a
Hewlett—Packégd'X~¥}rééorder. .

| .

i) Selection of the pfessure—volumé"curves-
N ~7 v

!
‘

+ R

As an illystration of the procedure fol}éwed in
this study, several -pressure-volume loops are shown in
Figure 32a. (Hildebrandt et al., 1966, p. 740). Lungs,
initially in the degassed or collapsed state, require a
reIativéiyularqé opening préssure. Hére at about-10 cm
ﬁzo; the alvecli bégip to open. -The aimost horizontal
part in the .inflation phasé is due to "recruiteméﬁé" of

thé alvéoii; aracterized by a relatively 1a:ge av/dp,

cq?\\<?_ .

- Siége lungs in this’%pvestigation were closed off

the complg

prior to excision, they were not collapsed, except for

[

the pérts with bronchographic agents. Some’ of these parts
. R ]

- ’

P 4 ' . .
. showed collapsed areas on gross examination.
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-

Figure 31l: Pressure-volume apparatus S

e »
¢ : v
1 ‘ Water manométer i ~ .
2 Switch tap , . *
3 -~ Statham P23 AC pressure transducer
o Glass flask
5 Rakbit lgqg
6 B Plexiglass‘pipe filled with wet gauze
7 . Infusﬁon- withdrawal pump, -Harvard apparatué i
u -8 Probe: Tungsten wire mounted in a glags tube
(constant temperature anemometer) i\'/P’
’9 ' *Monitor, power supply and variable bridge
resistance for constant temperature anemometer
i Mcdels: 1051-1, 1056, 1053B
10 Integratet fsee Appendix’VI)
il T ox-Y recqrder‘Hewlett Packard
' o , ) “ - : £ .
v

.*Thermo System Inc., 2500 North Clevgland Ave.,
o St. Paul ,~Minnesota 35113, U.S.A.-. . s
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s+ . The first curve of’a normal lung has therefore a
" :

-

;> 2\ relatively small opening pressure (no. 1). At the end
Nl . . ¢

> e -
4

- . _of the expiration part, at zero pressure, the lungs show
- S : s .
- N trappingfof air. The pressure-volume curves do not return

~'to 4the initial volume aﬁ}O'. Usually four to eight suc- .

3 »

cessive curves were required until at least three_ conse-

cg;ive‘foops were reproducible within the error range.

-

‘This state of the pressure;Volume characteristic was

called "stationary" (Figure 32b). The maximum volume
) al - .

change at 20 cm H.0 pressure was called the "stationary

volume change" AVs.
. L]
- - - N &
* - . . . )
k) Histological sections

1

- ’ The trachea of ﬁbsﬁfpressure—volume test lungs were
tied at Ap = 0,_Qith aii.trapped inside, and the lungé
ﬁixéd/forfat least five éays in.buffered formalin.' Since

“propyliodone, the chemical in Dionosil Oily and Aqueous,
and peanut oil are read&ly dissolbed‘in ethanol, which is

usually required in thé'embedding process, frozen sections

13

_had to be done+ The thickness of these sections was 10 um

] ' )

to 15 pm,_the‘étain‘wa§ Toluidine blue. Co?trol lungs,
— with no contrast mate;igl, Hytfast and tantalum lungs
could be prepared the normal way, -through alcohol dehy;
dration and paraffin'e;bedding.ATBese sections were be-
tween 7 pm and lo,pm.‘The stain was Toluidine blue -too.
Hyﬁrast'andlDionosil.éections were examined witﬁ“polaf?

-~
®

. . N e

A . - » : .
ized light,’'which skowed the chemicals as optlcalLil

&
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Figure 32: Selection of the pressure-volume loops

- . . N

7/

o7
[

Figure §2a:‘ The curves, labelled "degassed" and "colw«- —~ ..
- ‘ .

lapsed" are redrawn from Hildebrandt et al. (1966),

p. 740. Our first curve, with origin 0!{ has a
!

relatively low opening pressure, since’'the lung was

. .. ¢
closed off prior to excision. .

The expiration part of the loop does not return to
A

0', which is called air-trapping.

Figure 32b: Loops no. 1 and no. 2 are identical with

‘o~

-

the ones of Figure 2a.

~ . . ‘ ‘-
After four to eight successive curves, the "statio-
rary" loop was obtained: three consecutive curves

were reproduéﬁble within the error range (Appendix VII).
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active(crystais. Tantalum particles and peanut o0il drop-

lets cdould be seen with normal light.

- (2

1) "Peanut oil lungs"

W
o .
-~ . In a few experimgnfs, we injected (.25 ml/kg rabbit

of peanut oil into the right logs.of a rgbbit lung, using
the same technique employed for the bronc ographic agents
*(sé}_lo.l c) . Peanut o0il, the suspension medium in Dio-

H s

noéil Oily, reaches the alveoli easily and because of its

relatively low viscosity it does.not block off the airways.

3

‘m) "Saline-rinsed lungs".

In order to remove the surfactant effectively, we

rinsed a number of control lungs with 0.9% NaCl ﬁq&ution.

The p-V diagrams of the rinsed lunggwﬁere then compared

with the p-V curves of the same lungs in the normal state.

t - . 3
10.2 Characteristics of the pressure-volume hysteresis
loops

L -

. I - - - ]
- Figure 33 demonstrates the stationary curves of
N k4

.
a right rabbit lung with Dionosil Oily and of the corres- <A

ponding left control lung. )

a) Inflation

. . P » B
. ‘ In P,, at m o= 3.3 cm H,O, the slope of the curve
: 1 6 2 e
B -’ ~
[/ : from the right lung is steeper or- in other words, the
compliance dv/dp is smaller than the co;kesponding values

>

of the left control lung. If seems that dv/dp is a A
e

suitable quantity to destribe changes in the inflatjion

+

rd
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)

-

Figure 33: Stationary loops of a rabbit lung

In the right lung "R" was Dionosil 0Oily, about 0.8 ml,
- . ‘ LS

the left one "E*, is the control lung. N

-

. h | '

r.p
flation part, at —% 3.3 cm H
‘ : S~ . P ‘
Point of the expiration part,atnx§ = 6.6 cm H20
N 'p - .
Point of the ‘expiration part,at ~% 3.3 em H,0

20 .

-

A
o
1

= L2 cm H,O \

T

m 2

The scalg)for the‘volﬁme_change can"Be shifted

horizontally to any desired place.

o




o - ~

(W)’ JONVHD mzio> N
- 09 u 8 % 0 .-

v L L L L M

123

(4FLVM W) FUNSSIHd

ﬁg‘

. | ATI0 1ISONOIQ
) , 1V 47E | 6528 nnnnn -

N

4

A




< - - . 124

part if taken at a.reasonably low pressure.'For the W e

lung with D10n051l Oily, more energy is requlred 1n1t1ally

. .for the inflation process. From the surface tray experl-—
‘ments we will see that clean surfactaxé £ilms produce.

lower mlnlmum surface ten31ons than films contaminated -

<

with the peafut oil of. Bionosil 0ily.

b) Expiration - stability of the lung

In the expiration part, the "peanut oil lung" "

)

shows a teﬁdency towards collapse. Below about the pressure

of 10 cm H,O0, the "peanut oil iung" retains Iess air than

2
the. normél lung. It is therefore reasonable to develop a

factor which expresses in some form retentlon of air at.

a relatively low pressure. Clements et al. (1961) define

.

’ a stability factor for the expiration part of the p-V ¥

diagram. This quaﬁtity is called the "expanston factor"
and is defined as the ratic of the volume'retained at
) w

P 4l5 cm HZO to. the maximum lurng volume. A 1ung w1th a .

.

\ ' marked tendency for ‘atelectasis would have a relatlvely
[ 4

R small "expansion factor", on the other hand, if the al-

-

veolar structure were stable, the factor would—be‘;elaf

, tivgly large. .
' o A v ‘e -
ThHe stability index "L" = . N

S

- . Gruenwald (1963) points out, that ‘the "expansion

, Eactor". defined by'Cleménté et al. (1961), gives false
values for lungs- whlch"trap air lrregularly. This was {
A g ) . T . ) ’

. ‘ . - . - ¥
. . .




