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INTRODUCTION

The 1lung has long been the focus of philosophical and experimental
endeavor and, because of its uniqueness (along with the heart) in
being "close to the line of life}} has stimulated a vast amount of
research and questions on its physiologic mechanisms. Not the least
among these has been: (1) What keeps most alveoli air-containing at
the end of expiration? (2) What is the mechanism of ateleotasis? (3)
Why do some alveoli inflate fully before others begin to inflate? and
(4) Is there anything unique about air-liquid interfaces that has
an effect on lung mechanisme? These questions, and many others, have
produced a oontinually increasing body of literature on various
aspeots of what is now referred to as "pulmonary surfactant."”
Pulmonary surfactant is that material, primarily lipoprotein in nature,
which lies at the air-tissue interface of the lung and, because it
exerts surface temsion (an attraction between uncharged particles),
has a direct effect on lung mechanics and alveolar stability.

This paper is an attempt to summarize the literature on pulmonary
surfactant and formulate oconclusions justifiable therefrom that are
likely to be effiocaoious to those dealing with the lung clinically.
Articles included in the bibliography were selected for one of the
following reasons: (1) The article stated a "new" conclusion from
the dataj (2) The article provided the needed confirmation of an
hypothesis previously presented; or {3) The article was a summary of
conclusions to date and contained an appropriate bibliography. An
honest attempt was made to insure that experimental design and results

were consistent with the conclusions drawn therefrom.
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DEFINITIONS

Surfactant - that material lining the air-tissue interface of the lung.

Surface tension - an attraction between uncharged partiocles.

#Extract activity index" - a measure of the effectiveness of ochanging

surface tension relative © surface area.

"Active extract” - an extract of lung tissue which exhibits a surface

tension of less than 15 dynos/om. on compression
to 20# of original surface area and also exhibits
marked hysteresis on reexpansion.

Hysteresis - the behavior of a mechanical system in which the result
of an applied force lags behind the force itmself- volume
change of lungs lags behind the transpulmonary pressure
changes which produce it.

"Lung stability index" - a measure of the tendency of an alveolus

t0 collapse on return to low pressure.









low pressure) from the deflation part of the pressure-volume curve,
and found that lung stability correlated well (r = +0.68, P<.001)
with extract activity.

An easily prepared, reproduoable chemical model for the study of
surfaotant has been proparod.sl An ethanol solution of lecithin is
precipitated with albumin and 1 drop of the suspension, containing
0.04 mg. lecithin is spread on the surface of 0.9% sodium chloride
solution. This has proven to be an active sample (surface tension
deoreases to less than 15 d:nel/om. on oompression to 204 of original
area and shows marked hysteresis on reexpansion). This model
facilitates study of effects of various agents on surfactant.

The theory that pressure—volume characteristics of the lung are
dependent upon surface foroes is based on the premises that the lung
is lined with a surfaoce-denaturable material and that alveolar sizes
deviate significantly from the moan.19 One appreciates the magnitude
of this surface activity when it is remembered that the total lung
surface area of man approximates 70 square meters (equivalent to
500,000,000 alveoli with mean diameter of 150,)1°*7° That lung
surfaotant has very little to do with elastiocity has been adequately
domonstratod.61 For purposes of convenience, lung extracts may be

dryed into powder and stored without losing their proportiea.ll



MORPHOLOGIC STUDIES

The controversy about the existence of a pulmonary epithelium
covering the capillary endothelium in the lung was conclusively
resolved by Lo'52 when he demonstrated a cytoplasmic layer covering
the capillary endothelium by electron microsocopy in the rat lung.

He also later demonstrated evidence that the alveolar epithelium was
an entodermal derivative.53 He showed by electron mioroscopic study,
that the alveolar epithelium was in direct continuity with the
cuboidal epithelium of the bronchioles and hypothesized its entodermal
origin because of this fact ands (1) There is an uninterrupted
epithelial lining of the alveolis (2) These epithelial cells are
non-phagoocytics (3) Cells of entodermal origin are usually non-
phagocytios (4) Cytoplasm of some epithelial cells closely resembles
that of macrophages; and (5) The phagooytio macrophages found in the
lung are free in the alveoli and rest on the epithelium.

