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The search for therapeutic agents to improve 
the clinical outcome in adult patients with the 
acute respiratory distress syndrome (ARDS) 
has focused on early intervention. A variety 
of approaches have been attempted using 
methods that modulate the components of the 
systemic inflammatory response, but none 
has led to a major breakthrough. However, 
early intervention is difficult to achieve for 
the majority of patients with ARDS who pre
sent with the syndrome fully established. 
Consequently, therapeutic approaches for res
cue therapy also need to be developed. This 
requires a knowledge of events assoeiated 
with progression and prognosis. The develop
ment of ARDS is characterized by damage to 
the pulmonary vascular endothelium. This is 
followed by leakage of proteins from the 
damaged vessels and extravasation of acti
vated neutrophils causing interstitial inflam
mation and edema. Damage to the alveolar 
epithelium then occurs, resulting in accumu
lation of proteins and neutrophils within the 
alveolar spaces. These changes within the 
alveoli have important pathophysiological 
consequences. In particular, they cause dys
function of the pulmonary surfactant system 
which amplifies the injury (Figure 16.1). 

Pulmonary surfactant dysfunction can lead 
to alveolar instability, flooding and collapse, 
and in these respects the catastrophic acute 
lung injury that occurs in ARDS shows many 
similarities to the infantile syndrome (IRDS). 
This can develop in premature neonates 

because of surfactant defieiency due to imma
turity of the lungs at the time of birth [1]. The 
lungs fail to inflate adequately, resulting in 
alveolar flooding and collapse. Various types 
of exogenous surfactant have been developed 
for treatment of IRDS and are of established 
benefit [2,3]. This has provoked interest in the 
potential for surfactant replacement therapy 
in ARDS [4]. However, while surfactant defi
eiency is the primary etiologic factor in IRDS, 
alterations in the surfactant system in ARDS 
develop as a secondary consequence of lung 
injury. The mechanisms involved and the pre
eise approaches to therapy in the two dis
orders therefore differ in a number of 
respects. The aim of this chapter is to describe 
the composition and functions of normal 
human pulmonary surfactant, and to review 
the alterations which develop in ARDS. The 
current status of exogenous surfactant 
therapy in ARDS is also reviewed. 

NORMAL PULMONARY SURFACTANT 

ROLE IN REGULATION OF ALVEOLAR 
SURFACE TENSION 

Pulmonary surfactant is a complex, highly 
surface active material that spreads to cover 
the alveolar epithelial surfaces of the lungs 
[5]. Phospholipids account for ab out 85% 
of the composition, the main component be
ing dipalmitoylphosphatidylcholine (DPPC), 
which is also the main surface active com-
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Figure 16.1 Events that lead to dysfunction of the pulmonary surfactant system in patients with ARDS. 
C = capillary; En = endothelium; Ep = epithelium; ELF = epithelial lining fluid; SF = surface film 
indicating phospholipid monolayer; AS = alveolar space; II = Type II ceIl; PL = phospholipid; SP = 
surfactant-specific apoprotein; MO = macrophage; TM = tubular myelin. 

ponent. In addition, the surfactant system 
eontains about 8% proteins, 5% neutral lipids 
and 2% earbohydrates [1,4-6]. These eom
ponents interact together in a highly organ
ized manner to form a monolayer film of 
phospholipid over the surfaee of the alveolar 
epithelium. This film plays an important role 
in lung function by generating a 'film-pres
sure' which opposes and reduees the surfaee 
tension of the alveolar epithelial lining fluid 
to maintain it at near zero throughout the 
whole eyde of breathing. This eounteracts the 
differenees in pressure between alveolar 
spaees and tissues which would otherwise 
eause the alveoli to flood and the lungs to 
eollapse, especially at low lung volumes 
when the intra-alveolar pressures are very 

low. There is still eontroversy as to the exact 
meehanism by whieh surfactant stabilizes the 
alveoli and prevents flOoding and eollapse, 
and the various hypotheses proposed have 
been reviewed in detail elsewhere [7]. The 
eonventional and most widely aeeepted 
hypothesis is the 'bubble' model. This 
assurnes that the alveoli are lined with a 
eontinuous layer of liquid, and that they 
behave like bubbles in terms of their inherent 
stability. Mathematieally, the collapsing pres
sure (ilp) of a bubble is related to the surfaee 
tension (-y) and the radius of eurvature (r) by 
the law of Young and Laplaee ilp = 2-y / r. 
Bubble stability is established when the air 
inside has been eompressed until its pressure 
is raised above the pressure outside by an 



amount (ap) which opposes further collapse. 
Equilibrium is established when ap equals 
the recoil pressure of the bubble (2'Y/r). 
Because alveoli are networks of interacting 
'bubbles' of differing sizes that change during 
breathing, Clements et al. [8] proposed that 
the alveoli might remain stable despite the 
variation in their radii if surfactant is able to 
progressively vary surface tension to decrease 
bubble recoil (2'Y / r), then further reduce sur
face tension as the bubble starts to collapse 
until 2'Y / r of each bubble is the same for all. 
In this way a whole range of bubbles of 
widely differing diameters can be brought to 
equilibrium with the same external air source 
and, hence, with each other. 

The 'bubble' hypothesis is based on the 
view that a 'continuous' layer of fluid lines 
the alveolar surfaces. However, alternative 
theories suggest that the fluid lining is 'dis
continuous' with dry and wet patches [7]. The 
'water repellent model' postulates that the 
fluid is confined to 'pools' and 'pits' from 
which it can tension dry patches of the alveoli 
by pulling in excess epithelial membrane as 
'pleats' [9]. The gas transfer surface is kept 
essentially dry by water repellency induced 
by a monolayer of surfactant directly 
adsorbed on to the epithelial surface. The 
'pools' assurne a convex profile and act as 
'corner pumps' to return fluid to the inter
stitium. If flooding continues, the 'pools' will 
link to form the 'bubble' model, but only in a 
pathological and not the physiologie al state 
[9]. 

The monolayer film of surfactant phospho
lipid is able to modulate surface tension 
because of the highly polar nature of the 
moleeules (Figure 16.2). This causes them to 
align at the air-liquid interface, with their 
hydrophilie phosphatidyl head groups in the 
liquid and their hydrophobie fatty acid tails 
in the air space. The compression of these 
molecules during expiration generates the 
increasing film pressure which opposes, and 
reduces, the force of surface tension at the 
air-liquid interface. As the radii of the alveoli 
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Figure 16.2 Chemical structure of dipalmitoyl
phosphatidy1choline (DPPC) showing the highly 
polar nature of the moleeule. 

increase on inspiration the pressure between 
the moleeules decreases, allowing the surface 
tension to increase. The ability of pulmonary 
surfactant to lower surface tension under 
dynamic compression in vitro can be assessed 
in a variety of ways, but problems of repro
duciblity can arise because the measurements 
are very sensitive to variability in concentra
tion and contamination [10]. The two 
methods most commonly used are the Lang
muir-Wilhelmy balance [11] and more 
recently the oscillating bubble apparatus of 
Enhörning [12]. Thus, Clements used a modi
fied Wilhelmy balance to confirm the hypo
thesis that pulmonary surfactant was capable 
of lowering surface tension when the film it 
formed was compressed into a smaller area 
[11]. Both methods can generate similar 
information, but the oscillating bubble 
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Table 16.1 Surfactant-specifie apoproteins 

Apoprotein Biochemical properties 

SP-A Hydrophilie glyeoprotein 
SP-B Hydrophobie protein 
SP-C Hydrophobie pro tein 
SP-D Hydrophilie glycoprotein 

method has the advantage that surface ten
sion measurements can be continuously 
determined between maximum and mini
mum bubble size for very small volumes of 
surfactant material (25 /-LL). This makes it a 
convenient method for clinical studies of 
pathological events which disturb the bio
physical function of the surfactant system. 

BIOCHEMICAL COMPOSITION 

Clinical studies of the composition, as weIl as 
the function, of human pulmonary surfactant 
in health and disease have been facilitated by 
the technique of bronchoalveolar lavage 
(BAL) which enables components to be sam
pled from the air spaces of the lungs of 
humans with safety [13,14]. BAL is conducted 
using a standardized procedure, by instilling 
and aspirating aliquots of physiological saline 
(typically, 4 X 60 ml in adults) via a fiber
optic bronchoscope placed into a defined seg
ment of the lung, usually the right middle or 
lateral segment of the right lower lobe [15]. 
The recovered BAL sam pIes are examined to 
determine the number of cells present, then 
spun immediately at low speed (~ 300 g) for 
10 minutes at 4°C to separate the cells from 
the cell-free supernatant fluid. For lipid stud
ies it is essential to remove rapidly cells 
which might otherwise contaminate the sur
factant components in the supernatants with 
cell derived lipids and proteins. High centri
fugation forces must not be used because, 
apart from inducing cell damage, these can 
sediment and cause loss of aggregates of sur
factant phospholipids and proteins. To evalu
ate surfactant phospholipid composition, 

Molecular weight 
(kDa) Selected references 

26-36 23-25 
7.5-9 28-33 
3.5 28-33 
43 26,27 

lipids are extracted from the ceIl-free BAL 
fluids using conventional methods, for exam
pIe chloroform-methanol extraction. The 
main phospholipid classes are separated and 
quantified by thin layer or high pressure 
liquid chromatography [5,16,17]. 

On average, phosphatidylcholine (PC) 
accounts for 73% of the phospholipid in lav
age sampies from normal, healthy, non smok
ing human volunteers, and it is mostly in the 
form of saturated DPPC which is highly sur
face active. Phosphatidylglycerol (PG) is the 
second major phospholipid component, 
accounting for on average 12% of the phos
pholipid, while the remainder include the 
minor components phosphatidylinositol (PD, 
phosphatidylethanolamine (PE), phosphati
dylserine (PS), sphingomyelin (SM), cardio
lipin, and lysophosphatidylcholine, none of 
which usually ac count for more than 3% of 
the total phospholipid. By contrast, phospho
lipids in lung tissue and blood plasma con
tain lower proportions of PC (mean< 50%) 
with a higher content of unsaturated fatty 
acids, and much lower proportions of PG 
« 2%). Lung tissue also contains higher pro
portions of PE (mean 17%), and both lung 
tissue and blood plasma contain higher pro
portions of SM (mean 11% and 24% respect
ively). In pathological situations, components 
from damaged tissue and exudation of 
plasma into the alveolar spaces can contam
inate the surfactant system [18]. This can 
result in abnormal elevations in PE and SM 
(as weIl as in proteins and other tissue or 
plasma-derived components) in BAL sam
pIes. Cigarette smoking must be taken into 
account in clinical studies of surfactant, 
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(a) (b) 

Figure 16.3 (a) Electron micrograph showing the ultrastructural appearance of a human type II alveolar 
epithelial cell (x6500). (b) Higher power view of the cytoplasm of the cell showing the characteristic 
lamellar bodies containing phospholipids (x19 500). (By courtesy of Ann Dewar, National Heart & Lung 
Institute, London, UK) 

because BAL sampies from apparently 
healthy cigarette smokers contain signifi
cantly higher proportions of PE and SM com
pared with healthy nonsmoking volunteers 
[19]. This indicates that smoking related tis
sue damage is sufficient to have a measurable 
effect on surfactant composition. The func
tional consequences have not been investi
gated. However, pulmonary vascular 
permeability is increased in cigarette smokers 
compared with nonsmokers [20]. Dysregula-

tion of surface tension due to surfactant 
alterations could be relevant to this observa
tion. 

Apart from phospholipids, about 2% of the 
proteins in normal alveolar lining fluid are 
specific to the surfactant system. These are 
termed the surfactant apoproteins. They have 
been studied less than the phospholipids 
because they have been discovered more 
recently [6,21,22]. Four surfactant-specific 
proteins have been identified including the 
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~ ~ 
Figure 16.4 (a) Electron micrograph showing the membranes and part of the cytoplasm of two human 
alveolar epithelial cells covered by a layer of alveolar lining fluid containing surfactant. The lung was 
fixed in situ to preserve the surfactant layer. A large tubular myelin aggregate composed of phospho
lipids and apoproteins is demonstrated (x32 000). (b) Higher power view of the surfactant layer showing 
the tubular myelin aggregate together with smaller aggregates in the liquid hypophase (x85 500). (By 
courtesy of Ann Dewar, National Heart & Lung Institute, London, UK.) 

higher moleeular weight hydrophilie glyeo
proteins Sp-A [23-25] and Sp-D [26,27], and 
the low moleeular weight hydrophobie pro
teins Sp-B and Sp-C [28-33] (Table 16.1). 
These proteins, as weIl as the phospholipids, 
are essential for the efficient functioning and 
turnover of the surfactant system. The main 
phospholipid and specifie protein eompon
ents are synthesized and seereted by the type 
11 alveolar epitheliallining eells. After synthe
sis, the phospholipids are stored within the 
eytoplasm of the eells in specialized organ-

elles termed lamellar bodies (Figure 16.3), 
from which they are released on to the alveo
lar epithelial surfaees. The surfactant-specifie 
proteins are transported separately to the eell 
surfaee in multivesicular bodies, although 
some Sp-A may be present in lamellar bodies. 
The phospholipids and proteins aggregate 
extraeellularly to form lattiee struetures 
known as tubular myelin [34-38] (Figure 
16.4). These aggregates are the most highly 
surfaee active fraetion of surfactant and they 
aid the spreading of phospholipid to form a 



monolayer film over the surface of the epithe
lial lining. Sp-A is the major surfactant apo
protein and plays a very important role in 
tubular myelin formation by interacting with 
phospholipids, Sp-B, Sp-C and calcium ions 
[35,36,39,40]. Sp-B and Sp-C playafurther 
essential role in enhancing the adsorption and 
spreading of the monolayer of phospholipid 
at the air-liquid interface of the lung lining 
fluid [29,30,41]. Sp-B also prornotes the 
squeezing out of impurities and 'exhausted' 
phospholipids from the lipid monolayer [30]. 
Sp-A then regulates phospholipid recycling to 
type 11 cells for resynthesis [42] and it plays a 
role in regulating secretion [43]. There is also 
evidence that Sp-A plays a role in host 
defense by enhancing the phagocytosis and 
killing of micro-organisms by alveolar macro
phages [44]; and recent evidence suggests that 
Sp-D may playa similar role in host defense 
[45]. Compared to phospholipids, the import
ance of the apoproteins in the surfactant sys
tem has been recognized relatively recently 
and this is an active field of current research. 
In particular, it is hoped that synthetic sur
factants containing recombinant surfactant 
apoproteins or their functional analogs plus 
synthetic phospholipids, now being devel
oped for therapeutic use [46,47], will provide 
an advance over current artificial surfactants 
containing phospholipid because they should 
more closely mimic the natural product. 