. o
found to be true for the rabbit lungs used in this - )
! ¢ . .
study. The meaning of the index "L" is illustrated
. - ' * o2 -
on Figure 3%. )

Adaption of "L" v

Gruenwald developed the index ST ’ e

V. + 2V
L < .10 5 .

L4 — -
2Vmax

L

for infant lungs from the perinata%)period. However, he

» *

states that it can be used for animals, if Qroperly
adapted. In the present study AVS, the stationary wvolume
change at p = 20 cm sz replaces V_. '

» > ~ "

. We found also that Pipo and ps'were too high for

3

our study. The purpose of Epe index is to describe re- - -

tention of air at relatively low pressure. This could be

*

- achieved adequa%ely by replacing Pio by 1/3 Py = 6.6 cm

2 2 '

-

H,0 and pg by 1/6 p_ = 3.3 cm H,0. (5ee Table VII).

We are aware of ‘the fact that "stability" could

be described in manywéjk. The reason to choose "L" and

ka4
nwald has given some values for

to 'adapt it is that Gru
rabbits and dogs. He found values for normal dogs to be
between 0.9 and 1.2, and for rabbits treated with phos-

gene gas, below 0.6.

t
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:Fi?ure 34: Stability index "L" for the deflation part of

, ' the pressure-volume diagram

~ /

» -
. ~ .
P10 Pressure of 10 cm HZO
Pe Pressure of 5 cm HZQ - -
P Maximum pressure i ’
\Y% Volume at Pg
Vio .Volume at Pio .
v
v Maximum volume - .

The deflation curve between P
- 3

10’ P5 and 0 can be
’ characterized by the areas:
) ' Ps . . ‘.
A = VlO X — Triangle Pg PlO R . . ) )
and B = V5 X Pg Rectangle Pg PS V5 0
- : el
A theorétically maximally stable deflation curve would .
. 7
. ] 1
'follow the path PlO P5 Vm 0.
‘The area A + B is then expressed in proportion to the
. " [}
) area PlO Vm 0.
L is défined as: . - _w_“/‘
b : v ‘+ 2y T ,
“ : . - 10— 5 .
. L =—/—— (10.1) _
{ 2V,
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TABLE VII

- NOMENCLATURE AND DEFINITIONS :

1
-

0

~ . .
Name and Definition [ - Symbol Unit (CGS)
Mass m g9
Stationary volume change = change of
the volume at Ap = 20 cm H,O Avg ml
.Slope in P., at Ap = & ap : -
P 1’ P = g 8P
- 4 =
Sy = g (Ap)Ap = 20 cm H,O 5, cm Hzo/ml
“Compliance in P at Ap = 1 Ap
; 1’ & “m
‘Lo_a
Volume change on expiration in P,, at .
e L = )
Ap T Apm = 6.7 cm HZQ AV2 ml -
Volume change oh,expiration in P2, at
-1 = '
ép =g 4P, = 3.3 om H,0 AV, ml
Pressure across the lung.: Difference
. "between atmospheric and intrapulmonary .
pressure | Ap cm 520
Max;mu@ Ap = Apm = 20 cm Hzo. - Apm HZO
o 3 . 28V5 4+ AV, .
Stability Index L = = (adapted) L
- 2AV -
8
Relative error . R.F. % :

L]
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10.3 Results: "Dionosil 0Oily -","peanut oil -", and
"washed out lungs"

10.3.1 Pressurewolume tests

a) Normal lﬂpgs~

These arJ'lungs with no contrast material in

either the left or the. right part. A total of nine rabbits

were used for conttol studiesr Because of leaks ‘in two
lﬁngs, only seven were investigated. The results are in
Table VIII. The calcu;atiOAS tor the error range can be
found in Append}x VII. No trend between'the mass-of the
single lungs anh,their stationary volume change hvs could
be detected (tested by plottlng the ‘mass vs. Avs). There
was also no relatlonshlp between the mass of the rabbit
and AVS. It is, however, interesting’to pote that the
fatio of the mass m to the stationary volume'change AV

is constant within the error range of about 7% (with the

exceptlon of no. 2).‘For error estimation see Appendix VII.

& ‘ -

[

This indicates that trappiﬁg of air is comparable
A Y

for a particuiar pair of lungs. The values AVS x Sl' or

-

cl/AVs for a pair of lungs are éompa;able and equal within
the error range of about 15%. The difficulty arising from

the larger right -1urg could be overcome by taking relative

L]
Vi »

-

v
- 1 -~

values,"éuch as Cl/AVs and m/Avsi
A 2

The stablllty 1ndices for a pair of lungs are
’

constant throughout within the error range of 16%. For

the standard error of the mean of Cl/AVs and L, the data

3
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from both lungs wére used, since there is no significaht

. dlfference between the means of the right and the left
parts (p\>)0 05) . We found also, that for a normal lung

the following :elétfon holds (Figure 35 and Table VIII):
<

m right _ m left ‘
——Evg—f. = % (10.2)
s right s left

This relation makes it p0851b1e to estlmate the statio~ *
nary volume change AV of the lunq with contrast medlum
- gsee Table Ix),,lf’ﬁgth masses and AV, of the control

- dung are known. In column 4 of Table IX, these values

A .
AVS are given. . . ¢

«

A . m right

AV right = m left AV

Y]

If the contrast medium, was in the left lung, AV, Jeft

/

- 4~ was calculated accordingly..

b) Lungs with Dionosil Oily (Table IX)-

s Without exception, the "Dionosil Lungs" showed
}

large collapsed- areas oX gross pathological examination.
Oniy'after the lungs with Dionosil Oily could be opened
completely, the p-V test was done. P-V curves of lungs

#wWith collapsed regions would give greaﬁly distorted ’ ' -

'S

-
values and no evaluation of the influence of the agent

on thé surface activity could be done reiiab]y.‘ -

)

Fiéure 36 illustrates the procedure followed for

. -

the p-v studisg. The initiallyvcoilapsed region (Figure

o ‘Ea) could be opened up after 5 to 8 runs with pressures

*
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Figure 35: Normal lungs

\\ - ~
\ .

Stationary loops of the right (R} and the left (L) .  ~
lungyof”a'ndrmal lung AV_ for the right lung is

about 25 ml, for the left about 19 ml.

The right+lung of a rabbit consists of three lobes,
its volume is about 30% bigger than the .volume of

the left lung, which has only two 1lobes. . B

A
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' TABLE®*IX

a, s
-

. LUNGS- WITH DIONOSIL OILY"®

3

b

-In-colgmn 4, thé~calcu1ateé values 5%8, see equation .
(10,3), agreé with the measured quantities (+ 20%),
except for no. 2.,This demonstrates that at.Ap = 20 om
H,0,.4V_ for the Dionosil part has about. the value pf a’
ndrSmal“ tung. 3 c "

. il .

The airways do not seem to be blocked by the Dionosil,
réily. The x-rays of Dionosil 0Oily show wWithout exteption
. a diffuse pattern of well spread contrast medium.

““In the histological part, we will see,  that Dionosil
.- ?

. crystals as weil as the suspension medium, peanut oil,

. . T ) - -
reach the alveoli. ' .

" -

P ’ o «
- Note: The agent is in the right lung if not specified

otherwise.

[

o o
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up to 30 cm H,O (Figure 36d). Figure 37 demonstrates
the stationary p-V 1ldops of the lungs of Figure 36,
In Figure 38, D10n0311 Oily entered the left -lung. In

Flgure 38b, the @nltlally collapsed area 1s completely

expanded the photograph was ‘taken at Ap = 20 cm HZO' - i
\ .

Elgure 38b, <, and d g%ow the same lunq at dlfferent

x » .

pressures,-ln ‘the deflatlon pha\\: At Ap = 5 em- HZO

(Flgure 38c) and even more aF Ap = 0 cm ﬂa (Flgure
38d), the 1n1t1ally collapsed.reglon can be seen agaln. ‘ Sk

On 1§f1aﬁloﬁ} at abopt Ap = 10 ecm H,O, the|collapsed .

2
area is abouﬁ to disappear again (Figﬁfe‘38e).
' ’ : . . ) — .
. Figure 39 shows’x-rays of the lungs of Figure 38.