Ilck11n56 demonstrated the existence of three types of cells
in the lung epithelium- membranous pneumocytes (Type I), prhagooytic
cells, and granular pneumocytes (Type II). It was presumed that the
granular paeumocytes possessed an exocrine function whereas the
membranous pneumocytes did not. Eleotron mioroscopic evidence of the
exocrine function of granular pneumocytes was obtained in 1964 when
Bensoh, et a19 published a photomicrograph showing the lamellar
body in a granular pneumocyte discharging into the alveolar spaoce.
It was also noted that in cOz-induoed hyaline membrane disease, the
time course of changes in lamellar bodies and pulmonary surface
tension paralleled each other closely. This was taken as suggestive
evidence that the lamellar bodies are the site of origin of pulmonary

surfactant.



The lamellar (inclusion) body was oonoluded not to be mitochondrial
in nature by electron microscopric, histochemical, and surface tension
activity studies, by virtue of the following ﬁnclmgn16 (1) The
inclusions were positive in the periodic acid-Schiff test after
digestion with diastase; (2) They formed myelin figuress (3) They
rossessed alkaline phosphatase activitys (4) They were not stained
with toluidine blue; and (5) Both the typical surface tansion activity
and inclusions developed two days before birth in the rat. Further
electron miocroscopio -tudiesa demonstrated that the granular pneumocyte
inclusion bodies (osmiophilic granules) were formed and "secreted"
in greater numbers in late fetal Iife and early infancy and appeared
to result from "focal degradation of any cytoplasmic membrané in
rapidly changing cuboidal epithelium."” It was concluded that the
inclusion bodies were lysosomal struotures on the basis of morphologioc
charaoteristics and on the distribution of the aocid phosphatase

reaction.



TIME OF APPEARANCE OF SURFACTANT

It has been noted71 that lungs too immature to produce a complete
lining film have never been found to spontaneously aerate. This can
ocour only after the lung acquires the capacity to produce a lining
film, whioch takes place when the larger lumina of the lung ceasesto
be lined with cuboidal epithelium, Since this capacity is acquired
in the human lung at 24 wks. gestation, it is not felt that inability
to produce a lining layer is responsible for the respiratory distress
syndrome of infants.

16,93 that the osmiophilic

It has been demonstrated in fetal mice
inclusion bodies of the granular pneumooyte first appear in the 18
day old fetus (term gestation in the mouse is 19 days) and that the
large majority of fetuses of gestational age less than 18 days failed
to achieve the low surface tension of lung extracts reocorded by all
term fetuses and newborns. Grugnwn1d39 oconcluded that infants may be
predisposed to the respiratory distress syndrome in utero because
of the differences that exist in surface activity and stability
between infants with respiratory distress syndrome and infants who
have never breathed (stillborn). Electron microscopic ltuaie-17 of
the human lung support the appearance of lamellar inclusions at the
time in fetal development in which there is a decrease in glycogen
oontent of the alveolar epithelium (5-6 months gastation) and the

appearance of surface activity. It was also noted that in species

lacking inoclusion bodies (e.g. the pigeén) there is no surfactant.

8.



CHEMICAL STUDIES

Isolation and identification of dipalmitoyl lecithin for the
first time from the lung ocourred in 1946.84 It was later shown72
that the light spectrum of a water extract of lung was qualitatively
identical to that of purified egg lecithin. Abrame® analyzed the
lipoprotein from lung extracts and found it to be ani -~globulin with
a molecular weight of 2.4 00.51105 and oontain 40.2 $0.6% lipid. The
only phospholipid which he found in the extract was dipalmitoyl
lecithin. The structure of lung lecithin 13:42

CH,OCOR (sat)
(sat) ROGO&H
OPC

The ocomposition of extracts from the lung has been determined,32’48
and is approximately 60% phospholipid, 19% triglyoceride, &% FFA,

5% free oholesterol, and 0.9% ocholesterol esters. Of the phospholipid
fraction, 48% was lecithim, 12¢ was phosphatidyl ethanolamine, and

9% was sphingomyelin. The leoithin had 60% saturated fatty acids

(14% palmitio, 46% steario). Webb L categorized the components of
surfactant on a functional basis—- unsaturated phospholipid to give

low tensions, nonphosphated lipids to protect the phospholipids from
oxidation, and protein as a skeleton which holds the 1lipid together.