SYNTHESIS AND TURNOVER 

The synthesis and turnover of surfactant com
ponents is a highly dynamic process [48,49]. 
This is necessary because the cycles of con
traction and expansion which occur during 
breathing have an adverse effect on the sur
face phospholipid which is continuously 
expelled from the monolayer and replaced 
with newly synthesized material [50]. Ultra
structural examination of lungs fixed to pre
serve surfactant show the presence of small 
aggregates distinct from the larger aggregates 
of tubular myelin [51] (Figure 16.4). These 
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small aggregates have poor surface activity 
and are thought to represent spent phospho
lipid. Some of the material expelled from the 
monolayer is recycled back to type 11 alveolar 
epithelial cells for resynthesis, while some is 
phagocytosed by alveolar macrophages and 
removed [48,52,53]. Phospholipid recycling to 
type 11 cells is aided by the main surfactant 
specific protein Sp-A, which can interact with 
phospholipid and attach to Sp-A receptors on 
the surface of the type 11 cells [42,54]. Sp-A 
also appears to playa role in modulating the 
release of phospholipid by type 11 cells 
[43,55]. The highly dynamic nature of synthe
sis and turnover of surfactant components 
means that the system is susceptible to dis
turbance not only due to contaminants, 
degradative processes or loss by increased 
diffusion across the damaged epithelial and 
endothelial barriers, but also by any inter
ference with synthesis or turnover. 

MECHANISMS OF SURFACTANT 
DYSFUNCTION 

Surfactant deficiency caused by immaturity of 
type 11 alveolar epithelial cells is the primary 
etiological factor in IRDS [56]. The levels and 
relative proportions of the two major phos
pholipids PC and PG are markedly reduced, 
while the levels and proportions of the phos
pholipids PI and SM are increased [1] (Figure 
16.5). In fetal lung, PI is produced preferen
tially to PG from the common precursor CDP 
diacylglycerol, but in full term infants there is 
a switch to preferential production of PG 
prior to birth. The risk of surfactant defi
ciency is higher with increasing prematurity 
and, while IRDS occurs in about 20% of 
infants born at 30-32 weeks gestational age, 
the incidence is 60-80% in those of 26-28 
weeks gestational age [57,58]. Fetal lung 
immaturity also results in a deficiency in apo
protein components of surfactant [59]. The 
lungs fai! to inflate adequately because of the 
primary lack of phospholipid and apoprotein 
components, and there is alveolar flooding 
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Figure 16.5 Phospholipid compositional altera
tions in IRDS. ISI = IRDS; • = normal. 

due to leakage of proteins from the plasma 
into the alveolar spaces. Pulmonary edema 
then provides a secondary mechanism which 
further prornotes surfactant dysfunction. This 
occurs because pro tein contamination can 
interfere with the surface tension lowering 
properties of surfactant in a dose dependent 
manner. 

A variety of plasma proteins and proteins 
such as fibrin degradation products generated 
by the coagulation pro ces ses involved in 
edema formation have been shown to inhibit 
surfactant function in vitro. Different proteins 
vary in their inhibitory effects, and in general 
fibrinogen and fibrin monomers are more 
inhibitory than serum proteins such as hemo
globin and albumin at comparable doses 
[60-63]. The levels of inhibition induced by 
protein are highly dependent on the concen
tration of surfactant as weIl as the amount of 
inhibitory protein. At low surfactant concen
trations, plasma proteins significantly inhibit 
adsorption of the surface film of phospho
lipid, resulting in an increase in the equilib
rium surface tension. However, at higher 
surfactant concentrations, adsorption is not 
impaired by the presence of plasma proteins 
even when their levels are increased propor
tionately [61,62,64]. Indeed, in experiments 

using the pulsating bubble surfactometer to 
study the effects of plasma derived proteins 
on the dynamic surface tension lowering abil
ity of lung surfactant, a fourfold increase in 
surfactant phospholipid concentration to 
2 mg/mI reduced the inhibitory effect of even 
a 20-fold increase in the concentration of 
inhibitory proteins compared with the 
marked inhibition observed using a surfact
ant concentration of 0.5 mg/mI and protein 
concentrations of 10 mg/mI [64]. In vitro 
experiments have also shown that different 
formulations of therapeutic surfactant differ 
markedly in their sensitivity to the effects of 
inhibitory plasma proteins [65-67]. This is 
also indicated by in vivo studies in experi
mental models [68,69]. It is dear that such 
differences may be of considerable import
ance in selecting a therapeutic formulation 
appropriate for use in different pathological 
situations. It is of interest that addition of 
surfactant apoproteins to various surfactant 
lipid preparations has recently been shown to 
increase the resistance of these preparations 
to plasma protein inhibition [67,70-72]. The 
possible mechanisms proposed to explain 
how contaminating proteins might inhibit 
surfactant function have been reviewed 
recently [73]. These indude physicochemical 
interactions with surfactant phospholipids or 
apoproteins, interference by insertion into the 
intact surface film, or by competition with 
surfactant molecules for space at the air
liquid interface during adsorption. 

Protein contamination due to increased 
endothelial and epithelial permeability result
ing in intra-alveolar edema is probably the 
main mechanism by which surfactant dys
function initially occurs in ARDS [4,74]. As 
the syndrome progresses, surfactant dysfunc
tion will be amplified if damage to type 11 
alveolar epithelial cells results in a quantitat
ive deficiency of surfactant components due 
to impaired synthesis, secretion and turnover 
[75]. It has been proposed that additional 
mechanisms mayaiso contribute to surfactant 
damage in ARDS. Phospholipases with the 



capacity to disrupt surfactant function have 
been found in BAL samples from patients 
with ARDS [76]; and increased phospholipase 
A2 activity correlating with decreased PC 
levels has been reported in patients with res
piratory failure associated with acute pan
creatitis [77-79]. In patients with sepsis, it has 
been suggested that secretion of phospholi
pases by bacteria should also be considered 
[80]. Oxidants released by activated neutro
phils, monocytes and macrophages are 
thought to playa role in the pathogenesis of 
ARDS [81-83], and lipid peroxidation prod
ucts have been shown to be capable of inter
fering with the normal surface activity of 
surfactant in vitra [84]. The saturated phos
pholipids which form the major part of the 
phospholipid in the surfactant system are 
resistant to oxidation, but tissue damage may 
release lipids containing unsaturated fatty 
acids which can provide a substrate. Acti
va ted neutrophils also produce proteases 
which are capable of damaging the major 
surfactant apoprotein Sp-A in vitra, implying 
that they might induce such damage in viva in 
ARDS [85]. This situation might be promoted 
if the major inhibitor of neutrophil elastase in 
the air spaces of the lung, (Xl-antiprotease, is 
rendered inactive due to oxidation of methio
nine in the active site of the inhibitor [81]. 

Thus, it is clear that surfactant dysfunction 
is subject to wide variation dependent upon 
many contributory factors. However, when 
pathological situations arise where there is an 
abnormaHy low available pool of functional 
surfactant together with increased alveolar 
protein contamination, there is a high risk of 
failure of surfactant to regulate alveolar sur
face tension. 

SURFACTANT ALTERATIONS AS A 
CONSEQUENCE OF LUNG INJURY 

ARDS 

The risk factors which can precipitate ARDS 
in previously healthy individuals, and the 
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initial mechanisms involved are described in 
detail elsewhere (Chapter 2). Risk factors 
which affect the lungs directly include infec
tious and aspiration pneumonias and smoke 
inhalation, while indirect risks include sepsis, 
sepsis syndrome, multiple blood transfusions, 
drug overdose, dis semina ted intravascular 
coagulation, trauma or multiple fractures, 
major surgery (including that needing cardio
pulmonary bypass) and many other risks 
[86-89]. These initial insults, by mechanisms 
not fuHy understood, may result in increased 
pulmonary vascular capillary permeability to 
plasma proteins leading to massive pulmon
ary edema [90,91]. The prevalence of ARDS in 
relation to different risk factors and time scale 
of development of the injury is variable, pre
sumably reflecting differences in the exact 
mechanisms involved [86]. It is conceivable 
that risks which directly affect the lungs may 
lead to epithelial damage and amplified sur
factant dysfunction more rapidly than sys
temic risk factors. 

Evidence of surfactant dysfunction 

Pulmonary surfactant dysfunction probably 
first arises during the course of ARDS as a 
consequence of protein contamination due to 
edema. It is likely to be enhanced when dam
age to type 11 epithelial ceHs becomes suffi
cient to result in a deficiency of surfactant 
components (Figure 16.1). The surfactant dys
function contributes to the development of 
the life threatening acute respiratory failure, 
which in many cases progresses to multi
organ failure and death. The syndrome was 
described by Ashbaugh et al. in 1967, who 
also first reported that fluid recovered from 
minced postmortem lung tissue had a 
reduced ability to lower surface tension in 
vitra (minimum surface tension> 20 dynel 
cm) compared with normal values 
« 10 dynel cm) suggesting surfactant dys
function [92]. This was confirmed by Von 
Wiehert and Kohl, who also showed that lung 
extracts from patients who died of ARDS had 
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a decreased DPPC content [93]. BAL studies 
of the composition and surface activity of 
surfactant from patients with ARDS provided 
further evidence that the lung injury causes 
disturbances to the surfactant system [76]. 
Thus, lavages from postmortem lungs of 
patients with ARDS have an abnormally 
increased surface compressibility compared 
with those from controllungs [94]. Static pres
sure-volume curves obtained from the intact 
specimens also showed that the ARDS lungs 
exhibited lower volumes and decreased com
pliance compared with normals. The BAL 
sampies from the ARDS lungs had a high 
protein content, and the authors concluded 
that this may have been responsible for the 
decreased compliance recorded for the whole 
lungs. Studies were subsequently performed 
on the phospholipid composition and surface 
activity of surfactant recovered from BAL 
sampies from living patients with a variety of 
pulmonary diseases including ARDS, pneu
monia, malignancy and chronic obstructive 
lung disease [75]. The surfactant was purified 
from the BAL sam pIes by sucrose density 
gradient centrifugation and the pellets solubi
lized in organic solvents to remove contam
inating protein prior to measuring the surface 
tension lowering ability using a Wilhelmy 
balance. Despite these steps, the sampies from 
patients with ARDS had little or no surface 
tension lowering activity compared with nor
mal controls. There was no significant differ
ence in total phospholipid, but the fractional 
content of PC and PG was reduced and SM 
increased compared to normal. In ARDS asso
ciated with trauma the alterations in surfact
ant composition and function in BAL were 
then shown to correlate with the severity of 
ARDS as assessed by respiratory failure 
scores [95]. No quantitative abnormality in 
total phospholipid in BAL was identified, but 
the fractions of PC and PG were reduced 
compared with normal controls, and PC was 
lower in patients with high compared with 
low respiratory faHure scores. Surfactant 
function assessed by the WHhelmy balance 

also showed a correlation between increasing 
minimum surface tensions, declining hyster
esis areas and the degree of respiratory faHure 
in these patients. In a subsequent study of 
trauma complicated by sepsis this complica
tion was shown to be associated with further 
depletion of alveolar phospholipids [96]. 
These workers also investigated the time 
course of development of surfactant abnor
malities in ARDS associated with trauma, the 
relationship with levels of protein contamina
tion, and the severity of respiratory failure 
[97]. A rapid increase in alveolar protein load 
(demonstrated within the first 48 hours) was 
followed by progressive decreases in PC and 
PG and increases in PI, PE and SM. Declining 
surfactant function correlated with levels of 
protein leakage, decline in PC, and the sever
ity of respiratory failure assessed by the 
ARDS score. These observations were con
firmed in a prospective study employing 
serial BAL sam pIes [98]. Plasma protein leak
age was more evident than alterations in PC 
over the first week of the injury. A progressive 
decrease in PC (percent of total phospholipid) 
then became increasingly apparent with 
increasing duration of the injury in patients 
with a high ARDS score. More recently, the 
surface tension-Iowering ability of the surfac
tant fraction of BAL sampies has been shown 
to be decreased in patients at risk of develop
ing ARDS, although not to the same extent as 
in patients with the established syndrome 
[99]. 