! - -
The Dionosil 0Oily seems to spread out only a few seconds
f - v *; . A. P
post’ 1njectlon of the agent. ‘ '
2]

c) - Lungs with peanut oil °

. ~

,

Peanut o0il, the suspension medium of Dionosil

‘

f"Oily, was injected into the right bronchus of four -rabbit

~

lungs. The dose was 0. 25 ml/kg rabblt. The data and \
results are summarized in - ‘Table X. All of éhe lungs,

showed areas of collapse on gross_examlnatlon,,post'ex4‘ .
s .
.cision,'see Figure 40. However, "opening" of the-collapsed

regions could bé done mope easily than with D}onosilloily. -
Two to three runs with peak'pressﬁfes of 20 cm Hzo'ﬁerng

~

- L d

A

usually enough to expand the lung completely. On def}dtion,
. . y
below about p =‘10 cm Hzo, an irregular pattern reappeared,
. - ' : \
indicating syogressive atelectasis (Figure 40c);

- R
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Figure 36: Luyg with Dionosil Oily i -
] v -
o , \" ! .\ T ' f
“ - . ! ) ) . .
' Fi jure 36a: Théylunq immediately after excision (seen from X

3 *

the posterlor aspect)

A relatlvely large sectlon of the rlght lobe w1th D10n0511

LI . . -

111 is collapsed (see arrow) o

\

i

..f;gure 36b: The taqtal lung at Ap 20 cm H,0

9

(3 L »

-

Pigure 36c¢: The righ£’lung.oﬁly} at Ap 30 cm H20; about
L ¢ :
- 5 to 8 runs w1th Ap 30 ¢em Hzp vere usua}ly'necessary

to "open collapsed lobes completely.

4 to- ——

Figure 36d: This photograph was taken after completion of
the p—v‘tesf. The pressure was Ap = 20 cm'Hzo. After
this last extension, the lung was closed off at Ap = 0,

ready for fixation in. formalin.

A .-
% . e

Note: Prior to the p-v test, the lung was "opened" com-

* pletely (see comment for Figure 36c).

At Ap = 0, prior to fixation, the collapsed . region. .

of Figure 36a could agaih be recognized.
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Figure 37: Statiofary loops of the lung of Figure 36

*

R right lung with Dionosil Oily ) :

L

left lung: control

\\\ ‘ -
-
* .
. : > -~

L4

4

‘ ote: The lung with Dionosil Oily demonstrates a
bigger slope‘in Pl (lower compliance) than
the control ludg. R .

The right lung retains much less air at P

than the left one.:
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L]
Figure 38: Lung with Dionosil Oily in the left part

[

o

I L ; S ,: - fl“.__ L
| L |

Figure 38a: Thé total lung at the fixét run post ex-

>

-

cision, at Ap = 20 cm H,0 \

O

\

Figure 38b: The right lung is closed off.“The left lung

is completely open at Ap = 20 cm HZO'

Figure 38c and 38d: The left.lung at Ap = 5 cm H,0

and Ap = 0 cm H20 respectively, in the deflation part

of thes cycle. Below about. Ap = 8 cm H,O0, the collapsed
S § \ 2 o

region reappear%d.

™

- ) \ o

' N, 5
’ | Figure 38e: Inflatign a \about Ap = 10 cm H,O0. The col-

) »

\
lapsed area is aboLQ to\disappear again.
— "

I

’

s
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Figure 39: X-rays of the rabbil of Figure 38"
_ £

The amount-of Dionosil Oily was about 0.7 ml. The mass
> '

of the rabhit was 2.9 kqg. ’ r))

~

o

- N
Figure 39a: It was taken twenty seconds post injection of

-2 —_— »
the medium.

e

/
Figuré‘Bth 12 min post injection* . \ '

s 2

Figure 39c: 60 'min post injection

-~

FETEE T

' - F3 ) N
Note: In Figure 39a, the strlcture of the bronchial ﬂ’ °

’ »

_tree is still a little recognizable, but no -

longer in Fﬁéurés 39b and 39c. )
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Figufe 40: “Peanut oil lung"”

v

P : -

he

Figure 40a: Lung post excision. The trachea was closed off

prior to opening of the chest.

-

The rabbit was 3.0 Kg. The amount of peanut o0il intro-

duced into the right lung was 0.8 < 0.9 ml.

v

e Figuré 40b: The total lung expanded at Ab = 20 cm H20. -

After two to three runs with peak pressures of 20 cm H

20+

the right lung was completely expanded.- )
N ;

T

- — |
Figqure 40c: The total lung on deflation, at\ahggs\\‘\\‘&x;*_x
= . - _ ___’-——’/

Ap = 10 cm.HZO.

The formerly collapsed areas are reappearing as an

irregular pattern.
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purpose was to remove the surfactant and to create an

Figure 41 shows stationary p-V lﬁobs of a lung
with peanut o0il in the right part. Again, the slope in
P1 is‘steeper'iémaller ?ompliaﬁce) for the right lung
than for the control lung. The lung with peanup‘oil '

seems to retain less air-in the deflation part, at P3,\

than the control lung. g

d) Lungs rinsed with 0.9% NaCl. solut’ion

The right lungé of four of the normal lungs of -

Table VIII, no. 1, 3, 4, 7, and of an additional lung,

were rinsed twice with 30 ml to 40 ml of saline. The

air+-saline interface, with a relatively high, constant

surface tension. The p-V tests for the normal lung was

faae RS

done with the right lungs. too, prior to the rinsing A

process.

S

} ,
Figure 42 shows:the drastically altered charac-

a

_teristics of the p-V curve. The inflation part demon-

o,

strates a markéd opening pressure of about 12 cm H,

]

the compliance’ in P1 is almost zero. .

-

Tﬁe,deflation part is characterized by a great

- -

S

tendency for_atelectasis. At P2 (bp = 6.3 cm HZO) and
P3’(Ap = 3.2 cm Hzo) there is much less retained air
faiatively to A&s than in the intact lung. The stability -
index in Taﬁle XI is nearly twicé as great for the lung

with éurfactaﬁt as for the rinsed .lung.

1Y




.

"

LIRS,
[




-

Figure 41: Example of stationary loops of a lung with

peanut oil in the right part

Note: The slope at P, is bigger for the lung with peanut

1
oil (smaller compliance) than for the control lung.
The "peanut o0il lung" retains less air at Pa, in

the deflation phase, than the normal lung.
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Fiqure 42: Lung rinsed with 0.9% NaCl solution

. . The photograph demonstrates statlonary lqops of the

sahe right lung. The céntrol curve represents the p—v

O, =

' characterlstlc prior to %h»e rlnsing process:

r
The loop labelled "washed out" is the dlagram obtained

after surfactant had been removed by rinsing.

) : N .
" ' Note: The rinsed lung (washed out) shows an openih%/’//\

pressure at about 12 cm 520.‘

% .
The compliance in’P1 is zero.

At;P3, in .the deflation part, there is much

- b}

4ess air retalned than. in the normal tung (control).

o

: : d -
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B -~ y g ' | « .
The 3ﬁ;:tities Cl/Avs are all cle€é to zero.

It is int%resting to note that the p-V loops of rinsed

) /
lungs show a great hysteresis effect. Figure 43 -demonr

strates an irregular pattern on the rinsed lung (see:

@rrow) . ' ' - *

° ~

e) Statisticad WMnalysis (see Table XII)
The statistical investigation was done using a

pa%rqd.Gariate analysis with shall samplihg theory. The

:results show; that the Cl/AVs—vélues_and the stalility

]

Dionosil 0Oily _and peénut oil than'for~thé control lungs.

The level of significance i5 0.5% except for the peanut

\0il "L", where the level of significance was 1%.

- s

"~ -

.The rinsed lungs show a greatly altered behaviour

in the inflation Bart. Cl/ﬂvé.is usually more than ten

-

times lower for the rinsed lung than for the normal one.

at the Qevel of signjificance of 1%. &

N toL Ay
. -

10.3.2 X-rays and histological sections, o

a) X-rays with Dionosfl Oily .