Swrfactant can be attacked by pancreatin and trypein, indioating

69

a protein oonstituent. An increase in the minimum surface tension

of lung extracts has been observed after exposure to mercuric chloride,

70

dilute acids, and acetonej =~ petroleum ether extracts of dried tisaue,

edema foam, and oleio acid;87 KOH, chOB, and RiECO3;81 amiotic

fluid;33 polysorbate 20 (Tween 20);74 0.5% ootyl aloohol;95 lecithin,

9.



68

lysolecithin, and Tween 80, = Surface tension and hysteresis are not

68

affected by irritants that are not surface active. It has also

a10

been note that protein precipitants make the foam of pulmonary

edema vulnerable to surface active anti-foams.

It has been demonstrated that with an increase in temperature,
86

alveolar surface tension rises more rapidly

stability of normal 1ungn.4o CIensntlzz found that heating produced

and decreases the

a decrease in hysteresis, decreased minimal volume on deflation,
decreased inflation pressure and increased deflation pressure, All

these changes were reversible on cooling.

10,



SYNTHESIS OF SURFACTANT

Biochemical studies relating to the synthesis of pulmonary
surfactant have dealt primarily with the synthesis of lecithins,

This is understandably so, inasmuoh as the body of evidence presented
elsewhere in this paper leaves little doubt that lecithins are the
primary constituent of pulmonary surfaoctant. Brown14 eompletely
precipitated the surface active material from saline extracts of
lung with trichloroacetic acid and subsequently extracted all of

the activity from the precipitate with ethyl or methyl alcohol. The
surface active material was identified chemically as dipalmityl
phosphatidyl cheline. He noted that the only known pure phospholipids
that show surface activity at body temperature are sphingomyelin

and saturated lecithins., There was an absence of sphingomyelin from
his prepared precipitate.

In support of the hypothesis that alveolar epithelial oell
mitochondria are the source of surfactant, the following have been
noted:49

(1) Surfactant has been found in significant quantities only
in the washed mitochondrial fraotion of mammalian lungs;

(2) Associated with the loss of lung surface activity following
vagotomy, there is almost a complete loss of mitochondrial
lamellar formss

(3) In animals that show no lamellar forme in their alveolar
lining cells, there has been a notable absence of surface
activity in lung extracts.

The initial biochemical finding which implicated that the lung

itself might be involved in actual synthesis of surfactant was the

observation that there was an "“astonishingly high degree of utilization”

of acetate in the production of fatty acids by the lung.73 It has
been shown by Day and Pidgozs’aé, using 014 labeling, that maorophages

11.
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(which bear close resemblance to alveolar epithelial oells) take
up beth sodium palmitate and acetate. The sodium palmitate was
converteéd primarily to triglyceride and phospholipid, with small
amounts of cholesterol ester and mono- and diglycerides. The acetate
was converted to cholesterol, cholesterol ester, triglyceride, mono-
and diglyoeride, and phospholipid. It was subsequently demonstrated
that the mitochondrial-rich fraction of lung tissue is by fer the most
active of the subcellular fractions in the utilization of acetate
for long chain fatty acid synthesis.ea

The following reactions have been observed in the rat fetus by
014 labelingx35

(1) CDP=*choline + D-xPdiglyceride —> *lecithin

(2) CDP-*ethanolamine + n-ozj% diglyceride — > *phosphatidyl-

ethanolamine(PE) *3%H3, #lecithin

(3) (’033)-S-cd.noayl-c—nothionine + PE — > *lecithin

(4) *Serine + PE__ *phosphatidylserine(Ps) ‘°9g; *PBt}EEB;?Iooithin

Term gestation in the rat is 30 days. Reaction (1) was found to
be maximum at 21 days gestation and then gradually decrease to term.
Reaction (2) was found to be highly hﬁ%ifq throunghout g.station'with
a sharp inorease on days 24-2 and sharp droppafter da§f26. Reaction
(3) showed a steady inorease to maximum at day 28 and subsequent
decrease. Reaction (4) showed maximum activity at day 26. These findings,
if species transfer is allowed, may be part of the explanation for
variation and relatively poor ocorrelation of gtetatiqnnifggodqigp
hyaline membrane disease. It may also be assumed that there.are

several biochemisal pathways of synthesis of surfactant with variable
contrélling factors.