Although studies of surfactant composition 
and function in patients with ARDS are rela
tively few compared with work in experi
mental models of aeute lung injury (see 
below), they support the view that surfactant 
abnormalities contribute to the pathophysiol
ogy of ARDS. They indicate that protein con
tamination initially plays the major role, and 
that alterations in phospholipid composition 
also develop at a later stage in the course of 
severe lung injury. Our own observations in a 
series of patients with severe ARDS asso
ciated with a range of risk factors are con-
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Figure 16.6 Phospholipid compositional altera
tions in ARDS. lSl = ARDS; • = normal. 

sistent with these conclusions (Figure 16.6). 
We have also observed notable increases in 
the nonsurfactant phospholipid SM in the 
BAL sampies from our patients, indicating 
the presence of contaminants from necrotic 
tissue or dead inflammatory cells, as has been 
suggested by Hallman et al. [75]. 

Mechanisms implicated 

Many mechanisms are likely to contribute to 
protein contamination and compositional 
alterations in surfactant in ARDS. The total 
protein content of the alveolar lining fluid 
may be the combined result of plasma leak
age, tissue damage, products genera ted by 
activation of the humoral clotting, fibrinolytic 
and complement systems, plus products from 
inflammatory cells. The alterations in phos
pholipid composition may be due to the com
bined effects of damage to type 11 alveolar 
epithelial cells, altered synthesis as a result of 
type 11 regeneration and hyperplasia, con
tamination with phospholipids from plasma 
or necrotic cells, interference with phospho
lipid recycling from the air spaces due to type 
11 cell dysfunction, or disturbance in the nor
mal mechanisms of clearance of surfactant by 
alveolar macrophages or via the mucociliary 
escalator. Damage or dysfunction of type 11 
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alveolar epithelial cells mayaiso explain the 
reductions in the levels of the surfactant
specific proteins Sp-A and Sp-B reported in 
patients with ARDS, and the reduced levels of 
Sp-A in patients at risk of ARDS [99]. Type 11 
cells are the main source of surfactant-specific 
proteins, and monitoring their levels should 
provide a sensitive indicator of damage to 
type 11 cells because of their specificity to the 
system. Although in vivo studies (supported 
by evidence from transgenic models) have 
shown that Sp-B and Sp-c, but not Sp-A, are 
essential for maximal surface tension low
ering efficiency of surfactant [31-33, 70], 
reductions in Sp-A may have an adverse 
effect in vivo. Sp-A contributes in tubular 
myelin formation and it also regulates phos
pholipid recycling to type 11 cells, which may 
be important to 'kickstart' the normal 
dynamic process of phospholipid turnover 
after injury. Phospholipid recycling and 
regeneration is essential to maintain normal 
lung function throughout cycles of compres
sion and expansion. Sp-A also plays an 
important role in host defense, as described 
below, and may help to protect patients with 
ARDS from nosocomial infections. 

Protein contaminants 

There have been many investigations of total 
protein in BAL samples from patients with 
ARDS, but few attempts to identify the range 
of proteins present. In one of the most 
detailed [100], the authors explored whether 
the normal size-selective process that restricts 
the passage of large molecules from the 
plasma to the alveolar lining fluid is 
destroyed by the alveolar-capillary injury of 
ARDS. They determined the relative concen
trations in plasma and BAL of total protein 
and of seven individual proteins: <Xcantitryp
sin (54000 mol.wt), albumin (68000 mol.wt), 
transferrin (90000 mol.wt), haptoglobin 
000000 mol.wt}, ceruloplasmin 050000 
mol.wt}, <xz-macroglobulin (820000 mol.wt) 
and IgM (900000 mol.wt). The mean total 
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protein in BAL in eight patients with ARDS 
was greater than 12 times the level detectable 
in 11 normal volunteers and three patients 
with cardiogenic pulmonary edema; and the 
high molecular weight proteins immunoglo
bulin M and a2-macroglobulin were present 
at greater than 90 times the normal or cardiac 
edema concentrations. For the seven proteins 
studied, the distribution coefficients of BAL 
concentrations versus log molecular weights 
increased hyperbolically in normals but were 
flat in ARDS patients. Sodium dodecyl sulfate 
(SDS) polyacrylamide gel electrophoresis 
indicated the presence of the full spectrum of 
plasma proteins in BAL from ARDS, but not 
normals. This evidence supports the proposal 
that lung injury in ARDS is associated with a 
loss of size restriction of the alveolar-capillary 
barriers so that plasma proteins are distrib
uted more equally between plasma and 
alveolar lining fluid than in the normallung. 
Fowler et al. have also demonstrated increases 
in high molecular weight plasma derived pro
teins in ARDS lava ge fluids [101], induding 
fibrinogen (340000 mol.wt), which is one of 
the most potent protein inhibitors of surfac
tant function [60]. Evidence that proteins 
from activated inflammatory cells (notably 
neutrophils and possibly macrophages) also 
contribute to the increases in total protein in 
BAL in ARDS patients comes from observa
tions that both collagenase and neutrophil 
elastase are present in increased amounts in 
lava ge sampies from patients with ARDS 
[102,103]. Apart from interfering in adsorp
tion and function of the surface film of surfac
tant, proteases have the capacity to degrade 
surfactant apoproteins in vitra [85]. It is possi
ble that such mechanisms may operate in viva 
if there is deficiency of antiproteases. The 
acute phase C-reactive protein, which is gen
erated in increased amounts during inflam
matory processes, induding ARDS, also has 
the capability to impair the surface tension 
lowering ability of surfactant in vitra [104]. 

Protein inhibition of surfactant function is 
reversible in the sense that functional surfact-

ant can be recovered by centrifugation to 
separate it from the soluble proteins [105]. 
This approach obviously cannot be exploited 
for therapeutic purposes in viva, but attempts 
to increase the relative surfactant concentra
tion to reduce the inhibitory effect of proteins 
represent one of the major aims of surfactant 
therapy in ARDS. The therapeutic formula
tions and doses to achieve this effect may, 
however, be variable according to the in viva 
situation. Approaches to therapy are dis
cussed in greater detail in the separate section 
below. 

Phospholipid alterations 

The exact mechanisms resulting in the altera
tions in phospholipid composition seen in 
patients with ARDS are undear (Figure 16.6). 
The reasons for the more pronounced 
decreases in the second major surfactant 
phospholipid component, PG, compared with 
the major phospholipid, PC, are also 
unknown. A decrease in PG with a relative 
increase in PI, as observed in so me patients, 
may reflect the pattern of phospholipid pro
duction by regenerating type 11 alveolar epi
thelial cells, which in vitra show a pattern of 
phospholipid synthesis similar to that of fetal 
lung [106,107]. Direct damage to type 11 cells 
mayaiso contribute to the reductions in levels 
and proportions of PG and Pe. However, 
proportionate reductions relative to the total 
phospholipid present may arise due to 
increased phospholipid contamination of 
alveolar lining fluid from necrotic cells and 
edema fluid. Increases in SM and PE in the 
lava ge sampies of ARDS patients provide evi
dence that this mechanism is also involved 
[75,97]. The functional consequences of 
decreases in the second major phospholipid 
component of surfactant PG in adult lungs 
are unknown, because PG is not essential for 
the normal biophysical function of surfactant 
in vitra if it is replaced by PI [108,109]. 
Decreases in the proportions and levels of the 
major surfactant phospholipid PC, however, 



parallel the severity of ARDS in vivo [97,98]. 
Contamination of the surfactant system with 
phospholipids from necrotic cells and edema 
may explain partly why there have been con
tradictory reports on surfactant phospholipid 
pool size in patients with ARDS. Some work
ers have reported no changes in total phos
pholipid levels in BAL from ARDS patients 
compared with controls [75,95], while others 
have reported decreases [96,98] or increases 
[110]. This variability may be partly because 
of a lack of recognition of the contribution of 
contaminants to the total phospholipid pool, 
compounded by the lack of accurate markers 
to assess dilution due to the BAL procedure, 
and poor standardization of methods for 
recovery and measurement of phospholipids 
which are subject to technical variation. These 
considerations make it difficult to interpret 
studies of surfactant pool sizes in humans 
and explain why surfactant dysfunction, 
induding deficient production of surfactant, 
can occur without an apparent reduction in 
the total phospholipid pool size. 

Experimental models have been used to 
obtain more standardized information on sur
facta nt pool size, composition and function 
during the course of acute lung injury, but 
these models have the limitation that they 
cannot provide an exact representation of the 
complexity of the dinical situation. However, 
they have genera ted much useful information 
about the early events involved in the patho
genesis of acute lung injury, and have enabled 
a number of new therapeutic approaches, 
induding the use of therapeutic surfactants, 
to be explored. 

EXPERIMENTAL MODELS OF ACUTE LUNG 

INJURY 

Many experimental models of acute lung 
injury have been developed which exhibit the 
histological and pathophysiological features 
of ARDS [111]. A detailed description is 
beyond the scope of this chapter, but they 
have been of great importance in elucidating 

Surfactant replacement therapy 275 

the wide range of mechanisms involved in 
pathogenesis [4,74,90]. Different insults are 
used to induce the injury and, as in the din
ical syndrome, the damaging mechanisms are 
variable. A number of the models dosely 
mimic certain of the dinical risk factors. They 
have confirmed that functional deficiency of 
surfactant develops as a common conse
quence of severe acute lung injury, and that 
the reasons for the dysfunction vary depend
ent upon the nature of the injury. Surfactant 
replacement therapy has improved gas 
exchange and reduced the severity of the 
injury in several of these models, as described 
in the following section. 

SURFACTANT REPLACEMENT THERAPY 

THERAPEUTIC SURFACTANTS 

The recognition that pulmonary surfactant 
deficiency is the primary etiological factor in 
the pathogenesis of IRDS [1] led to the devel
opment of a variety of exogenous surfactant 
preparations, which are of established benefit 
both for prophylaxis and for rescue therapy 
in premature infants [2,3]. Initial attempts at 
therapy employed pure DPPC, which had by 
then been identified as the major surface 
active phospholipid in pulmonary surfactant 
[112]. The results were very disappointing 
[113,114] and almost discouraged further 
trials. It was then discovered that DPPC alone 
is not suitable for use in therapy because 
additional components are required to enable 
it to adsorb rapidly and spread to form a 
surface film, and to stabilize the film during 
repeated cydes of expansion and compres
sion [115]. The breakthrough in therapy came 
when Enhörning and Robertson used natural 
surfactant extracts from the lungs of adult 
rabbits to treat premature rabbit pups and 
showed a marked improvement in lung func
tion [116,117]. This was confirmed in models 
using other species [118]. In 1980, Fujiwara et 
al. reported the first successful treatment of 
newborn infants with respiratory distress 
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syndrome [119]. They achieved striking 
improvements in arterial oxygenation using a 
saline extract of minced bovine lung enriched 
with synthetie lipids. Therapeutic surfactants 
obtained from mammalian sources are 
termed 'natural' surfactants, but the methods 
of preparation usually result in some 'modi
fieation' compared with normal pulmonary 
surfactant. A range of 'natural' and 'modified 
natural' surfactants from mammalian sources 
have been developed for therapeutie use in 
IRDS and shown to be efficacious [2]. These 
include extracts from minced bovine lung 
[119-124], from porcine lung [125-129], calf 
lung lavages [130-138] and surfactant 
recovered from human amniotie fluid 
[139-141]. Surfactant recovered from alveolar 
lavage or amniotie fluid is similar to the 
natural material, consisting mainly of surface 
active phospholipid, together with both 
hydrophobie and hydrophilie proteins. The 
'modified natural' surfactants are lung minces 
or lavages that have been extracted with 
organie solvents to remove hydrophilie pro
teins. They contain mainly phospholipids and 
hydrophobie surfactant apoproteins, and are 
usually reconstituted in physiologieal saline 
before use. The lung tissue extracts contain 
nonsurfactant lipid contaminants from cell 
membranes, and they are often supplemented 
with additional components, for example 
synthetie DPPC, to optimize the surface activ
ity [119,120]. 

Because of concerns about the risk of infec
tion, potential immunogenicity of proteins 
and the limited supply of material from natu
ral sourees, artificial surfactants were also 
developed for therapeutie use in IRDS [3]. 
Two are in current use, and both contain 
synthetie phospholipid and are protein free. 
The artificial surfactant Exosurf consists of 
synthetie DPPC, to whieh is added the alco
hol hexadecanol, and the mucolytie agent 
tyloxapol to aid liquefaction and adsorption 
of the surface film of phospholipid. These 
components are mixed in weight proportions 
30.5:1.5:1 and suspended in O.lM sodium 

chloride at a DPPC concentration of 13.5 mg/ 
ml [142-146]. The other artificial surfactant 
used for treatment of IRDS is ALEC (Artificial 
Lung Expanding Compound; Britannia Phar
maceuticals, Redhill, Surrey, UK), which is a 
3:1 mixture of synthetic DPPC and PG pre
pared from egg [115]. It was initially used as a 
dry powder [147] but is now prepared for 
clinieal use as a 100 mg/mI suspension in 
saline [148-150]. 