\

injection of the agent. Dionosil'oily seems to spread out

almost immedi'ately. There is not much differemee. between

/ i . b
pictures taken within 90 min after introduction of the

.

contf%gt medium (Figure 44). ,}’;

-

"X—rays were taken at varfous time interwals post

143

The stability indices "L" "are also siéhificantly~diﬁferent,
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] _Figure 43: Right lung rinsed with 0.9% NaCl solutkon .
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. » » a f
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® v . ¢ “‘ . A
. L /
. . .
. .
. Lty ¢ oo *
e ) , . .. A
) , The photograph shows the total lung at p =5 cm HZQ,
in the defldtion phase.
, ' !
The arrow indicates the irregular-pattern wHich appears -,
"in the right lung..
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b) Histblogicaf‘éect}qailgf}iungs with Dionosil"
0ily and peanut oil {Figqures 45 - 47)

By checking the x-rays, the location of the

-

[}

contrast medium could be determined. In -about 90% of the

experiments, the Dionosil 0Oily had entered the lower lobe
" of the right lung which is biggest. The histological
‘s

sections were taken accordingly. Three tissue\specimegé,
. <

" about 1 cm apart, were taken from the right lower lgbe

and, one or two from the two smaller upper lobes. Two

Speciméns.were processed from the control lung. In about

70 - 80% of the Dionoéil sections, we found either -

[
-

crystals or peanut oil or both.

- . Control sections revealed the light network of
A .

-

the terminal bronchioles, the alveolar duets, and the
alveoli unless spillage occurred which was checked by

X~-ray. .

Sections with crystals and/or peanut oil revealed

i

definite areas of atelectasis spread diffusely throughout

the sec;ion. This iB called "microatelectasis”". In sec-

T 4

“ «ions with both, normal alveolar structure and micro-

atelectasis™in 90% of the cases, crystalsrand/or‘peanut~

0il couldsbe identified in the collapsed regions.

. ~
. c) Lungs with peanut o0il only ¢

These ‘sections demonstrate microatelectasis almost ¢

like the "Dionosil 0ily lungs”". However, #the sections with

both, crystals and oil, seem to sho%_moré compactly cols
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DIONOSIL OILY'—'PEANUT OIL - AND WASHED OUT: LUNGS

LUNGS WITH DIONOSIL OILY

(-

C,/bVy (1/cm H,OJ
Control Diohosil * Control Dionosil )
1 0.043 0.022 0.84 0.58
2 0.052 0.023 - 1.0 0.46
3 00.086 0.044 1.1 0.89 /
4  0.062 0.041 1.1 0.71 ) °
5  0.026 0.034 0.82 0.86
6 0.057 0.019 1.1 0.49
7 0.048  0.035 1.0 " 0.75
8 0.061 0.043 1.0 0.68
MEAN 0.054 0.033  0.5% 1.0 0.68 0.5% -
¢ S.E. 0.0126 0.0100 0.121 o 0158, 5 e
"LUNGS WITH PEANUT OIL ®
C1/8Vg  (1/em HY0)
Control [ Peanut Control Peanut
1 { 0.054 0.027 1.2 0.86
2 ) 0.056 0.016 0.97 0.68
3 0.073 0.028 1.2 0.78
Ty 0.052 0.021 1.2 0.76
. _ '
MEAN 0.059 0.032 .. 0.5% .2 0.77 1.0%
S .E. 0.00963 0.00559 0.130 0.0739
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TABLE XII _ (continued)
- RINSED LUNGS (WASHED OUT) ;
i } . - .
Cl(AVS {l1/cm HZO)J ' L
Control Rinsed \ Control’ Rinsed . .
s D ) -

1 0.077 0.0078 1.1 0.57

2 0.068 < 0.001 0.95 0.41

3 0.051 _ < 0.003 - 0.89 0.48

4 0.74 ©0.035 0.95 0.75

5 0.082 <.0.001 1.1 0.59

MEAN : S Y 0.56  1.0%

S.E. - * 0.113 - 0.128
’ \

.l,.' . ' -
f
3 %
]
Y
Y 4 |
. .
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Figure 44: X-ray photographs with Dionosil Oily-in the

(Y

right lung

aw

A relatively large amount of the. 0.8 ml of the contrast

zmedlum was 1n3ected 1nto “the upper-rlght’Iobe and some

-

into the lower lobes.
?

6 .

[ad

Figure 44a: Twenty min post :injection
* :
Figure 44b: Thirty min post injection o

Figure 44c: . Sixty min post injection

Figure 44&:‘ Ninety min posfﬂinjection . N




3
”
.
.
]
»
»
—
+

.,
.
‘n"!
.
)
, . ¢
.
. -

N -
-
,-
- [ u
. -
. &’ -
- s 1
{ S
5
r
.
.
. . . .
. .
PR
£
v ’
.
. .
..
\
-
)
M »
- *
ra
4
s " .-
o
LS
- . -
- R »
. -

y o
1 > <
.
. - ART SERVICE
. uwo L -

... 14282

. e ~
.
I' .
\-\-A: B '
. 28
.
. @
- :
R
»
. 5.} o
r -
. ]
R
» L ]
. . ~
L, -
- e o
. /. .
s 4 , «,}
“ime
. . 6‘
y
° Y
- ® ‘
+ ) e
Pre .
.
S
r.
. Ps
-
- : "
) ' &
- L]
;0 ~
.
-~ ! N
‘ .
» L
L3
¢

A
t
~ P,
.
‘
~
-
.
L
L
.
LN Y
Pid

.r

.
» .
-
s
-
-
. L
~
-
1
-,
* :
Al
«
"o
< *
\
. -
~

~






2"

el

a

-«

-
.-

-

~
"
'
%
’
.
-
»
L
-
‘.
14
‘ d ’
S
~



.

seem to be” altered‘in areas with Dionosil crystals. |
Figure 45c: Control section of the same lung
- . ' - N e . ) ‘ . . .
< | Figure 45d: This section, at.the higher magnification . qf‘ :

Lt . where the Dionosil crystals are found. The peanut oil

. [y ’ ., # . ' _ s ‘. " ‘ . ?
Figure 45: Frozen sections: 10U - 15 jm thick y : N
.f “ -
Dionosil 0ily, Toluidine blue stain o '\\) . o ,

t ~ -y

Figure 45a, 45b: Both photographs show microatelectasis .

-

b

cannot be identjfie®& at this ma%nification:‘The left S

‘ )
Thg,disiribﬁffgg’;;ad;ize of the alveolar’ spaces - s
’ll"r . . *

shows marked microatelectasié_wiéh'cryqtals and

peanut oil droplets.' < ‘ !
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Figure 46: Frozen sections: 10 .- 15 mm thick

4 . Y . .

picMsil 0ily, Toluidire blue stain

-

R ‘ L el
Figure 463 The degrae of mlc.“rbatelectasls seems to be
degendent on the dens:Lty of the Dionosil material.

——

i T_here are more crystals (vand peqnut; 011 droplets) per

unit- area ‘th@&n in Figyres 45a and 45b.

v
k4 - *

Bigure 46b: From, the samgmsection as 46a, at a four

times higgher magnifitdtion.

’

Figure 46c¢: From a lung with Di_onos.il Oily‘. 'I}J!ere are

only~peanut ‘6id droplété‘iﬁ sections. 46¢ and 464.
. - }

»

.

Figure 46d: A sectiom of 46¢, at a four times Higher
: e

4.

©

magnkfication e . S °

»

3

-

$q.
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. Figpre 47: FroZen 'sections: 10 :‘15 um thick

.
» -

. peanut oil, Toluidine blue stain . ,

- v
-4

srebmpassaneete

Figure 47a: The ‘degree of microatelectasis seems to be
. »

related to the density of the pegnut oil droplets.
: Ce ‘

"

« The upper left part with legé-peanut 0il shows a

pattern very close to normal.

LY
- -
L3

Figure 47b; A section of 47a, at a four times higher

-

¢ °~ magnification.’ N

Figure 47c{ Control section of the same lung.

- N : v
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‘lapsed arejs than pure oil sections. ' «
L 9 . \

10 4 Lungs w1th Hytrast and Dionosil Agueous

* The common characteristics of these broncho-
’ <

-

graphic agents- are: .

1. 'They contgin crystals with iodine, as cqntrast

- -y

. ‘I‘h,e crystals are suspended in wate A

material.

-

*3., <Carboxy-methyl cellulose is added tolmaintain

.

the viscosity above 2 poise at 37°C. For further details

~
’

see Appendix IV.