CONDITIONS IN WHICH SURFACE TENSION IS ALTERED
Hyaline Membrane Bisease (HMD)

Hyaline Membrane Disease (Respiratory Distress Syndrome) of
infants is characterized by increased respiratory rate and minute
volume, normal or decreased tidal volume, decreased alveolar venti-
lation, inoreased respiratory dead space, a variable ventilation-
perfusion ratio, decreased diffusing oapacity, decreased lung
compliance, and respiratory and metabollic aoidosis.45’50’64 The
pattern of metabolism in HMD (excessive tissue destruotion, shift
of water from cells to extracellular fluid, hyperkalemia, and excessive
excretion of sodium) may also occur to a lesser degree in prematures
or infants of diabetic mothers without distress, and even to greater
degree in prematurity alone.66 Delay in onset of respiration,
immaturity of enzyme systems, cesarean section, and immaturity of
capillaries have been thought to be important in the etiology of HMD.

The radiologic pattern is nonspeoific.27

The membrane of HMD has been produced by intratracheal injection

18

of human liquor ammii in the rat. It has been described by electron

mioToscopy as overlying the alveolar epithelium and having a fibrillar
matrix (apparently fibrin), presumably derived from plaﬁma.l3 Gitlin79
felt that the membrane was formed by syneresis of fibrin which had
come from fibrinogen which effused from the pulmonary vasculature.
He noted that the production of fibrin is enhanced by a thromboplastin
material in amniotic fluid.

An increased incidence of HMD is found with low birth weight,

infants delivered by cesarean seotion, premature infants of diabetio

mothers, placenta previa, premature separation of the placenta, toxemia,

and history of prior stillbirth.23 Placental transfusion and gravity

flow techniques have reportedly decreased the incidence of HMD.12

Functional residual capacity and total lung volume have been shown

13.



to be decreased in EID,37 and in younger animals.6 The cause of HMD
is admittedly as yet unknown and treatment has been as extravagant

as hibernation 68 0
Lvnchss analyzed hyaline membranes histoochemiocally and felt that

there was probably a defiociency of the cytoohrome,/ oxidase / oytochrome
C enzyme system. There is an increase in surface tension7 and decreased
phospholipids and decreased percentage of leoithin2 in lung extracts
of infants with HMD and an inorease in surface tension in infants of
less than 1200 grams birth weight.

That respiratory difficulties are more common in prematures is

63,65 That surface tension plays an important role

well documented.
in the resistance of infants lungs to aeration is also well known.41
Atelectasis by itself does not produce an increase in surfaoe
tension3l as witnessed by the facts that: (1) Extracts from lungs
still ocollapsed after 10 weeks following ligation had normal surface
tensions and (2) In ocases of pulmonary artery ooclusion, the increase
in surface tension of extracts occurred before development of

ateleotasis.

Pulmonary Edema

14.

Acute pulmonary edema77 and instillation of fluid into the 1ung'46’47

have both been shown to produce an increase in surface tension of lung
extracts and a tendency towarde atelectasis. Ateleotasis by itself
was not observed to produce an increase in surface tension. It was
hypothesiged that the amount of fluid remaining in the lungs at

bifth might be important in the etiology of the respiratory distress
syndrome. Said, et alz6 prompted by the observation that aoute pulm-
onary edema produced a deorease in lung compliance out of proportion

to lung volume, also noted an inoreased tendency to premature alveolar
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closure as a result of an increase in minimum and maximum surface
tension.