The consensus of many clinieal trials of 
surfactant therapy in IRDS is that pro
phylactic treatment using 'natural', 'modified 
natural' or artificial surfactants can reduce 
mortality by up to 50% [1-3]. Moreover, 'nat
ural' or 'modified natural' surfactants can 
also reduce mortality by up to 40% when 
used as rescue therapy in infants with estab
lished IRDS [1,2]. New therapeutie surfact
ants are still being developed because of the 
recognition of the importance of the apopro
teins in surfactant function. Attempts are 
being made to produce synthetie surfactants 
whieh more closely resemble the natural 
material [46,47]. The genes for the surfactant
specifie apoproteins have been cloned 
[151-155] and recombinant apoproteins have 
been produced [156]. Synthetie analogs of 
apoproteins have also been developed 
[157-159]. It is hoped that mixtures of syn
thetic phospholipids and recombinant apo
proteins or their analogs will be more 
efficacious than current protein-free artifieial 
surfactants. The advantage of synthetic 
materials is that they can be produced in large 
quantities, without risk of infection, and at 
lower cost than the natural products. A sum
mary of some of the main types of exogenous 
therapeutic surfactants currently used in 
IRDS, and synthetic products in develop
ment, is given in Table 16.2. 

EXPERIENCE IN EXPERIMENTAL MODELS OF 
ACUTE LUNG INJURY 

The benefit of surfactant replacement therapy 
in IRDS has raised much interest in its poten-
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Table 16.2 Therapeutic surfactants used in IRDS and synthetic products in development 

Main groups Main components Examples of preparations SeIected references 

Natural or modified 
natural surfactants 

Phospholipids I neutral lipids I 
proteins 

Human amniotic fluid 
Lung tissue extracts: 

139-141 

Surfactant-TA (bovine) 
Survanta (bovine) 
Curosurf (poreine) 

Lung lavage extracts: 
Infasurf (bovine) 
CLSE (bovine) 
Alveofact (bovine) 

119,120 
121-124 
125-129 

Artificial surfactants DPPC/hexadecanol/tyloxapol 
DPPC/PG 

Exosurf 
ALEC 
Phospholipidsl rSpC 
Phospholipid/KL4 

130-133 
134-136 
137,138 
142-146 
147-150 

Synthetic 'natural' 
surfactants 

rSpC, recombinant Spc. 

PhospholipidsI Recombinant 
apoproteins or analogs 

tial for treatment of other disorders where 
surfactant dysfunction is a contributory fac
tor, particularly ARDS. However, because the 
causes of surfactant dysfunction in ARDS dif
fer from those in IRDS and vary during the 
course of the syndrome, the optimal 
approaches to therapy are likely to differ and 
need to be defined. Important questions yet to 
be resolved are the following. 

1. What is the optimal time to commence 
therapy after the patient has encountered 
the risk factor triggering ARDS? 

2. What is the optimal formulation of thera
peutic surfactant and will this be influ
enced by the risk factor? 

3. Is the optimal formulation likely to differ 
at different stages in the development of 
ARDS? 

4. What is the optimal method of delivery? 
5. What is the optimal dose? 
6. Are multiple doses likely to be required 

and for what duration? 
7. Is anti-inflammatory therapy also needed 

to reduce the risk of damage to the 
instilled material by products of inflamma
tion such as oxidants and proteolytic 
enzymes? 

8. Can replacement therapy also promote 
endogenous surfactant synthesis? 

46 
47 

These questions have not yet been 
answered definitively, but the results of sur
factant therapy in experimental models indi
cate that it can reduce the severity of injury 
and improve oxygenation. 

The models of ARDS in which a beneficial 
effect of exogenous surfactant administration 
has been demonstrated (Table 16.3) include 
acute lung injury induced by saline whole 
lung lava ge in guinea pigs and other species 
[160-166], influenza A pneumonia and other 
infections in mice and rats [167-169, 111], 
injection of antilung serum in guinea pigs 
[170], vagotomy in rabbits [105], N-nitroso-N
methylurethane injection in rats and rabbits 
[171-172], prolonged hyperoxia in rabbits and 
baboons [173-177] and hydrochloric acid 
instillation in rabbits [178-179]. 

Saline lung lavage 

Repeated in vivo whole lung lavage causes 
acute lung injury by removing most of the 
alveolar lining fluid, including the surfactant. 
This results in reduced lung compliance and 
severe hypoxemia (Paoz < 60 mmHg (5 kPa» 
despite ventilation with 100% oxygen. Lach
mann et al. conducted one of the first studies 
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Table 16.3 Experimental models of ARDS in which a beneficial effect of exogenous surfactant 
administration has been demonstrated 

Model Species Surfactant Delivery Reference 

Saline lung lavage Guinea pigs Porcine modified natural InstilIed 160-163 
Rabbits Sheep (164) or porcine (165) InstilIed 164,165 

modified natural 
Sheep Bovine modified natural InstilIed and 166 

(Survanta) aerosolized 
Infections 

Influenza-A pneumonia Mice Bovine modified natural InstilIed 167 
Sendai virus pneumonia 
Pneumocystis carinii pneumonia 
Streptococcus pneumonia 

Rats Bovine modified natural InstilIed 168 
Rats Bovine modified natural InstilIed 109 
Mice Bovine modified natural Instilied 111 

Antilung serum Guinea pigs Bovine modified natural InstilIed 170 
Bilateral vagotomy 
N-Nitroso-N-methylurethane 

Rabbits Sheep natural InstilIed 105 
Rats Bovine modified natural InstilIed 171 

(Survanta) 
Rabbits Bovine modified natural InstilIed and 172 

(Survanta) aerosolized 
Prolonged hyperoxia Rabbits Calf lung surfactant extract InstilIed 173-175 

(CLSE) 
Baboons Artificial surfactant (ExosurO Aerosolized 176,177 

Hydrochloric acid Rabbits Bovine (Survanta, 178) or InstilIed 178,179 
porcine (179) modified natural 

to explore the benefit of surfactant replace
ment in ARDS using a saline lavage model in 
guinea pigs [161]. Intratracheal administra
tion of 50 mg of natural surfactant imme
diately and 30 minutes after lava ge resulted 
in a rapid and dramatic improvement in gas 
exchange and lung function, maintained over 
the 5 hour period of the experiment. In sub
sequent studies they showed that improve
ment was obtained even if the treatment was 
given up to 2 hours after the lavage 
[162,163]. 

Histologically, saline lava ge results in 
extensive atelectasis, marked necrosis and 
desquamation of type I alveolar epithelial 
cells but lesser damage to type 11 cells, and 
hyaline membrane formation [160]. The histo
logical changes in surfactant treated animals 
are minimal by comparison [162]. The benefit 
of tracheal instillation of exogenous natural 
surfactant has also been demonstrated in lav
age models using adult rabbits [164,165], and 
more recently in a lava ge model using adult 
sheep in which the efficacy of tracheal 

instilled was compared with aerosolized 
exogenous surfactant given by nebulizer 
[166]. Both preparations improved oxygen
ation and lung compliance but the levels of 
improvement were greater for instilied deliv
ery [166]. However, in a study using a differ
ent model nebulized delivery was superior 
[172]. The authors concluded that different 
delivery approaches may be required 
dependent upon the nature of the underlying 
injury. 

Saline lung lavage models of ARDS have 
been criticized because the injury is homo
geneousratherthaninhomogeneous,asinthe 
clinical syndrome; and because the marked 
deficiency of surfactant produced is more 
similar to the primary surfactant deficiency of 
IRDS than the mechanisms causing surfactant 
functional deficiency in ARDS. Despite these 
criticisms such studies have been important 
in providing a standard model for the testing 
and comparison of different preparations of 
therapeutic surfactants, which is essential for 
pharmacological development. 



Other models 

There are a number of other experimental 
models of ARDS which induce surfactant 
deficiency as a secondary consequence of 
lung injury, thereby resembling the mechan
isms in ARDS, although the insults used are 
not necessarily comparable to the clinical risk 
factors. Surfactant replacement therapy has 
been shown to be of benefit in several of these 
models. 

Infections 

Various models mimicking the development 
of ARDS in patients with pneumonias or sys
temic infections are available. In 1987, acute 
lung injury in mice with influenza A pneu
monia was shown to be improved by instilla
tion of 200 mg/kg natural bovine surfactant 
[180]. The infection is normally lethai within 6 
days, but both thoracic lung compliance and 
survival were improved by therapy. Therapy 
with natural surfactant (200 mg/kg) has also 
been reported to improve arterial oxygen
ation in rats with pneumonia induced by 
nebulized live Sendai virus [168]. In this 
model, abnormalities in surfactant function 
are associated with increased total protein in 
BAL. Instillation of natural bovine surfactant 
(200 mg/kg) has also improved gas exchange 
in experimental models of respiratory failure 
induced by Pneumoeystis earinii pneumonia in 
rats [169] and Streptoeoeeus pneumoniae infec
tion in mice (111). Experimental models mim
icking ARDS associated with Gram-negative 
septicemia are also available. These models 
have been induced, for example, by intra
venous or intraperitoneal injection of live 
Eseheriehia eoli or E. eoli endotoxin in a variety 
of species [181-183]. The features are similar 
to those of the clinical syndrome and include 
alterations in surfactant function associated 
with high permeability edema and reduced 
synthesis of DPPC. Although sepsis is one of 
the most common and severe risks associated 
with the clinical development of ARDS, the 
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benefit of surfactant replacement therapy in 
these models has yet to be investigated. 

Antilung serum 

A different model of acute lung injury can be 
induced by injection of antilung serum con
taining antibodies to surfactant associated 
pro teins and to antigens of alveolar-capillary 
basement membrane [170]. Inactivation of 
surfactant function occurs due to edema and 
decreased lung phospholipid content. Evi
dence was obtained using this model suggest
ing that some alveolar phospholipid is lost by 
leakage into the blood across the damaged 
capillaries [111,170]. This identifies another 
mechanism which may contribute to altera
tions in surfactant composition after acute 
lung injury. Tracheal instillation of natural 
surfactant (350 mg/kg) so on after exposure to 
antilung serum was able to induce a sig
nificant improvement in gas exchange [170]. 

Bilateral vagotomy 

Bilateral vagotomy in rabbits induces severe 
hypoxemia and reduced lung compliance 
within 4 hours [105]. The histological features 
show interstitial and intra-alveolar edema 
and hyaline membrane formation; and 
impaired surfactant function develops due 
mainly to protein inhibition. Tracheal instilla
tion of natural surfactant (50 mg/kg) has also 
been reported to improve gas exchange and 
lung compliance in this experimental model 
of acute lung injury [105]. 

N-nitroso-N-methylurethane: 

Changes very similar to those in ARDS can be 
induced in animals by subcutaneous injection 
of N-nitroso-N-methylurethane (NNNMU). 
The changes develop within a few days, and 
include alterations in BAL phospholipid com
position resembling those in ARDS, and 
increased BAL protein [184]. A beneficial 
effect of instilled natural surfactant (100 mg/ 
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kg) has been reported using this model in rats 
[171] and in rabbits using either instilled or 
aerosolized surfactant [172]. More recently 
the metabolism of exogenously administered 
surfactant has been investigated in NNNMU 
injured rabbits [185]. The clearance of 3H_ 
labeled surfactant from the alveolar wash and 
lung tissue was the same in both the normal 
and NNNMU injured groups, suggesting 
similar catabolic pathways [184,185]. How
ever, the levels of DPPC were lower in the 
alveoli and lung tissue of the injured com
pared with the control animals 24 hours after 
treatment suggesting decreased endogenous 
surfactant synthesis and/or secretion [185]. 
This and other [173] studies indieate that a 
single dose of instilled surfactant is unlikely 
to result in prolonged supplementation of the 
intra-alveolar pool of DPPC because of its 
rapid clearance and catabolism. It is impor
tant to bear this in mind when devising opti
mal approaches to surfactant therapy in 
ARDS. Even in IRDS, rescue therapy after the 
development of lung injury often requires 
several instilled doses given over the first 24 
hours (1). 

Hyperoxia 

Reactive oxidants (e.g. superoxide anion 
(02-)' hydrogen peroxide (HP2)' hydroxyl 
radieals (OH-), singlet oxygen and other free 
radieals) released from activated inflamma
tory cells are thought to play a role in the 
pathogenesis of ARDS [81-83]. They may con
tribute to tissue damage by oxidation of thiol 
groups on proteins, peroxidation of cell mem
brane associated fatty acids, and by generat
ing reactive products that can cause further 
damage. Prolonged exposure to hyperoxia 
(100% 02) can be used to produce experi
mental models of oxidant induced ARDS 
[186-188]. Injury develops after 24-48 hours 
of exposure, when the Pao2 drops acutely 
shortly before death [189-191]. There is a 
progressive increase in alveolar permeability, 
a fall in BAL phospholipid content, an 

increase in BAL proteins and impaired surfac
tant function [186]. Matalon et al. [173] 
reported that intratracheal instillation of a 
saline suspension of 125 mg of calf lung sur
factant extract (CLSE) (an organie extract of 
alveolar lavage containing 99% lipid and 1 % 
hydrophobie proteins) after 64 hours of O2 
exposure could improve hyperoxia induced 
lung injury in rabbits. A second dose was 
given 12 hours after the first to maintain 
supplementation. Prolonged survival in rab
bits with oxygen induced lung injury has also 
been achieved by prophylactie instillation of 
125 mg of CLSE after 24 hours of 100% O2 
exposure before evidence of injury, followed 
by repeated doses at 24 hourly intervals [174]. 
Others have also reported a beneficial effect 
of early treatment with instilled surfactant in 
the rabbit model [175]. More recently, it has 
been demonstrated that administering exo
genous surfactant by aerosol at the start of 
exposure to hyperoxia can improve oxygen
ation and reduce alveolar epithelial cell dam
age in adult baboons [176,177]. However, late 
stage treatment of oxygen induced lung 
injury does not necessarily achieve response 
[192], and the timing of surfactant therapy 
after injury is likely to be of considerable 
importance in relation to the benefit achieved. 
Moreover, the optimal timing may differ for 
different risk factors where the mechanisms 
and rate of development of lung injury are 
variable. 