10.4.1 X-rays
.The x-ray photographs (Figure 48 or 49) demonstrate

L

the radiopaque material in the broﬁcﬁial tree. No diffuse.

pattern, characteristic for bronchograms with Dionosil

4

Oily, could be observed. : e -

10.4.2 Gross pathology -

a) Dionosil Aqueous . B
Six lungs out of eighﬁ demoﬁétgated depressed
areas (Figure 50a). If ane of the upper lobes of the rlqpt

lung showed collapse, the x-ray revealed blockage of the
4

airways leading to this particular lobe.

b) Hytrast ) .

$ix lungs out of ten showed gross pathology (Figure

50b) , the rest had normal -appearance.

)

o~



LY




-

Figure 48: Hytrast in right lungs R

The photographs were taken frém, two different rabbits,
. : - . .
"Figures 48a and 48b from the one, Figures 48c and 48d .

from the other.

- . ~

7 P N - —
Figure 48a: Ten min post injection : '

Figure 48b: Thirty min post ipjection

o

/ . .
Figure 48c: Ten min post injection

Figure 48d: Sixty min post imjectldpn

-

Y4
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Figure 49: Dionosil Agqueous in right lungs ,

) .

”,

»

Figure 49a: Twelve sec post injeéction of an amount of

appré;imately 0.6 ml pu

Figure 49b: Twelve sec post injection of.an additional

amodﬁt Qf‘about 0.5 ml . -

: o -
Figyre 49c: This photograph was taken fifty min afte

]

the one of 49b.

Note: The x~rays are from the same rabbit.

ol
»
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Figure 50a: Lung with Dionosil Agueous in right part
' -, . .
The photograph’'was taken immediately -after removing
‘it from the animal.

& »

~Figure 50b: Lung with Hytrast in right part

The photograph was taken during inflétion, at about

15 cm H,O0. The left lung is inflated normally. The
‘ -

. : \
right Iung shows clearly-.a depressed area in the

. _
lower lobe. : '

Figure 50c: This photograph demonstrates the "Hytrast

lung"”" of 50b after the collaR@ed sectiép”was "operied

upﬁ completely. Several runs with pressures up to

e L
] -
o

|
.

35 cm H,0 were necessary.
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10.4.3 Pressu:pgvﬁiﬁhe tests -f ’ .

Wlthouékexceptlon, blockage pf the airways was

the major problem. Lungs without grdssly collapsed

sections would not inflate smoothly, even after several ‘ )

1

successive runs..Collapéag areas coﬁld be 0pened up
occa51ona11y by épplylng relatlvely!hlgh pressures up

to 35 cm H,0. Usudlly the lungs started to leak before

2
the depressed reglons dlsappeared completely Therefoge,

we could not 1nvest1gate the charaeterlstlcs of the

p—V dlagrams in-lungs with Hyt@aSt or Dionosgil Aqg&ous
f
(Figure 51). - . ‘ i/

Y

10.4.4 Histological sections

&

'A ‘F‘f
Hytrast crystals do spread out into the alveoli
- }
occasionally (Figure 52). But the/density of particles ‘s
____found im dny section‘was not even:close toethe,one found

|
- 1

in some sectlons with Dioriosil Olly. No‘mlcroatelecta51s

/’/ could be attributed clearly to the presence of crystals.

‘ - -
o

-

N . Dionosil Aqueous: Almosﬁ no-pafticles could be

found in the alveoli (Figure 53). The material seems to

L= . . °
" be stuck in the airways. -
) H ’ l
. M } o
¢ 10.5 Lungs -With tantalum powder las contrast medium

T
10:5.1 X~-rays (F%gure 54) : §

. As mentioned before, the main problem was to
P » ? -

-

produce an aeroscl and inject it linto the-small rabbit

lung. InJP series of nine experiments, sikfﬁere successful.
In the first three %rials there wes'not enough tantalum
v , .
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5

“Figure 51: The photograph demonstrates three successive

16§ps of a right lﬁng with Hytrast as contrast medium.

1

buring infl’ation, parts of the lung openéd up suddenly)
o » »
the presspre fell instantly a little.

" -This irregular "opening ub"'of blocked airways is the

reason for the peaksd}b the inflation part of the curve.

For comparison, the loop from the left Ycontroli lung is

shown (broken line).
/

This behaviour is typical‘fof Hytrast and for Dionosil

Agueous.
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Figgﬁg 52: Normally processed migrosections of "Hytrast
\ + .

lungs™ )
(Ethanol dehydrated and embedding in paraffin)

10 pm,Toluidine blue stain

o

Figure 52a: _The greatest accumulation of Hytrast crystals

found in any section. The tissue was obtained :fronf the

upper right lobe ¢f the lung whose x-ray is Figurg 48c,

r

respectively 48d. -

\
Figure 52b: ‘Section of 52a at a four times higher magnifi-

cation. o

-~ ¢

~ -
F

Figure 52c: Control section

P

Figure 52d: The crystals do not seem to stick firmly to

“

the alveolar walls.
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Figure 53: Dionesil Aqueous
Frozen sections: 10 - 15 pm, Toluidine blue stain
N JEE u"‘_’
oA
¢ - R 1}‘
\ J A
.. L
“ ,
A . T
) | - ’
» 1 * - -
—(
Figure 53a: Plugge% airways might have caused - micro- ..
atelectasis by lack of aeration. . . _ - . L

Figures 53b and 53c: From the same*specimen‘as P3a, the " -
s P . [ - {

alveolar network appears normal.

v

Figure 53d: Control section. : R "
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y2 Approximately 1.0 g of tantalum particlesqhere inﬁected

into the right lobe. Since the rabbit was breathing, .

some of ‘the dust eﬁterii the left bronchus. \

*NC

his photograph was taken about 30 sec post injection.

ix “more piégyres were taken in intervals of about .

12 min. , -

No time dependent re-distribution could be observed.
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Figure 55: Histological sections of a lung with tantalum
! ; .

particles as a contrast medium.
k.-
V) = .
The Xissue was dehydrated with ethanol and paraffin
~embeéded. The thickness of the sections is 8 pm - 10 um.
b -

Toluidine blue was used as a stain.

=,

Figure 55a: In the upper 1ef§:corner an airway of about

<

0.8 mm across ,shows some tantalum powder stiqking to
"the wall. Parts of .the wall were detached from the ad-

jacent tissue by the cutting process.
-

Figure 55b: Section of 55a, at a four times higher magnifi-

Ahtion.

9

Figure 55c¢: The tantalum particles are hardly visible on

this magnification.

Figure 55d: Section of 55c, at a four times «ggher magni-

fication. The particles outline parts of the airway

* nicely.
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showed a relétively heavy coating with conglomerations of

. ! 4 .

in the lungs to produce a satisfactory bronchogram. .
The 1 um tantalum particles seem to stick firmly to the

airways.‘The photographs give' a better Fhree dimensional

s

picture of the bronchial tree. There was no diffuse

pattern as it was found with Dionosil 0ily +«{Figure 44).

10.5,7 Histological sections

Generally, tantalum dust was found in the air-

. o
ways, sticking to the walls (Figure 55) .°The smallest - ¢

~

airways coated with particles had a dfameter of 0.1/7

/ : '

0.2 mm. There, single particles could be identified, but
not conglomerations. Only in one section could we find

some tantalum in alveolar ducts (Figure 56a and 56b) .

Bigger éirﬁays from about 0.5 mm diameter and.-up

particles (Figure 56c).

»
- -~ }
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. Figuie 56: Histological sections of a ihé% with tantalum

powder as contrast medium. - f

‘Thickness: 8 - 10 pm, Toluidine blue stain
- 2 “

?

Figure 56a: This is the only section in which tantalum

could be found in the alveoli or terminal bronchioles.

8

v
4

Figuie 56b: Section of 56a at a four Ei?es higher

magnification *
¢

-Figure 56c: Wall of an airway coated with tantalum. The

coating seems to be detached by the cutting procedure.

Figufe 56d: Tantalum partiéles on a microslide. Conglo-

merations are clearly visible.
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CHAPTER 11

~
DISCUSSION ° *

s {

11.1 Introduction u

According to Johnson et al. (1960), an ideal
"
bronchographic medium should have the following charac-

teristics: , ) !

1. High radiopacity and the ability to cocat bronchial

walls untformly and ‘rapidly. .