Harlan, et a143 demonstrated the uptake of radioactive palmitic
acid by the lung and noted a decrease in lung tissue radioactivity
in the presence of pulmonary edema. It has also been shown83 that an
inhibition of clot retraction and lysis is produced when surface-
active lipoprotein extracted from the lung is mixed with plasma exudate.
The surface activity of this lung lipoprotein was inhibited by
fibrinogen whereas the activity of dipalmityl lecithin was not in-
hibited. Herein lies evidence for the hypothesis that a lack of
fibrinolytio activity is important in the pathogenesis of the membrane
in hyaline membrane disease of the infant.

Cervical Vagotomy

In 1937, Fa.::be:r:28 noted that bilateral cervical vagotomy pro-
duced a syndrome of inocreasing dyspnea with resultant asphyxia and
death in the rabbit. Postmortem examination revealed acute pulmonary

edema and congestion. It was later notod62

that in the majority of
rabbits after bilateral cervical vagotomy, membranes could be found

in their lungs that closely resembled the membranes in infants with
hyaline membrane disease. It was also noted that the time of appearance
of the membranes after the operation in the rabbit, olosely approx-
imated the time of appearance of the membranes in newborma, suggesting
a common mechanism,

A marked similarity in the gross appearance of lungs and an in-

crease in the surface tension of lung extracts has been noted in389
(1) Infants dying with hyaline membrane diseases (2) Tracheotomiged

guinea pige with pulmonary congestion following bilateral vagotomys;

(3) Dogs with unilateral pulmonary artery ligation; (4) Dogs with



ligature of one mainstem bronohus; and (5% Dogs and humans following
cardiopulmonary bypass. Accompanying the loss of lung surface
activity after vagotomy is almost the complete loss of mitochondrial
49

lamellar forms.

Bolande and Klauslo

have demonstrated the alveolar lining layer
with phosphatide and polysaccharide stains and also by ultraviolet
microscopy in which the lining layer is observed as a thin fluorescent
line at the air-tissue interface. They observed that the lining layer
was abolished by extraction with chloroform:methanol and decreased by
digestion with Clostridium welchii « =toxin leoithinase, and concluded
that the layer was composed of lipid which is a phosphatide and also
has a mucopolysaccharide component. They too have noted with this
method, a deorease in the fluoresoent lines and abnormal surface
tension properties following bilateral cervical vagotomy.
Physical Stress

Faridy, et 3129 ventilated the excised lung of a dog 1=6 hours
with room air, 02, 002, and Né and found an inorease in the minimum
surface tension in all oases. This was also observed as a decrease in
the percentage of gas volume remaining in the alveoli at all trans-
pulmonary pressures. The effect was greatest with room air and Né.
After flushing the lung with room air and holding the lung at constant
rartial inflation for several hours, they found the effect to be

reversed completely in room air and 02 lungs but not for 002 and lé

lungs. This finding suggested that CO, and Né might interfere with

2
the production of surfactant. It was also noted that the changes in
pressure-volume measurements and minimum surfaoe tension were directly
related to the tidal volume and duration of ventilation and inversely

related to end—expiratéry pressure. This suggested that the larger

the change in surface area with each inflation, the greater the de-

16.
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rletion of surfactant. Greenfield, et 3136 also found that overly
inflation ventilation produced a diminution in surfactant and gross
atelectasis in 24 hours whereas ventilation at normal pressure and
volume produced no alteration in surfactant.

It has been noted34 that there is an increase in minimum surface
tension to greater thaa 15 dyne-/om. in homografted lungs after 24
hours. Surfaotant was found to be normal in autotransplanted, de-
nervated, and homotransplanted lungs at less than 24 hours. The in-
crease in surface tension in homotransplanted lungs is the earliest
known sign of rejection.

Oxygen Toxioity

Studies measuring bubble sfabilityea

did not demonstrate alter-
ation in surface tension of extracts after breathing 100% 02.
Fujiwara, et 3132 was likewise unable to demonstrate any change in
surface tension or lipid concentration of lung extracts after
breathing 100% 02, but did observe the production of pulmonary edema.
00111¢rg4 however, demonstrated an increase in both minimum and maxi-

mum surface tension of saline extracts of minced lung after producing

death by breathing 100% 02 at one atmosphere, thus indicating an

absence of surface activity. He hypothesiged that 02 poisoning may
result in both the abasence of surfactant and the presence of an
inhibitor of surface activity.