Oleic acid induced lung injury 

ARDS can develop in patients who suffer fat 
embolism due to the release of fatty acids 
from fractured long bones after trauma. An 
experimental model of this type of injury has 
been developed using intravenously injected 
oleic acid [193,194]. Surfactant dysfunction 
appears to be mainly due to increased con
tamination of the alveolar lining fluid with 
protein and unsaturated fatty acid [195-197]. 
An attempt has been made to treat oleic acid 
induced lung injury in sheep with an aero-



solized preparation of the artificial surfactant 
Exosurf (mainly DPPC), but no response was 
achieved [198]. There is much controversy 
over the comparative advantages and dis
advantages of aerosolized versus instilled 
delivery of therapeutic surfactants. It is also 
possible that protein-free artificial surfactants 
may not be able to counteract the complex 
disturbances of the surfactant system which 
occur in ARDS. These difficulties are dis
cussed below in relation to the few clinical 
trials of surfactant replacement therapy in 
ARDS. 

Installation of hydrochloric acid 

ARDS can be induced by aspiration of gastric 
contents; and an experimental model mimick
ing this situation has been produced by intra
bronchial instillation of hydrochloric acid 
[178,179]. Interestingly, the efficacy of surfac
tant therapy (modified natural porcine surfac
tant 75 mg/kg) was improved in this model 
by prelavaging the damaged lung with saline 
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to remove inhibitory proteins before instilla
tion of the therapeutic surfactant [179]. This 
suggests that whole lung lavage immediately 
before therapy could be considered in clinical 
situations where there is protein inhibition, if 
no response is achieved using the conven
tional approaches. 

These experimental models mimicking dif
ferent risk factors associated with clinical 
ARDS help to define beUer the rationale for 
surfactant replacement therapy in a variety of 
circumstances leading to surfactant defi
ciency. The findings justify the continuation 
of efforts to develop further this approach for 
the treatment of patients with ARDS. 

CLINICAL EXPERIENCE OF SURFACTANT 
REPLACEMENT IN ARDS 

Despite encouraging results in experimental 
models of ARDS, there have been only a few 
clinical trials of surfactant replacement ther
apy in patients with ARDS to date (Table 
16.4). The major difficulty in designing clin-

Table 16.4 Clinical trials of surfaetant replaeement therapy in ARDS 

Number of patients Risk factor Surfactant Delivery Reference 

Case reports 
1 ehild Viral and bacterial Bovine modified natural, 300 mg/kg Instilled 199 

pneumonia 
3 adults Sepsis Porcine modified natural (Curosurf) Instilied 200 

Panereatitis approx. 60 mg/kg within 72 h of onset 
Aspiration pneumonia 

2 adults Burn injury Bovine modified natural (Surfactant-TA) Instilied 201 
Cardiopulmonary 240 mg/day repeated 

bypass doses 
7 ehildren ? Bovine modified natural, 100 mg lipid/kg Instilled 202 

of a lipid extract from alveolar lavage at repeated 
6-8 hintervals to max. 4 doses doses 

Controlled trials 
49 adults Sepsis Artifieal (Exosurf), 40.5 or 81 mg/mI for Nebulized 203 

up to 5 days after onset 
498 adults Sepsis Artifieial (Exosurf), 13.5 mg DPPC/ml for Nebulized 204 

up to 5 days after onset 
59 adults Trauma Bovine modified natural (Survanta) 50 mg Instilled 205,206 

Multiple blood PL/kg at minimum 6 hintervals to repeated 
transfusions max. 8 doses; or 100 mg PL/kg to max. doses 

Sepsis 4 doses; or 100 mg PL/kg to max. 8 
Aspiration pneumonia doses 

PL = total phospholipid 
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ical trials is due to the lack of knowledge of 
the precise nature of surfactant alterations at 
different stages during the course of ARDS, 
and the influence of the different risk factors. 
The first clinical trials reported in the lit
erature were mainly uncontrolled case reports 
of empirical treatment early after the onset of 
ARDS [199-201]. At this early stage, protein 
contamination often makes the major con
tribution to surfactant dysfunction [97,98]. 
The first report was of a terminally ill child 
with viral and bacterial pneumonia treated 
with instilled natural bovine surfactant, 
300 mg/kg [199]. There was a dramatic 
improvement in arterial oxygen tension 
(Pao2) which rose from 19 to 240 mmHg (2.5 
to 32 kPa) within 4 hours of treatment. The 
chest radio graph also showed a marked 
improvement. The second report was of three 
patients with severe ARDS related to sepsis, 
pancreatitis or aspiration pneumonia, treated 
by tracheal instillation with 4 g (approxi
mately 60 mg/kg) of the modified natural 
porcine surfactant Curosurf in 50 ml volume 
within 72 hours of on set [200]. Treatment was 
well tolerated and produced a transient 
improvement in gas exchange. Nosaka et al. 
then reported that repeated instilled doses 
(240 mg/ day) of the modified bovine natural 
surfactant Surfactant-TA approximately 15 
times over 38 days in a 66 year old woman 
who developed ARDS after severe burn 
injury, and three times in a 51 year old man 
who developed ARDS after cardiopulmonary 
bypass, achieved more persistent improve
ment in gas exchange [201]. 

In 1992, the preliminary results of the first 
multicenter, randomized, placebo controlled 
trial of exogeneous surfactant therapy in 
ARDS were presented [203]. A nebulized 
preparation of the artificial surfactant Exosurf 
was used in this trial, aiming to achieve more 
prolonged delivery and even distribution. 
Nebulized doses (40.5 or 81 mg/mI) were 
given over the first 5 days after onset to 
patients with sepsis induced ARDS. The ini
tial results on an intake of 49 ca ses indicated a 

trend towards reduced mortality and 
improved physiology at 14 days. However, 
results recently reported for a larger intake of 
498 patients revealed no significant improve
ment in any parameter compared with the 
matched controls [204]. Patients were strat
ified by risk of mortality (APACHE-II1 score) 
and randomized to receive either Exosurf 
(13.5 mg DPPC/mI) or placebo (0.45% saline) 
aerosolized for up to 5 days; 249 of the 
patients received surfactant (138 males and 
111 females, mean age 49 years ± 17) and 249 
received placebo (141 males and 108 females, 
mean age 53 years ± 18). At entry to the 
study, both groups had similar histories and 
APACHE-II1 score distribution. Twenty-eight 
percent of patients did not complete the full 5 
days of therapy due to early discontinuation 
of ventilation or death, but the surfactant was 
well tolerated and safety assessments showed 
no consistent differences between the groups. 
Improvement was judged by the assessment 
of mortality at 30 days for the group overall, 
for the patients stratified according to 
APACHE-II1 distribution, and for the subset 
of patients with pneumonia. Treatment had 
no significant effect on 30 day mortality, or on 
physiological measurements over the 5 days 
of treatment in any of these groups. 

By contrast with the Exosurf trial, more 
encouraging results have been obtained in 
another multicenter, randomized controlled 
trial in progress using the modified natural 
bovine surfactant Survanta, employing multi
ple instilled doses, and comparing several 
dosing strategies [205,206]. Patients with 
ARDS associated with trauma, multiple blood 
transfusions, sepsis sydrome and/or wit
nessed aspiration of gastric contents are being 
studied and the preliminary results have 
recently been presented [205,206]. Patients 
were included in the trial within 48 hours of 
onset if the Pao2/ Fro2 ratio was < 200 and 
positive end expiratory pressure PEEP 
> 10 cmH20, and four groups were com
pared. One (n = 8) received doses of 50 mg 
phospholipid/kg, repeating this dose at a 



mmlmum dosing interval of 6 hours to a 
maximum of eight doses according to pro
spectively determined criteria (Pa021 FI02 fall
ing to below 250). A second group (n = 16) 
were given 100 mg phospholipid/kg, 
employing a maximum of four dos es, while a 
third group (n = 19) were given 100 mg phos
pholipid/kg to a maximum of eight doses. 
The fourth (n = 16) was treated in the stand
ard way without surfactant supplementation. 
Response was determined from arterial blood 
gas tensions and ventilator settings recorded 
at baseline and 120 hours after the initial dose 
of surfactant. Patient outcome at 28 days was 
also recorded. Evaluation of the changes from 
baseline to 120 hours indicated that a sig
nificant improvement in ventilatory require
ments was achieved using 100 mg 
phospholipid/kg to a maximum of four doses 
(P < 0.05 compared with standard therapy). 
Twenty-eight day mortality was significantly 
decreased, and this trend was also observed 
using 100 mg phospholipid/kg to a maxi
mum of eight doses. BAL sampIes were 
obtained at baseline and 120 hours after the 
initial dose of surfactant to evaluate the sur
face active function and chemical composi
tion of surfactant before and after Survanta 
supplementation. The highest supplementa
tion was obtained using 100 mg phospho
lipid/kg to a maximum of eight doses [206]. 
In another recent study, preliminary results 
showing improvement have also been 
obtained using repeated instilled doses of 
bovine natural surfactant (100 mg lipid/kg of 
a lipid extract from alveolar lavage) in an 
uncontrolled trial in seven pediatric patients 
with ARDS [202]. Up to four doses were 
given at 6-8-hourly intervals depending on 
oxygen criteria. Four of the seven patients 
had significant improvements in oxygenation 
(Pa021 FI02 > 200 in three, and > 150 in one) 
peaking within 2 hours after the first dose. 
These patients also had improvements in ven
tilation efficiency and peak inspiratory pres
sure values. On the basis of these results, it 
was proposed that a randomized double 
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blind clinical trial of exogenous surfactant 
therapy should be performed in pediatric 
patients with ARDS. 

There are many possible explanations for 
the contradictory results obtained in the first 
two multicenter, randomized controlled trials 
of surfactant therapy in ARDS. The formula
tions of the two surfactants used differed in 
major respects, as did the modes of delivery 
and doses. The patient selection criteria also 
differed; the Exosurf trial included only 
patients with sepsis associated ARDS, while 
the Survanta trial included patients with 
ARDS associated with a range of risk factors. 
Regarding the influence of different formula
tions, many clinical trials in IRDS have indi
cated that 'natural' or 'modified natural' 
surfactants are more efficacious for rescue 
therapy than the protein-free artifical surfact
ants [1]. The results of the first two controlled 
trials suggest that this mayaIso be the case in 
ARDS. Regarding methods of delivery, the 
proposal that nebulized delivery might have 
significant advantages was not validated by 
the Exosurf trial [166,204], but the efficacy of 
natural surfactant preparations using this 
method of delivery is unknown. Nebulization 
has the advantage that surfactant can be 
delivered continuously during ventilation 
Oinked with cycles of inspiration) to main
tain supplementation over prolonged periods 
but it has the disadvantage that < 30% of 
the administered dose is deposited within the 
lungs [207]. There is also evidence that the 
process of nebulization may cause foaming, 
which reduces the surface tension lowering 
ability of surfactant preparations in vitra 
[208]. Preferential delivery to more normal 
areas of the lungs is also a potential problem 
[209]. If instilIed multiple doses prove inade
quate to maintain supplementation at optimal 
levels, it is possible that a combined approach 
to delivery, commencing with high dose 
instilled surfactant to achieve maximal initial 
supplementation followed by nebulization to 
maintain supplementation, may be an appro-
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priate way to achieve optimal delivery of 
therapeutic surfactants to adult lungs. 

The timing of treatment after encountering 
the initiating risk factor is likely to be of great 
importance in relation to the response 
achieved. Prophylactic therapy is more effica
cious than rescue therapy in IRDS [1], and 
this raises the question of whether prophy
lactic use of surfactant replacement therapy 
can reduce the development of acute lung 
injury in patients at risk of ARDS. To address 
this question, a clinical trial has been con
ducted recently to determine the effect of 
exogenous surfactant therapy (3.2 g of ALEC 
instilled 60 minutes after bypass) on lung 
function after cardiopulmonary bypass [210]. 
No improvement was detected in eight 
treated compared with eight untreated con
trol patients monitored at regular intervals up 
to 180 minutes after bypass. Moreover, the 
carbon monoxide transfer factor (TLCO) was 
significantly lower in the treated group at 120 
minutes after therapy, raising the question 
whether treatment may be disadvantageous 
in individuals who may not require it. This 
emphasizes the need for early prognostic 
indicators to identify and select those patients 
especially at risk. 