2. It must not penetréte to the alveolar ducts "and

L J

to the alveoli.
.‘,ﬁ
3. It must -undergo prompt and complete exXpulsion from

the lungs after“bronchography.

oy
4. It must be physiologically and pharmalogically .

-~

inert.

In our study, we are concerned only with short term
effects, up to three hours post bronchography and only with

- 5 2
physiological\aspects regarding interference of contrast

.

media or their suspension vehicle with the surfactant

system of the lung.

There is wide agreement among radiologists that’

"alveolarization" of bronchographig¢c agents should be

avoided. Alveolar filling is recognized as one of the most
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-~

important- causes of fever and the sevefﬁfy of this

reaction qppeafs to be related to the degree of "alveo-
larization". (Lang, 1964, Bjork et al., 1957, 'Rayl,

1965) .°

Robinson et al. (1971, I) noted a 45% incidence

‘of segmental or lobar collapse in pediatric patients,
T
during bronchographic examination. Aqueous and oily

suspensions were used in their study.

.

Obstruction of the airways was. recognized among

other factors related to gradual pulmonary collapse during

the x-ray 'procedure. The possibility of interaction of
the bronchographic agents with the surfactant was not

considered,however.

.

»

11.2 Lungs with Dionosil 0ily, peanut oil and "washed
out lungs" °

->

In our investigation, there gas'a much higher
degree of alveolar filling with Dionosil 0Oily than with
b,

L4

the other agents.

o

-

Within a few seconds post injection, the x-rays
showed a diffuse pattern of the spread out agént, indi-
catgng penetration into the lung parenchyma. At the time
of the second bronchogram,- about 12 min later, the bronchi
weré hardly recognizable in the cloudy pattern (Figure 44).
The histological sections demonstrate alveolar filling

with crystals and peaﬁut 0il or with peanut oil only.

~% ¢
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4

Microatelectasis found in over 90% of the sections could

be clearly related to the presence of Dionosil Oily.

Plugging of the airways was no problem with Dionosil Oily.

In the pressure-volume tests, on inflation, there
B ?,7

is a significant decrease ofﬁthe compliance %% at rela-

tively low pressures (1 cmﬂHéO < Ap < 10 cm Hzo), for

the lungs with Dionosil 0Oily or peénut cil. On deflatian,

‘there is less air retained at about 4 cm H20 with .a ‘

9

sigpificantly lower stability index- "L". )

[ ]

Saline rinsed lungs demonstrate similar tendencies
9

to lungé with the oily agent. This abnormal behaviour can

certainly be related to the damaged surfactant system.

*

Examination of the histological sections did not
allow us to relate the presence\of crystals to microate-

lectasis. However, there is good evidence that peanut oil

>

causes microatelectasis. In the following surface tray ex-

©

periments we will see, .that peanut oil affects the minimum

.

surface ten31on of surfactant and lecithin films. Particles,

if present 1n sufficient den51ty, may decrease the surface

*

;activity of a film.

11.3 Dionosil Agqueous and Hytrast 94~
0 - /

* These agehts contain carbox® methyl cellulose

(see Appendix IV). It is added to adjust‘the viscosity to

a relatlvely high value, 2.4 -~ 2.8 poise, for Hytrast at

»

37°C, (Morley, 1969). In a study with Dionosil’ Olly and

~~




o

3y

Dionosil Aqueous, in rabbits, Bjdrk et al. (1957) con-

&

cluded that the oily suspension should be abandonéd in

favour of the agueous suspension. 'These &uthors showed v
) - ‘ ¢
that the oily component is retained in the lungs even

o 1

<t

after six months with areas of pathological c¢hanges.
r—""—t—\' ' )
In a comparative study with Hytrast, Dionosil
. a .

Aquégus and Dionosil;Oily, Lang (1964) stajed that
Hytrast was least'}ikely to £ill alveo;i. Iﬁ a similar
ﬁyudy, Le Roux et al. (1964) preferred Hytrast to Dignosil

Oily because of better r&diopacify and less alveolar

£illing. o ‘ ) ol .

- Tow
*

Our study confirms these :findings at least as far

b

as the time period of about three hours post bronchography

>
€

is concerned. Hytrast could he found in only one lung out

of ten, possibly due to direct injection into a smaller,

lateral Eronchus, 'see Figure 48c. Dionosil Agueous could .

not be found in the alveoli.

s

The commop characteristic of Hytrast and propyl-

iodone aqueous was obstrucgtion of airways. Plugging of

~

r)airwa&s was mOst”probably'the'éause for gross collapse of
some of these lungs.. Almost all lungs with Hytrast and
Dionosil Aqueous revealed plugged airways, making our

4] . . )
method of investigation (p-V tests) worthless, even after .

°

complete "opening" of the collapsed reéions.“

i hy
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-

' There was also microatelectasis dpe to blockage

of bronchioles, see Figure 53a. Apparently, "opening up"

of the grossly depressedvregioné does not guarantee normal

appearance of -the lung parenchyma. ;

-

- particles in small numbers in airways less than 1 mm in

“Christoforidis et al. (1962) observed that brén—
cgographypreduced lung capacity and 1nterfered w1th al-
veolar aeration and lntrapulmonary gas exchange. It was
concluded that these effeets we;e due to partlal blockage

and interference with air distribution withiﬁfthe lung:

-

11.4 Tantalum bronchography o .

According to Friedmann et al.\(l972), and Naéel
et al. (1970), tantalum or any other chemically inert
lmetal powders -have the following advantages compared to
conventional contrast media:

B
.

1. the absence of airway obstruction S

2. no inflammations following administration

-

3. a substantially smaller volume ié requirea«bacause'

no fluid medium is necessary and the medium has a relati-

—

vely high, diopacity. . - , ' . ,

N LI
. s

4, finely di?ided particles adhere firmly to the

airway walls. K .

.

’ Nadel et ga. (1970) noticed retention of tantalum -

o




- N . - -~ N -
. . . te -
] . + 4 .

diameter and within,the a¥veoli. Friedmaf et al. .(1972F

: pbint‘out that"alveolarization” would-be unlikely{with

o

controlled insufflation of powdetr of known particie size,

- N -

N \ ) i Y4 : - .
R In our study, tantalum particles- could.not be e

P D e———

2

found generallykiﬁ airways smaller than «0.1 - 0.2) mm ,

diameter. Only in. one section some agglomerations of ]
particles were found in the lung parenchyma (Figure 56a, °'*
56b). The x-rays revealed a clearly outlined bronchial

tree and no diffuse pattern, typical for Dionosil Oily.

* -

The deposition of particles-in™the parenchyma, especially :
‘beyond the region of effective muco-ciliary clearance is’ °(;f\\\////
’ z . - - w

. U -
affected by many factors, e:g.: (Friedman et al., 197Z)§” * -

4 '

- size of the particles ) '

- thod of administration ' | . L
. N

. . //7 aerodynamics of the aerosol entering the lungs @  °

. - Positibn éf the éubject under bronchography ang
< ) ’ * '
degree of anaesthesia. .

3

. ¢ ) . .
Two methods of administration of the powder are described:” -

- ’ N
P . ., v

a) With the method described by Nadel and his co- :
},z'- @ 3 ' x"
v workers (1970}, the particles are blown dnto the lung with
¢ ) ‘ - .
a certain applied pressure. . , e

= e [

bj Kammler et al. (197l} reported tantalum admini- RN

stration by spontaneous breathing.
F} ' :
/ - ' t
With our method (see Appendix v} the particles

3 .\ -

-
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o
& .

were blown through small tubing into the lung. The
tantalum dust left the catheter in short bursts. No

continuous pressure was applied.

R e ]
» By u51ng fluoroscoplc control this method could

éeveieped~£ef-se%eet&ve~bfenehegfaphyA—Kammier~et—ak———4-
(1971) noted, that 1 jam tantalum partiecles dld not

produce satlsfactofy xX-rays, due to’ spontaneous qggreh"

»

gation. These authg;s preferred 5 pm teptalum,partlcles.

We observed gﬁtremely little‘glveolarizatién in.rabbit r

lungs. Whether this is.due o' the specific characteristic

- P S
of the rabbit lung or due -to our?technlque of USIHg 1 um

size partlcles is not known The, p0531b111ty that 1 um

partlcles mlgrate less, distally and with a shorter sedi- . ‘

-
~

mentatlon tlme than larger partlcles, can not be excluded
- ‘ , .