It has recently been demonstratedsl that hyperbario oxygenation
rroduces an increase in the surface tension of lung extracts and,
mioroscopically, extensive oongestion, edema, inflammatory infiltration
of alveoli and interstitial tissues, and progressive focal atelectasis.

An inorease in surface tension indicates a loass of surfaotant and
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produces an increased expulsive force of the alveoli with an in-
creased tendenoy of alveoli to collapse and result in progressive
ateleotasis, It was hypothesized that the loss of surfaoctant was due
to oxidation of the unsaturated phospholipid fraction of surfaotant,
This would be consistent with the fact that oxidative or proteolmtio
active chemicals and lipoidal also inhibit pulmonary surfactant.
COé Poisoning

Humans respond to an increase in alveolar 002 concentration
by increasing ventilation. In contrast to adults, the response curve
of an infant is shifted to the left, which is consistent with their
lower initial alveolar CO2 and buffer base and higher metabolism per
kilogram body weight.5 Schaefer, et 3178 showed that after 1-6 hours
of breathing 15% c02 there was a severe uncompansated acidosis with
decreased blood pH and increased blood p002 and associated marked
alveolar edema, an inorease in lung weight, nmo change in surfaoce
tension, and a decrease in the number of lamellar bodies in the
granular pneumocytes. After 24 hours of breathing 15% 002, there was
a demonstrable hyaline membrane in all animals with associated in-
crease in minimal surface tension, decreased film ocompressability,
and near absence of lamellar bodies. After 2-14 days of 15% co,
the acidosis became compensated, there was a gradual decline in
pulmonary edema and hyaline membrane disease, and the surface tension
and number of lamellar bodies returned to normal.

Asphyxia

It has been reported3 that nearly 50f of asphyxiated monkeys

(after delivery by cesarean section) demonstrated atelectasis and

hyaline membranes like those seen in infants with hyaline membrane
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disease. xver94, howeser, could not produce the typical histologiocal
picture of hyaline membrane disease (vascular congestion, diffuse
ateleotasis, and hyaline membranes) by hypoxia alone in guinea pigs,
rabbits, rats, or mice.
Aerosols
Alcohol vapor has been used in the treatment of acute pulmonary
odem354 because of its anti-foaming effect with improvement in 87%
of cases and no serious side effects. Aloohol nebulisations produce
an increase in compliance and a decrease in airway resistance. The
response to alcohol is inhibited in the presence of pulmonary
congestion compared to normal lung. Siliconized superinone and water
produced a decrease in compliance and an increase in airway reaistanoe§7
Others
An inocreased tendency to atelectasis and abnormalities of surface
tension measurements on lung extracts have also ¥een observed in

58

radiation pnoumonitis,9o influenza

57

acute mercury vapor poisoning,

44

virus pneumonia in both mice
30

and humans,”’ pulmonary artery

following transection of mainstem bronohul,94 and
81

ooolusion,

ateleotasis.
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SUMMARY

Pulmonary surfactant is a lecithin-like lining of the alveolar
epithelial cells at the air-tissue interface of the lung. Film balance
and bubble stability studies on extracts of lung indicate that there
is a marked hysteresis of the pressure~volume measurements in the
lung whioh requires the properties of a surface-sotive agent for
full explanation. Surfactant serves to prevent ateleotasis by
diminishing surface tension as volume is decreased.

"Surfactant'" probably includes a variety of compounds as presently
meassured, but olosely resembles dipalmitoyl lecithin in its most active
part. The mitochondrial fraction of granular pneumooytes is presently
felt to be the loous of production of surfactant, apparently by
several reaction sequences.

Evidence has been cited oonoerning significant alterations of
surface forces in the lungs in a variety of clinical states.

Although the meohanisms of interference are not yet lmown, the effects

are real and add to ones understanding of lung function.
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