There is very little information on surfact
ant replacement therapy in patients at a la te 
stage of severe ARDS, when there is deficient 
surfactant production as well as excessive 
protein contamination of the system [97,98]. 
We investigated the effect of single dose intra
bronchial instillation of the artificial surfact
ant ALEC (75 mg/kg) in four such patients 
[2111. There was no sustained clinical 
improvement, but BAL sam pIes before and at 
24 hours after treatment showed that measur
able supplementation of in vivo PC and PG 
levels and proportions had been achieved. 
ALEC is composed of 70% DPPC and 30% 
PG, but BAL levels of PC at 24 hours were 
increased up to 4.4-fold and PG levels up to 
34.7-fold. PC proportions (percent of total 
phospholipid) remained below the normal 
range, but PG increased to above the normal 

range in three patients. These findings are 
consistent with experimental evidence that 
PC is cleared from the air spaces of the lungs 
more rapidly than PG [1,212-2141. This sug
gests that doses and formulations of thera
peutic surfactant to produce greater and more 
sustained supplementation of PC are required 
in patients with late stage ARDS. These find
ings demonstrate the value of BAL in moni
toring the levels of supplementation and 
other in vivo effects of surfactant therapy, to 
guide therapeutic modifications that may be 
required to optimize response. 

Our study in patients with late stage ARDS 
[211] also indicated that surfactant therapy 
does not reduce neutrophil counts in BAL. 
This suggests that combined treatment with 
anti-inflammatory drugs may be advisable to 
prevent further damage to intrinsic or 
instilled surfactant by oxidants and proteases 
from such cells. Many clinical trials of corti
costeroids have been conducted in ARDS 
with the aim of suppressing neutrophils [215]. 
Most were trials of prophylactic treatment of 
patients with sepsis at risk of ARDS, or early 
stage treatment after onset of the syndrome. 
They concluded that early treatment with cor
ticosteroids is of no therapeutic benefit. The 
only exception to this was a trial in patients 
with ARDS associated with fat embolism 
[216]. However, recent evidence suggests that 
corticosteroids can be of value in patients at a 
later stage of ARDS who develop the compli
cation of pulmonary fibrosis [217]. We have 
had the opportunity to study one such case 
and observed that BAL neutrophil counts, 
phospholipid levels and proportions of PC 
and PG normalized after commencement of 
treatment in association with a striking clin
ical response [218]. This suggests that the 
benefit of corticosteroids may be due not only 
to their anti-inflammatory effects but also to 
their ability to stimulate surfactant phospho
lipid production by type II alveolar epithelial 
cells, either directly or by stimulating fibro
blasts to produce a 'fibroblast pneumocyte 



factor' which can enhance surfactant synthe
sis [219]. 

Suppression of neutrophils in ARDS may 
also reduce damage to surfactant-specific pro
teins which have been shown to be suscepti
ble to degradation by neutrophil derived 
proteases in vitra [85]. There is little informa
tion on in viva levels of surfactant-specific 
proteins in ARDS, but arecent report indi
cates that BAL levels of Sp-A and Sp-B are 
significantly decreased, and Sp-A levels are 
also decreased in patients at risk [99]. These 
reductions are likely to contribute to surfact
ant dysfunction because of the importance of 
these molecules in surfactant biophysical 
function and turnover. Sp-A and Sp-D also 
have antimicrobial functions (see below) 
which could be of relevance to the increased 
susceptibility of patients with ARDS to no so
comial infections. In the light of these obser
vations, it is probable that more complete 
formulations of natural or synthetic thera
peutic surfactants containing surfactant asso
ciated pro teins and phospholipids will prove 
to be of greatest benefit for the treatment of 
ARDS. 

ROLE IN HaST DEFENSE 

The pulmonary surfactant system plays an 
important role in pulmonary immune defense 
mechanisms, although less is known about 
these functions than its biophysical proper
ties. Normal surfactant enhances the innate 
'nonspecific' immune defense mechanisms 
which clear inhaled particles and microbes 
from the lungs, and suppresses the develop
ment of specific T lymphocyte media ted 
immune responses to inhaled antigens, pre
venting a constant state of immune hyper
reactivity detrimental to life. Lymphocytes 
from the alveolar spaces of normal lungs are 
less responsive to mitogenic and antigenic 
stimulation than their counterparts in blood 
[220]. In 1979, Ansfield et al. first reported that 
normal surfactant from canine lungs sup
presses the proliferation of canine blood lym-
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phocytes [221]. Work from our group has 
shown subsequently that normal pulmonary 
surfactant from humans, pigs and rabbits also 
suppresses human blood lymphocyte prolif
eration to mitogens and aHoantigens [222]. 
The major phospholipid components, PC and 
PG, are highly immunosuppressive, but the 
minor components, SM and PE (which 
increase during tissue damage), are highly 
immunostimulatory [223]. This suggests that 
the alterations in surfactant composition 
which develop during acute lung injury could 
have an influence on the regulation of pul
monary inflammatory responses. 

By contrast with its immunosuppressive 
effects on T lymphocytes, normal pulmonary 
surfactant enhances 'nonspecific' pulmonary 
immune defense mechanisms. It aids mechan
ical clearance of ceHs and particles from the 
air spaces by its biophysical properties which 
promote movement towards the mucociliary 
escalator at end expiration, due to the increas
ing film pressure exerted by the surface 
monolayer of phospholipids. It is also 
thought to play a role in recruiting alveolar 
macrophages to the air spaces of the lungs, as 
both natural surfactant and Sp-A are chemo
tactic for alveolar macrophages in vitra 
[224-226]. Alveolar macrophages are the main 
phagocytes responsible for the immune 
defense of normal lungs, and it has been 
demonstrated that Sp-A and Sp-D can 
enhance the phagocytosis and killing of 
micro-organisms by these ceHs [44,45, 
227-230]. Neutrophils recruited during 
inflammatory responses also phagocytose 
and kiH bacteria, and assist wound healing 
through their scavenger functions by degrad
ing and removing products of tissue damage. 
However, an excessive neutrophil response, 
as occurs in ARDS, can have adverse effects 
which outweigh the advantages [231]. It is not 
known whether pulmonary surfactant plays a 
role in regulating neutrophil responses, but a 
study using the porcine modified natural sur
factant Curosurf indicates that this has no 
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effect on neutrophil adherence or migration 
and may slightly reduce bacterial phagocyto
sis and killing by these cells [232]. Surfactant 
has also been reported to enhance CD11 b / 
CD18 adhesion molecule expression on neu
trophils in vitra [233] and we have observed 
that there is no reduction in BAL neutrophil 
counts after ALEC therapy in patients with 
ARDS [2111, suggesting that surfactant may 
not inhibit neutrophil activation nor recruit
ment to the lungs. Elucidation of the effect of 
surfactant on neutrophils is an important area 
for future research, especially in relation to 
ARDS. On the other hand, the synthetic sur
facta nt Exosurf has been reported to inhibit 
secretion of the cytokines tumor necrosis fac
tor (TNF)a, interleukin (lL)-1 and IL-6 by 
activated human alveolar macrophages in 
vitra in a dose dependent manner [234]. 
Decreased secretion of TNFa after preincuba
tion of human blood monocytes with the 
natural porcine surfactant Curosurf has also 
been reported [235]. These and other cyto
kines are thought to play an important role in 
the inflammatory mechanisms involved in the 
pathogenesis of ARDS [90,91,231,236-238]. 
The mechanisms are described in detail else
where. 

Apart from providing information on sur
factant composition and function, BAL inves
tigations have the potential to clarify the 
relationship between changes in levels of 
inflammatory cells and their products, and 
the development of surfactant dysfunction in 
ARDS. New therapeutic agents are being 
developed to modulate the effects of inflam
matory media tors, including antibodies to 
endotoxin or cytokines [239-2411, low mol
ecular weight antagonists of cytokines or 
cytokine receptors [242] and agents to mod
ulate expression or block interaction with 
adhesion molecules [243-245]. These develop
ments, together with the research in progress 
to produce more efficient synthetic therapeu
tic surfactants, appear to offer beUer pros
pects for the future. 

SUMMARY 

Alterations in pulmonary surfactant are an 
important contributory factor in the pathoge
nesis of ARDS. Their consequences on rate of 
progression of the syndrome, prognosis and 
increased susceptibility to nosocomial infec
tion need to be beUer elucidated. Continuing 
work on surfactant therapy, including efforlts 
to develop synthetic surfactants which more 
closely emulate natural surfactant, is import
ant, as this has the potential to improve sur
vival and/or speed recovery by reducing 
ventilatory requirements. 

ACKNOWLEDGEMENTS 

The author thanks the British Lung Founda
tion and The Clinical Research Committee of 
the Royal Brompton Hospital for their sup
port of our studies of pulmonary surfactant in 
ARDS, the colleagues who are collaborating, 
in particular Dr Tim Evans, Cathy Baker, Dr 
David Hughes and Ann Dewar, and Mrs 
Joanna Harwood for typing the manuscript. 

REFERENCES 

1. Jobe, A and Ikegami, M. (1987) State of the 
art: surfactant for the treatment of respiratory 
distress syndrome. Am. Rev. Respir. Dis., 136, 
1256-75. 

2. Smith, B.T. (1992) Clinical experience with 
modified natural surfactant, in PulmonaJ"y 
Surfactant: From Molecular Biology to Clinical 
Practice (eds B. Robertson, L.M.G. Van Golde 
and J-J. Batenburg), Elsevier, Amsterdam, pp. 
593-604. 

3. Morley, c.J. (1992) Clinical experience with 
artificial surfactants, in Pulmonary Surfactant: 
From Molecular Biology to Clinical Practice (eds 
B. Robertson, L.M.G. Van Golde and J.J. 
Batenburg), Elsevier, Amsterdam, pp. 
605-33. 

4. Lewis, J.F. and Jobe, AH. (1993) Surfactant 
and the adult respiratory distress syndrome. 
Am. Rev. Respir. Dis., 147, 218-33. 

5. King, RJ. and Clements, J.A (1972) Surface 
active materials from dog lung: composition 
and physiological correlations. Am. J. Physiol., 
223, 715-26. 



6. Possmayer, F. (1988) Pulmonary perspective: a 
proposed nomenclature for pulmonary sur
factant associated proteins. Am. Rev. Respir. 
Dis., 138, 990-8. 

7. Hills, B.A (1988) The Biology of Surfactant, 
Cambridge: Cambridge University Press. 

8. Clements, J.A, Hustead, RI., Johnson, RP 
and Gribetz, I. (1961) Pulmonary surface ten
sion and alveolar stability. J. Appl. Physiol., 16, 
444-50. 

9. Hills, B.A. (1982) Water repellency induced by 
pulmonary surfactants. J. Physiol., 325, 
175-86. 

10. Notter, RH. and Finkelstein, J.N. (1984) Pul
monary surfactant: an interdisciplinary 
approach. J. Appl. Physiol., 57, 1613-24. 

11. Clements, J.A (1957) Surface tension of lung 
extracts. Proc. Soc. Exp. Biol. Med., 95, 170-2. 

12. Enhorning, G. (1977) Pulsating bubble tech
nique for evaluating pulmonary surfactant. J. 
Appl. Physiol., 43, 198-203. 

13. Klech, H. and Pohl, W. (eds) (1989) Technical 
recommendations and guidelines for bron
choalveolar lavage (BAL): report of the Euro
pean Society of Pneumology Task Group on 
BAL. Eur. Respir. J., 2, 561-85. 

14. The BAL Co-operative Group Steering Com
mittee (1990) Bronchoalveolar lavage constit
uents in healthy individuals, idiopathic 
pulmonary fibrosis, and selected comparison 
groups. Am. Rev. Respir. Dis., 141 (suppl.), 
5169-202. 

15. Hughes, D.A and Haslam, P.L. (1989) 
Changes in phosphatidylglycerol in bron
choalveolar lavage fluids from patients with 
cryptogenic fibrosing alveolitis. ehest, 95, 
82-9. 

16. King, RJ. and Clements, J.A. (1972) Surface 
active materials from dog lung. Method of 
isolation. Am. J. Physiol., 223, 704-14. 

17. Pison, u., Gono, E., Joka, K. and Obladen, M. 
(1986) High performance liquid chromatog
raphy of adult human bronchoalveolar lav
age: assay for phospholipid lung profile. J. 
Chromatogr., 377, 79-89. 

18. King, RJ. (1984) Isolation and chemical com
position of pulmonary surfactant, in Pulmo
nary Surfactant (eds B. Robertson, L.M.G. Van 
Golde and J.J. Batenburg), Elsevier, Amster
dam, pp. 1-15. 

19. Hughes, D.A and Haslam, PL. (1990) Effect 
of smoking on the lipid composition of lung 
lining fluid and relationship between immu
nostimulatory lipids, inflammatory cells and 

References 287 

foamy macrophages in extrinsic allergie 
alveolitis. Eur. Respir. J., 3, 1128-39. 

20. Minty, B.D., Jordan, c. and Jones, J.G. (1981) 
Rapid improvement in abnormal epithelial 
permeability after stopping cigarettes. BMJ, 
282, 1183-7. 

21. Weaver, TE. (1988) Pulmonary surfactant
associated proteins. Gen. Pharmacol., 19, 
361-8. 

22. Hawgood, S. (1989) Pulmonary surfactant 
apoproteins: a review of protein and genomic 
structure. Am. J. Physiol., 257 L13-22. 

23. Whitsett, J.A, Hull, W., Ross, G. and Weaver, 
T (1985) Characteristics of human surfactant
associated glycoproteins A Pediatr. Res., 19, 
501-8. 

24. Hawgood, 5., Efrati, H., Schilling, J. and Ben
son, B.J. (1985) Chemical characterization of 
lung surfactant apoproteins: amino acid com
position, N-terminal sequence and enzymic 
digestion. Trans. Biochem. Soc., 13, 1092-6. 