11.5 Summary , 4 o -

« - Propyliodone oily (Dionosil 0Oily), 'enters. the

alveoli ‘readily. Microateiectasis in .sections of the entered
lung is related te the presence of peeﬁut oil, which
reduces the surface activity of the lung‘alveolar sur-
factant.-Interactiog.of particles with the surfactant can ' ¥
.not be excluded, especially if many'partigles enter the

¢
alveoli. :

-

The "high viscosit&" hed%a, ‘Hytrast and aqueous

propyliodone obstruct the Eirways. Plugged airways can-

.cause gross collapse and to a smaller extent migroatelec—

) r : -

tasis. S .



-

o

LOnlyﬁnegligible guantities of Hytrast or Dionosil

Aqueous, compared with Dionosil Oily, entered the ter-

‘
[

.minal bronchioles and the alveoli. . Tantalum powder was

the least likély to entér the alveoli. There is no ob-
- * -

struction of the airways with this powder method.

bl

& o Interaction of tantalum partiéles with the sur-
factant cannot be excluded, but it was found to be highly

.uhlikely} since these particles never entered the alveoli

in a sufficient large number.




CHAPTER 12

SURFACE TRAY STUDIES

i

121 Introduction — .

o

In thls chaptpr we will gather further ev1dence

for the gpstuli(e that bronchographlc medla 1nterfere Wlth
t

lung surfactan The nature of 1nteractlon of these ageﬂts
with surfactant and dlpalmltoyl'le01th1n_at'the air-liquid

rhterface will ke discussed.

©12.2 Material and methods

N

12.2.1 .Propyliodone

- Ten ml of Dionosil Qily were diluted with about -

300 ml of light petroleum (petroleum ether) and then fil-

tered. This procedure,was repeated about four tlmes. When

P

the remalnlng propyllodone powder was dry, a small sample

+

was tested on the surface tray on a water subphase for

complete extraction of the oil. The pure propyliodone par-

ticles were then suspended in air by the "fluidized bed"

technique (see Appendix V), and blown gently on surface

films from rabbit surfactant or DPPC.

“Some propyliodone was dissolved in acetone and

recrystallized and the blown on the surface films.

‘Some substance was dissolved in chloroform and

Al “

mixed with a solution of DPPC in chloroform. The mixture
K 4
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L]
- -

was made

to producé a ratio of the number of molecules,
DPPC/propyliodone such as' 1 : 1, 1 :2 ..., upto 8 : 1.
’ -

lutjons which had a DPPC.concentration of .

-

The mixed

approximately *2 to -4 mg/ml, were then Spread on a surface

of 0.9% Nacl. = -

> 12.2.2 Dionosil Agqueous, Hytrast and tantalum po&der

In 6rder to remove the water from Dionosil Agueous

\

and Hytrast, these two substances were dr%éd at about 60°C,
\\Jf‘\ané then“gfound in a mbrtar to produce & light powdér: The
powaer was blown either directly 6nto the surface .films or
"again suspended in water to make up a cbncentratign oF

about 20 mg/ml. The_tantélum‘particies were blown directly
- . . :
.onto the surface films.

- - "“_"\ﬁ_» e f:, - -

12.2.3 Peanut oil : !

This was obtained from the .top of aottle of Di
nosil Oily, which had been left standing upright for
several weeks. The white substance had settled on the bot
tom of the flask. The oil was dissolved in n—h?xane : pro
papol (10 :+ 1, by voi.-) , to.make solutions frorr;:gmg/ml

up to 20 mg/ml((2, 4, 10, 20)mg/ml).

12.2.4 Dose

a) Peanut oil

The high dose was approximately 0.01 mg/cmz, at

maximum trough area, the low dose about 0.003‘mg<éﬂ%;
N <
l The order of magniture of these doses were estimated by
4

L -




'is dbout 6 m® or 3 m° per lung. Assuming 1 ml of Dionosil

17

using the data af De Burgh Daly et al. (1966), p. 21,

"

who suggested that the alveolar surface area of rabbit
. 2 17

0Oily for bronchography, of which about 30% is peanut oil,

2

we have approiﬁmately 0.3 g of éeanut oiliper 3 m” of

al&eo}ar surfaéef or abou£ 0.01 mg/cmz.

b) 'Particles
|
Partlcles were blown on a water surface in the -
trpugh. If the den51ty of partlcles at 100% trougb-.area

did not exceed a certain maximum value# the surface tension

was not measurably influenced on compression of the area

PR S

to 25%. ThlS critical den51ty‘was.about 0.5 mg/cmz‘i 208 -

‘for tantalum powder and approximately 0.3,mg/cm2 + 20%

for the pure propylioddne -crystals. The high.dose for
tantalum was twice this critical value or 1.0 mg/cm2 b

+ 20%, the low dose was equal to the critical value of

’

0.5 mg/cm® + 20%.

The amount of powder used in the surface tray

L 4

studies was calibrated by austing paper sheets of areas

egqual to 100% trough area and then by measuring the mass.

12.3 Reéults

»12.3.1 Particles on a water surface

Figure 57a represents the surface tension-area
N ,
characteristics of "films" from tantalum powder of four
' .o .
different concentratiTns. For the solid lin§, the con-



$ ~

2 1‘20%.'Fbr

centration at 100% trough area was 0.5 mg/ch

- the second curve, thé concentration was 1.0 mg/cmz. Upon

concentration, the surface tension begins to *fall at a
LA . 3

relative area below 50%. ' .

For the thgrdﬁcﬁrve\from top, the concent{ation of
tantalum powder aF 100% film area was 2.0 mq/cm2 + 20%. The
surface. tension bégins to fall'just below 100% relative area.
For th;'last curve, tﬁe density ‘of tantalum powder. at '100%
area was abbut 4.0 mq/cmz. The surface tension at maximum
 film area is lower than the one of the subphasé; The par-
ticles are very likely almost closefs packed and are inter-

acting with each other. Therefore, the surface enerqgy is

smaller than the one of a clean water-air ipterfaceu

*

*Figure 57b demonstrates the surface potential-
P"; -~ -

area characteristics of the correspondinc curves of Figure
57a. (The solid line corresponds to the SOlld llne etc ).
The curve for which the initial concentration was about

2‘mg/cm2,'shows a-max1mum~surface poténtial at am area

where.theléurface tension diagram demonstrates a plateau.

There, thé& "film" is probably folding up, the particles

begin to form .co lomerations. ‘Water penetration is likely,

since the sﬁrface 'otential*is~falling.upOn further con-

-

centration.
ab S

The behaviour of tantalum dust on a water surface

is typical for any kind of particles investigated in this
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Figure 57: _Behaviour of a "film" of tantalum particles

("1 pm particles") at the air-water interface

-

|
Figure 57a:

-
——— Surfacd tension-area characteristic of a

" "low dose" tantalum "film". The density at 100% trough .

-

area was 0.5 mg/cm2 + 20%.
———————— "High dose" tantaluﬁﬁ"film"

The concentration of tantalum powder at 100% area was

»

1.0 mg/cm2 + 20%. The surface tension begins to fall

-

below about 50% area.
—e—.—. — The density of tantalum particles was about
2.0 mg/cmz.
—«e—= i =—.— The density of tantalum particles at 100%
trough area was about 4.0 mg/cmz. The surface tension
at 100% area is approximately 10 mN/m below the one of
the pure water surface. S
- .
. -
Figure 57b: Surface potential-area characteristics.

The solid line "corresponds to the solid line of Figure 57a

-

etc. For comment see text.

- -
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s‘tu'dy. Moﬂ:-’o'f the particles of the bronchographic agents
have an optical diameter between 1 pm and about 20 pm

(see Appendix IV). ; .

Propyliodone cxystals probably up to tén tlmes
bigger than tantalum particles did not demonstrate a
different behaviour than tantalum particles at the air-

N

water interface. : .

\
2

Figure 58 shows photographs of films from tantalum
powder. Glass microslides were dipped 4into the surface
trough at 25% area. The pictures, all at the same ﬁagni- *

fication, give an idea about the density of the particles. .