25. Floros, J., Phelps, D.5., Kourembanas, S. and 
Taeusch, H.W. (1986) Primary translation 
products, biosynthesis, and tissue specifieity 
of the major surfactant protein in rat. J. Biol. 
Chem., 261, 828-31. 

26. Persson, A, Chang, D., Rust, K. et al. (1989) 
Purification and biochemical characterization 
of CP4 (SP-D): a collagenous surfactant-asso
ciated protein. Biochemistry, 27, 6361-7. 

27. Rust, K., Grosso, L., Zhang, V. et al. (1991) 
Human surfactant protein D: SP-D contains a 
C-type lectin carbohydrate recognition 
domain. Arch. Biochem. Biophys., 290, 116-26. 

28. Curstedt, T., Johansson, J., Persson, P et al. 
(1990) Hydrophobic surfactant-associated 
polypeptides. SP-C is a lipopeptide with two 
palmitoylated cysteine residues, whereas SP
B lacks covalently linked fatty acyl groups. 
Proc. Natl. Acad. Sci. USA, 87, 2985-9. 

29. Whitsett, J.A Ohning, B.L., Ross, G. et al. 
(1986) Hydrophobie surfactant-associated 
protein in whole lung surfactant and its 
importance for biophysical activity in lung 
surfactant extracts used for replacement ther
apy. Pediatr. Res., 20, 460-7. 

30. Takahashi, A and Fujiwara, T (1986) Proteo
lipid in bovine lung surfactant: its role in 
surfactant function. Biochem. Biophys. Res. 
Commun., 135, 527-32. 

31. Yu, S.H. and Possmayer, F. (1988) Compar
ative studies on the biophysical activities of 
the low-moleeular-weight hydrophobie pro
teins purified from bovine pulmonary surfac
tant. Biochim. Biophys. Acta, 961, 337-50. 



288 Surfactant system in lung injury 

32. Yu, S. and Possmayer, E (1990) Role of bovine 
pulmonary surfactant-associated proteins in 
the surface-active property of phospholipid 
mixtures. Bioehim. Biophys. Acta, 1046, 
233-241. 

33. Takahashi, A., Waring, A.J., Arnirkhaman, J. et 
al. (1990) Structure function relationships of 
bovine pulmonary surfactant proteins: SP-B 
and SP-C Bioehim. Biophys. Acta, 1044, 43-9. 

34. Williams, M.C (1977) Conversion of lamellar 
body membranes into tubular myelin in 
alveoli of fetal rat lung. ]. Cell BioI., 72, 
260-77. 

35. Suzuki, Y. Fujita, Y. and Kogishi, K. (1989) 
Reconstitution of tubular myelin from syn
thetic lipids and proteins associated with pig 
pulmonary surfactant. Am. Rev. Respir. Dis. 
140,75-81. 

36. Williams, M.C, Hawgood, S. and Hamilton, 
Rr. (1991) Changes in lipid structure pro
duced by surfactant proteins SP-A, SP-B, and 
SP-C Am. ]. Respir. Cell Mol. BioI., 5, 41-50. 

37. Hallman, M., Katsumi, M. and Wagner, RM. 
(1976) Isolated lamellar bodies from rat lung: 
correlated ultrastructural and biochemical 
studies. Lab. Invest., 35, 79-86. 

38. Sanders, Rr., Hassett, RJ. and Vatter, A.E. 
(1980) Isolation of lung lamellar bodies and 
their conversion to tubular myelin figures in 
vitro. Anat. Ree., 198, 485-501. 

39. Hawgood, S., Benson, B.J. and Hamilton, RL. 
(1985) Effects of a surfactant-associated pro
tein and calcium ions on the structure and 
surface activity of lung surfactant lipids. Bio
ehemistry, 24, 184-90. 

40. King, RJ., Carmichael, M.C and Horowitz, 
P.M. (1983) Reassembly of lipid-protein com
plexes of pulmonary surfactant. Proposed 
mechanism of interaction. ]. Biol. Chem., 258, 
10672-80. 

41. Tanaka, Y., Takei, T., Aiba, T. et al. (1986) 
Development of synthetic lung surfactants. ]. 
Lipid Res., 27; 475-85. 

42. Wright, J.R, Wager, RE., Hawgood, S. ef al. 
(1987) Surfactant apoprotein Mr 
26 000-36 000 enhances uptake of liposomes 
by type II cells. ]. Biol. Chem. 262, 2888-94. 

43. Dobbs, L.G., Wright, J.R, Hawgood, S. ef al. 
(1987) Pulmonary surfactant and its compo
nents inhibit secretion of phosphatidylcholine 
from cultured rat alveolar. type II cells. Proe. 
Natl. Aead. Sei. USA, 84, 1010-4. 

44. van Iwaarden, E, Welmers, B., Verhoef, J. et al. 
(1990) Pulmonary surfactant protein A 
enhances the host-defense mechanism of rat 

alveolar macrophages. Am. ]. Respir. Cell Mol. 
Biol., 2, 91-8. 

45. Kuan, S.-E, Rust, K. and Crouch, E. (1992) 
Interactions of surfactant protein D with bac
terial lipopolysaccharides. ]. Clin. Invest., 90, 
97-106. 

46. Hafner, D., Germann, P. and Hauschke, D. 
(1994) Lung surfactant (LSF) improves gas 
exchange and histopathology in a model of 
adult respiratory distress syndrome (ARDS). 
Am. ]. Respir. Crit Care Med., 149, A126. 

47. Sweeney, T.D., Reinisch, U.S., Kirk, J.E. ef al. 
(1994) A synthetic phospholipid-KL surfac
tant improves lung function in a rat model of 
ARDS. Am. ]. Respir. Crif. Care Med., 149, 
A126. 

48. Wright, J.R and Clements, J.A. (1987) Metabo
lism and turnover of lung surfactant. Am. Rev. 
Respir. Dis., 135, 426-44. 

49. Gross, N.J., Barnes, E. and Narine, K.R (1988) 
Recycling of surfactant in black and beige 
mice: pool sizes and kinetics. ]. Appl. Physiol., 
64, 2017-25. 

50. Magoon, M.W., Wright, J.R, Bantussio, A. ef 
al. (1983) Subfractionation of lung surfactant. 
Implications for metabolism and surface 
activity. Bioehim. Biophys. Acta, 750, 18-31. 

51. Manabe, T. (1979) Freeze-fracture study of 
alveolar lining layer in adult rat lungs. ]. 
Ultrasfruct. Res., 69, 86-97. 

52. Baritussio, A., Carraro, R, Bellina, J. ef al. 
(1985) Turnover of phospholipids isolated 
from fractions of lung lavage fluid. J. Appl. 
Physiol., 59, 1055-60. 

53. Wright, J.R, Wager, RE., Hamilton, RL. et al. 
(1986) Uptake of lung surfactant subfractions 
into lamellar bodies of adult rabbit lungs. ]. 
Appl. Physiol., 60, 817-25. 

54. Kuroki, Y., Mason, RJ. and Voelker, D.R 
(1988) Alveolar type II cells express a high
affinity receptor for pulmonary surfactant 
protein A. Proe. Natl. Aead. Sei. USA, 85, 
5566-70. 

55. Rice, W.R, Ross, G.E, Singleton, EM. et al. 
(1987) Surfactant-associated protein inhibits 
phospholipid secretion frorn type II cells. ]. 
Appl. Physiol., 63, 692-8. 

56. Avery, M.E. and Mead, J. (1959) Surface prop
erties in relation to atelectasis and hyaline 
membrane disease. Am. ]. Dis. Child., 97, 
517-23. 

57. Verloove-Vanhorick, S.P., Verwey, RA., Brand, 
R et al. (1986) Neonatal mortality risk in 
relation to gestational age and birth weight. 
Laneet, i, 55-7. 



58. Kitchen, W.H., Doyle, L.w., Ford, G.w. et al. 
(1991) Changing two-year outcome of infants 
weighing 500 to 999 grams at birth: a hospital 
study. J. Pediatr., 118, 938-43. 

59. Chida, S., Phelps, D.S., Cordle, C. et al. (1988) 
Surfactant-associated proteins in tracheal 
aspirates of infants with respiratory distress 
syndrome after surfactant therapy. Arn. Rev. 
Respir. Dis., 137, 943-7. 

60. Seeger, w., Stöhr, G., Wolf, H.R.D. and Neu
hof, H. (1985) Alteration of surfactant func
tion due to protein leakage: special interaction 
with fibrin monomer. J. Appl. Physiol., 58, 
326-38. 

61. Holm, B.A., Notter, RH. and Finkelstein, JN. 
(1985) Surface property changes from inter
actions of albumin with natural lung surfac
tant extracted lung lipids. ehern. Phys. Lipids, 
38,287-98. 

62. Holm, B.A. and Notter, RH. (1987) Effects of 
hemoglobin and red blood cell membrane 
lipids on the biophysical and physiological 
activity of pulmonary surfactant. J. Appl. 
Physiol., 63, 1434-42. 

63. Fuchimukai, T, Fujiwara, T, Takahashi, A. 
and Enhorning, G. (1987) Artificial pulmo
nary surfactant inhibited by proteins. J. Appl. 
Physiol., 57, 1134-42. 

64. Holm, B.A., Enhorning, G. and Notter, RH. 
(1988) A biophysical mechanism by which 
plasma proteins inhibit lung surfactant activ
ity. ehern. Phys. Lipids, 49 49-55. 

65. Seeger, W. Grube, c., Günther, A. and 
Schmidt, R (1993) Surfactant inhibition by 
plasma proteins: differential sensitivity of 
various surfactant preparations. Eur. Respir. J., 
6,971-7. 

66. Holm, B.A., Venkitaraman, A.R, Enhorning, 
G. and Notter, RH. (1990) Biophysical inhibi
tion of synthetic lung surfactants. ehern. Phys. 
Lipids, 52, 243-50. 

67. Seeger, W. Thede, C. Gunther, A. and Grube, 
C. (1991) Surface properties and sensitivity to 
protein-inhibition of a recombinant apopro
tein C-based phospholipid mixture in vitro -
comparison to natural surfactant. Biochirn. 
Biophys. Acta, 1081 45-52. 

68. Ikegami, M., Jobe, A., Jacobs, H. and Jones, S. 
(1981) Sequential treatments of premature 
lambs with an artificial surfactant and natural 
surfactant. J. Clin. Invest., 68,491-6. 

69. Ikegami, M., Agata, Y, Elkady, T et al. (1987) 
A comparison of four surfactants: in vitro 
surface properties and responses of preterm 

References 289 

lambs to treatment at birth. Pediatrics, 79, 
38-46. 

70. Venkitaraman, A.R, Hall, S.B., Whitsett, J.A. 
and Notter, RH. (1990) Enhancement of bio
physical activity of lung surfactant extracts 
and phospholipid-apoprotein mixtures by 
surfactant proteins. ehern. Phys. Lipids, 56, 
1-10. 

71. Venkitaraman, A.R, Baatz, J.B., Whitsett, J.A. 
et al. (1990) Biophysical inhibition of synthetic 
phospholipid-lung surfactant apoprotein 
admixtures by plasma proteins. ehern. Phys. 
Lipids, 57, 49-57. 

72. Cockshutt, A., Weitz, J. and Possmayer, F. 
(1990) Pulmonary surfactant-associated pro
tein A enhances the surface activity of lipid 
extract surfactant and reverses inhibition by 
blood proteins in vitro. Biochernistry, 29, 
8424-9. 

73. Holm, B.A. (1992) Surfactant inactivation in 
adult respiratory distress syndrome, in Pulrno
nary Surfactant: Frorn Molecular Biology to Clin
ical Practice (eds B. Robertson, L.M.G. Van 
Golde and J-J. Batenburg) Elsevier, Amster
dam, pp. 665-84. 

74. Holm, B.A. and Matalon, S. (1989) Role of 
pulmonary surfactant in the development 
and treatment of adult respiratory distress 
syndrome. Anesth. Analg., 69, 805-18. 

75. Hallman, M., Spragg, R, HarreIl, J.H. et al. 
(1982) Evidence of lung surfactant abnormal
ity in respiratory failure: study of bronchoal
veolar lavage phospholipids, surface activity, 
phospholipase activity, and plasma myoinosi
tol. J. Clin. Invest., 70, 673-83. 

76. Holm, B.A., Keicher, L., Liu, M. et al. (1991) 
Inhibition of pulmonary surfactant function 
by phospholipases. J. Appl. Physiol., 71, 1-5. 

77. Passi, RB. and Possmayer, F. (1981) Surfactant 
metabolism in acute pancreatitis. Prog. Respir. 
Res., 15, 136-40. 

78. Vadas, P. (1984) Elevated plasma phospholi
pase Az levels: correlation with the hemody
namic and pulmonary changes in Gram 
negative septic shock. J. Lab. Clin. Med., 104, 
873-81. 

79. Vadas, P. and Pruzanski, W. (1986) Biology of 
disease: role of secretory phospholipases Az in 
the pathobiology of disease. Lab. Invest., 55, 
391-9. 

80. Bejar, R, Curbelo, v., Davis, C. and Gluck, L. 
(1981) Premature labor. Ir. Bacterial source of 
phospholipase. Obstet. Gynecol., 57, 479-82. 

81. Weiss, S.J. (1989) Tissue destruction by neu
trophils. N. Engl. J. Med., 320, 365-76. 



290 Surfactant system in lung injury 

82. Henson, P.M. and Johnston, RB. (1987) Tissue 
injury in inflammation: oxidants, proteinases 
and cationic proteins. J. Clin. Invest., 79, 
669-74. 