12.3.2 Particles on a DPPC mgnolaver

The results shown in Figure 59 are typical for anyw-~~"""

kind of partlcles 1nvest1gated in th¥s™gtudy, propyliodone,
Hytrast or tantalpm. No efé&ct due to thg differentw\che-

‘
mical nature could-be observed. As long the amount of

particles (mg/cmz), was about the same, identical results o

were projucéd {within the error range of 20%).

In Figure 59, propyliodone particles were dusted
onto the surfaces. The low dose was about 0.3 mg/cmz,
. -
the high dose approximately 0.6 mg/cmz. The DPPC film without

the crystals produced the typical minimum surface tension

Ay

—sf about 1 mN/m. With the pdrticles on the film, the minimunm

surface tension was higher. The low dose increased the
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_ Figure 58: Photographs,o% "£ilms” from tantalum powder. ' A

Glass microslides were dipped into the trough at 25%

film area. : L o B <i/>

. . \ J )
. . -
. . - b
Figure 58a: "low dose": 0.5 mg/cm2 at 100% area, which | B
corresponds to 2.0 mg/cm2 at 25% area.
Figure 58b: "high dose": 1.0 mg/cm?, at 100% area, which -

cdrresponds to 4 mg/cmz, here at 25%:area. The particles
" ’

are closely packed. ; L

) ot
Figure 58c: 2.0 mq/cm2 at 100% area, which corrésponds
:
LY

to 8 mg/cm2 at 25% area (picture). Cpnglomerates.o? *
N [ 4 .
particles were forhed with water gaps between. o *
‘ * = . i
( ' *
’ . K
- 17' -
AN % ‘
’ <
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1

Low dose propyliodone crystals, about

0.3 mg/cm2 at 100% area, on the saline surface. ,/5

High dose propyliodone crystals, approxi-

mately 0.6 ing/cm2 at 100% area.

-

\o———— 'surface tension-area characteristic of a
[ 4

DPPC film, without particles. . ‘ s

¢

———————— DPPC film with low dose propyliodone cfysﬁéls

.\ :

—-—:—-~DPPC film with high dose propyliodone.particles
) [ ” s

The curvyes were drawn on the basis of at least ten (

independent experiments for each dose.
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,/" 3. Y P
minimum sur§ace tension from 1 mN/m to about 10 mN/m,
the high dose from 1 mN/ﬁ to more than 20,mﬁ7m.'The
original near zero minimum surface_tension produced by

the clean DPPC film could.be restored, when additional

lecithin was spread at 100% area. The lecithin swept T
: < ‘ )

the surface clean and pushed the partidlés to the trough
“ 1

walls. Upon reduction of the film area, some of the.
crystals sank to the bottom of the trough. Five experi-
ments 'per dose and kind of particles were done.

.12.3.3 Particles on a film from lung surfactant

i ,Surfactant from six rabbits was obtained according.
to 4.1.1. Eﬂg cell-free surfactant was then fractionated
in- a column and the preparation of foam no. 1 spread on

0.9% NaCl surfaces (see 4.1.2 ¢c) and 4.2.1).

-~ - r

Since we obtained about four surface ‘tray prepa-
. rations from each rabbit,.a total number of thQ;yHexperi-
,ments wefe‘aone, a group of ten with tantalﬁm pdwder;_thé.
other ten with propyliodone crystals. Half of the prépa—.

rations from each group was &sed f&6r high dose experiménts.

Loop no. 10 of ten successive curves was chosen as the

1

-+

. control loop,.(4.2.1l). As response to the agents, again ten

. successive loops were recorded, and no. 10 was drawn. All

the exper&menté were- done at 37°C and 8 cycles/min.'AE

least eight preparaﬁions out of ten of-each group produced

) - -
a minimum surface tensiom lower than 5 mN/m (loop no. 10).

’ ¥



— . .

N

Figure 60a is typical quvﬁhe influence bf e
pérticles dusted on fiims of surfactant, foam fraction
nb. I. As 1oﬁg as about the same amount of parFicles '
'§7cm2) was added at 100% area, the ef}ectngere eéual
within the error range of 20%, regardiess of the different

¥
_nature of the substarces. . ' :

The high dose increased the minimum surface

2 . »

R ) '
tension from about 5 mN/m to the plateau level at approxi-

Ps

: i R .
. pately 23 mN/m. The low dose increased the Tminimum surface
tension from 5 mN/m to 12 = 15 mN/m. If an amount eqqg&
L ) -~ e -
- to about twice the high dose was added, the minimum surface

tension rose from S mN/m to 26 ~ 30 mN/m.

[ 4

12.3.4 Peanut oil spread on a film from lung surfagfaﬁt

Foam fractions no. 1 fiom three rabbits were ob-
tained (4.1.2 c). From ten surface tray preparations the
minimum surface tension of loop ﬁg. 10 were below 5 mN/m,

[
for 37°C and 8 cycles/min.
i 1

Figure 60b is typical for the influence of peanut ,

A4

0il on lung surfactant films. The low dose of about
0,.003 mg/cm2 increased the minimum surface tension of the

control loop. from.5 mN/m to about 15 @N/m, the high dose,’

2

of 0.01 mg/cm® (12.2.4 a) increased the minimum surface

-

fénsion from about 5 mN/m to the plateau level at approxi-

r

mately 23 mN/m. A8 response to the agent, again ten suc-

- eessive curves were recorded and'no. 10 is drawn.
- . N e ——— o

L 4







Figure 60: Influence of particles and peanut o0il on : .o
- N ’ N .

surfactant films from foam fraction no. 1

»*

-
-

Figure 60a: "

———————— ) low dose particles, 0.3 -~ 0.5 mg/cmz, dusted

-

~on’ the- films at 100% area. The minimum swrface tension .
" .
: rose from 5 mN/m to 12 - 15 mN/m.

----- .— high dose particles, 0.8 - 1.0 mg/cmz, the

minimum surface tension rose from 5 mN/h to the plateau
level, at about 23 mN/m. o . -

+ Figure 60b:

LT low dose peanut oil, 0.03 mg/cm? + 10%,

at 100% area. The minimum surfape'tension rose from

-

5 mN/m to abput 15 mN/m. : .

-

-

~-— -+ — high dose peanut oil, 0.01 mg/gmz’t 6% .
The minimum surface tension rose to the plateau level

of about 23 mN/m.

SN - ) :
Note: The control loops are the curves no. 10 at a
3 >

series Qf ten successive loops. As response to

-
N , < -the agents, again ten curves were recorded. and’

-

no. 10 is drawn. -
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12.3.5 DeVeéépment of the curves as response to the
added agents . '

-

The\ unbroken lines of Figure 61 represent‘loop
no. 10 (control loop) of a series of ten curves from
surﬁaptant from f{actlon 1. For Flgure 6la, h qh dogé\\\\‘\\\\
of peanut oil was spread at 100% area after completion
of the control loop. The broken llnes represent no.

and ne. 10 of a series of fifty succéssive curves. L

e S b .

] Curve no. 1 demonstrates a minimum surface
tension not much higher than the.qﬁg’bftthe control loop.
With each cycle Fhe minimuﬁ surface tension increases
and reaches finally a€ about loop no. ¢l0 the plateau
levgl of approximately 23 mN/m. This‘legei was main-

tained on further successive cycles.

In additional experiments?%e placed a drop of
peanut oil on a-surfactant film. én successive éycling b
we observed that tbis drop was divided in smalleg and .
Jsﬁaller drops in the eipansion phase of the cycles.-This

is very likely the explanation-for the gradually increa-

v

sing surface tension in Figure 61la.

L

For Figure 61lb, a high dose of tantalum powdef’

- 4 4
was dusted after complgption of the control loop. About

~

fifty successive cycles did not reveal much difference

between the minimum surface tension.

-







-

1}

3

Figure 61: Development of loops from surfactant films

with particles or peanut oil.added 2

N - —————
y h
-

Figure 6la: o

a

Control loop no. 10 of ten consecutive curves

———————— Loop no. 1, after a high dose of peanut o0il had

»” i A
been added on the film.

————— -~ Loop no. 10 of ten consecutive'curves, which

r
. -

started with-loop no. 1 (-——-—--- -).

Figure 6lb: ~ -

Control loop no. 10 .of ten consecutive curves

———————— Loop no. 2, after a high dose of tantalum-

-

to the film.

"tén._consecutive curves of
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