83. Fantone, J.C and Ward, PA (1985) Polymor
phonuclear leukocyte-mediated cell and tis
sue injury: oxygen metabolites and their 
relation to human disease. Hum. Pathol., 16, 
973-8. 

84. Esterbauer, H. (1985) Lipid peroxidation 
products: formation, chemical properties and 
biological activities, in Free Radicals in Liver 
Injury (eds G. Poli, KH. Cheeseman, M.D. 
Dianzani, et al.), IRL Press, Oxford, pp. 
29-47. 

85. Ryan, S.F, Ghassibi, Y. and Liau, D.F (1991) 
Effects of activated polymorphonuclear leu
kocytes upon pulmonary surfactant in vitro. 
Am. J. Respir. Cell Mol. Bioi., 4, 33-41. 

86. Fowler, AA, Hamman, RF, Good, J.T et al. 
(1983) Adult respiratory distress syndrome: 
risks with common predispositions. Ann. 
Intern. Med., 98, 593-7. 

87. Montgomery, AB., Stager, M.A, Carrico, CJ. 
and Hudson, L.D. (1985) Causes of mortality 
in patients with the adult respiratory distress 
syndrome. Am. Rev. Respir. Dis., 132, 148. 

88. Murray, J.F, Matthay, M.A, Luce, J.M. and 
Flick, M.R (1988) An expanded definition of 
the adult respiratory distress syndrome. Am. 
Rev. Respir. Dis., 138, 720-3. 

89. Bernard, G.R, Artigas, A, Brigham, KL. et al. 
(1994) Conference report: The American
European Consenus Conference on ARDS. 
Definitions, mechanisms, relevant outcomes, 
and clinical trial coordination. Am. J. Respir. 
Crit. Care Med., 149, 818-24. 

90. Rinaldo, J.E. and Christman, J.w. (1990) 
Mechanisms and mediators of the adult respi
ratory distress syndrome. Clin. Chest Med., 11, 
621-32. 

91. Donnelly, S.C and Haslett, C (1992) Cellular 
mechanisms of acute lung injury: implications 
for future treatment in the adult respiratory 
distress syndrome. Thorax, 47, 260-3. 

92. Ashbaugh, D.G., Bigelow, D.B., Petty, TL. and 
Levine, B.E. (1967) Acute respiratory distress 
in adults. Lancet, ii, 319-23. 

93. Von Wiehert, P. and Kohl, FV (1977) 
Decreased dipalmitoyllecithin content found 
in lung specimens from patients with so
called shock-Iung. Eur. Intensive Care Med., 3, 
27-30. 

94. Petty, TL., Reiss, O.K., Paul, G.w. et al. (1977) 
Characteristics of pulmonary surfactant in 

adult respiratory distress syndrome associ
ated with trauma and shock. Am. Rev. Respir. 
Dis., 115, 531-6. 

95. Pison, u., Seeger, w., Buchhorn, R et al. (1989) 
Surfactant abnormalities in patients with res
piratory failure after multiple trauma. Am. 
Rev. Respir. Dis., 140, 1033-9. 

96. Pis on, u., Obertacke, U., Brand, M. et al. 
(1990) Altered pulmonary surfactant in 
uncomplicated and septicemia-complicated 
courses of acute respiratory failure. J. Trauma, 
30, 19-26. 

97. Seeger, w., Pison, u., Buchhorn, T et al. (1990) 
Alterations in alveolar surfactant following 
severe multiple trauma, in Progress in Respira
tion Research, vol. 25 Basic Research on Lung 
Surfactant (eds P. von Wiehert and B. Muller), 
Karger, Basel, pp. 215-23. 

98. Seeger, w., Pison, u., Buchhorn, R et al. (1990) 
Surfactant abnormalities and adult respira
tory failure. Lung, 168(suppl.), 891-902. 

99. Gregory, T Longmore, W., Moxley, M. et al. 
(1991) Surfactant chemical composition and 
biophysical activity in acute respiratory dis
tress syndrome. J. Clin. Invest., 88, 1976-81. 

100. Holter, J.F, Weiland, J.E., Pacht, E.R et al. 
(1986) Protein permeability in the adult respi
ratory distress syndrome. Loss of size selec
tivity of the alveolar epithelium. J. Clin. 
Invest., 78, 1513-22. 

101. Fowler, AA, Walchak, S., Giclas, P.C et al. 
(1982) Characterization of antiproteinase 
activity in the adult respiratory distress syn
drome. Chest, 81 (suppl.), 50S-51S. 

102. Lee, CT Fein, AM., Lippman, M. et al. (1981) 
Elastolytic activity in pulmonary lavage fluid 
from patients with adult respiratory distress 
syndrome. N. Engl. J. Med., 304, 192-6. 

103. Wewers, M.D., Herzyk, D.J. and Gadek J.E. 
(1988) Alveolar fluid neutrophil elastase activ
ity in the adult respiratory distress syndrome 
is complexed to alpha-2-macroglobulin. f. 
Clin. Invest., 82, 1260-7. 

104. Li, J.I., Sanders, RL., McAdam, KP. et al. 
(1989) Impact of C-reactive protein (CRP) on 
surfactant function. J. Trauma, 29, 1690-7. 

105. Berry, D., Ikegami, M. and Jobe, A (1986) 
Respiratory distress and surfactant inhibition 
following vagotomy in rabbits. J. Appl. Phys
iol., 61, 1741-8. 

106. Liau, D.F, Barrett, CR, Bell, AL.L. and Ryan, 
S.F (1985) Normal surface properties of phos
phatidylglycerol-deficient surfactant from 
dog after acute lung injury. J. Lipid Res., 26, 
1338-44. 



107. Batenburg, J.J., Klazinga, W. and Van Golde, 
L.M.G. (1985) Regulation and location of 
phosphatidylglycerol and phosphatidylinosi
tol synthesis in type II cells isolated from fetal 
rat lung. Bioehim. Biophys. Acta., 833, 17-24. 

108. Hallman, M., Enhorning, G. and Possmayer, 
F. (1985) Composition and surface activity of 
normal and phosphatidylglycerol-deficient 
lung surfactant. Pediatr. Res., 19 286-92. 

109. Beppu, 0.5., Clements, J.A. and Goerke, J. 
(1983) Phosphatidylglycerol-deficient lung 
surfactant has normal properties. J. Appl. 
Physiol., 55, 496-502. 

110. Gross, N. (1991) Altered surfactant subtypes 
in an experimental form of ARDS: radiation 
pneumonitis. Am. J. Physiol., 260, L302-10. 

111. Lachmann, B. and van Daal G-J. (1992) Adult 
respiratory distress syndrome: animal models, 
in Pulmonary Surfaetant: from Moleeular Biology 
to Clinieal Praetiee, (eds B. Robertson, L.M.G. 
Van Golde and J-J. Batenburg), Elsevier, 
Amsterdam, pp. 635-63. 

112. Klaus, M.H., Clements, J.A and Havel, H.J. 
(1961) Composition of surface active material 
isolated from beef lung. Proe. Natl. Aead. Sei. 
USA, 47, 1858. 

113. Robillard, E., Alarie, Y, Dagenais-Perusse, P. 
et al., (1964) Microaerosol administration of 
synthetic ß--y-dipalmotyl-L-a-lecithin in the 
respiratory distress syndrome. A preliminary 
report. Can. Med. Assoe. J., 90, 55-7. 

114. Chu, J., Clements, J.A, Cotton, E.K. et al. 
(1967) Neonatal pulmonary ischaemia: clinical 
and physiologie studies. Pediatries, 40, 
709-82. 

115. Bangham, AD., Morley, CJ. and Phillips, 
M.C (1979) The physical properties of an 
effective lung surfactant. Bioehim. Biophys. 
Aeta, 573, 552-6. 

116. Enhörning, G. and Robertson, J.B. (1972) Lung 
expansion in the premature rabbit fetus after 
tracheal deposition of surfactant. Pediatries, 
50,55-66. 

117. Robertson, B. and Enhörning, G. (1974) The 
alveolar lining of the premature newborn rab
bit after pharyngeal deposition of surfactant. 
Lab. Invest., 31, 54-9. 

118. Adams, F.H., Towers, B., Osher, AB. et al. 
(1978) Effects of tracheal instillation of natural 
surfactant in premature lambs. 1. Clinical and 
autopsy findings. Pediatr. Res., 12, 841-8. 

119. Fujiwara, T., Chida, S., Watabe, YJ. et al. (1980) 
Artificial surfactant therapy in hyaline mem
brane disease. Lancet, i, 55-9. 

120. Fujiwara, T., Konishi, M., Chida, S. et al. 

References 291 

(1990) Surfactant replacement therapy with a 
single postventilatory dose of a reconstituted 
bovine surfactant in preterm neonates with 
respiratory distress syndrome: final analysis 
of a multicenter, double-blind, randomized 
trial and comparison with similar trials. Pedia
tries, 86, 753-64. 

121. Soll, RF., Hoekstra, RA, Fangmann, J.J. et al. 
(1990) Multicenter trial of single-dose mod
ified bovine surfactant extract (Survanta) for 
prevention of respiratory distress syndrome. 
Pediatries, 85, 1092-102. 

122. Horbar, J.D., Soll, RF., Schachinger, H. et al. 
(1990) A European multicenter randomized 
trial of single dose surfactant therapy for 
idiopathic respiratory distress syndrome. Eur. 
J. Pediatr., 149, 416-23. 

123. Ware, J., Taeusch, H.W., Soll, RF. and McCor
mick, M.C (1990) Health and developmental 
outcomes of a surfactant controlled trial: fol
low-up at 2 years. Pediatries, 85, 1103-7. 

124. Hoekstra, RE., Jackson, J.C, Myers, T.F. et al. 
(1991) Improved neonatal survival following 
multiple doses of bovine surfactant in very 
premature neonates at risk for respiratory 
distress syndrome. Pediatries, 88, 10-8. 

125. Noack, G., Berggren, P., Curstedt, T., et al. 
(1987) Severe neonatal respiratory distress 
syndrome treated with the iso la ted phospho
lipid fraction of natural surfactant. Acta Pae
diatr. Seand., 76, 697-705. 

126. Collaborative European Multicenter Study 
Group (1988) Surfactant replacement therapy 
for severe neonatal respiratory distress syn
drome: an international randomized clinical 
trial. Pediatries, 82, 683-91. 

127. Robertson, B. (1990) European multicenter tri
als of Curosurf for treatment of neonatal res
piratory distress syndrome. Lung, 168, 860-3. 

128. Collaborative European Multicenter Study 
Group (1991) Factors influencing the clinical 
response to surfactant replacement therapy in 
babies with severe respiratory distress syn
drome. Eur. J. Pediatr., 150, 433-9. 

129. Speer, CP., Robertson, B., Curstedt, T. et al. 
(1992) Randomized European multicenter 
trial of surfactant replacement therapy for 
severe neonatal respiratory distress syn
drome: single versus multiple doses of Cur
osurf. Pediatries., 89, 13-20. 

130. Yu, S., Harding, P.G.R, Smith, N. and Pos
smayer, F. (1983) Bovine pulmonary surfac
tant: chemical and physical properties. Lipids, 
18,522-9. 

131. Enhörning, G., Shennan, A, Possmayer, F. et 



292 Surfactant system in lung injury 

al. (1985) Prevention of neonatal respiratory 
distress syndrome by tracheal instillation of 
surfactant: a randomized clinical trial. Pedia
tries, 76, 145-53. 

132. Dunn, M.S., Shennan, AT. and Possmayer, F. 
(1990) Single- versus multiple-dose surfactant 
replacement therapy in neonates of 30 to 36 
weeks' gestation with respiratory distress 
syndrome. Pediatries, 86, 564-71. 

133. Dunn, M.5., Shennan, AT Zayack, D. and 
Possmayer, F. (1991) Bovine surfactant 
replacement therapy in neonates of less than 
30 week's gestation - a randomized con
trolled trial of prophylaxis versus treatment. 
Pediatries, 87, 377-86. 

134. Shapiro, D.L., Notter, RH., Morin, F.C et al. 
(1985) Double-blind randomized trial of a calf 
lung surfactant extract administered at birth 
to very premature infants for prevention of 
respiratory distress syndrome. Pediatries, 76, 
593-9. 

135. Kwong, M.S., Egan, E.A, Notter, RH. and 
Shapiro, D.L. (1985) Double-blind clinical trial 
of calf lung surfactant extract for the preven
tion of hyaline membrane disease in 
extremely premature infants. Pediatries, 76, 
585-92. 

136. Kendig, JW., Notter, RH., Cox, C et al. (1988) 
Surfactant replacement therapy at birth: final 
analysis of a clinical trial and comparisons 
with similar trials. Pediatries, 82, 756-62. 

137. Disse, B., Gortner, L., Weller, E. et al. (1988) 
Efficacy and standardization of SF-RII: a 
preparation from bovine lung surfactant, in 
Surfactant Replaeement Therapy in Neonatal and 
Adult Respiratory Distress Syndrome (ed. B. 
Lachmann), Springer, Berlin, pp. 37-41. 

138. Gortner, L., Bernsau, u., Hellwege, H.H. et al. 
(1990). A multicenter randomized controlled 
clinical trial of bovine surfactant for preven
tion of respiratory distress syndrome. Lung, 
168 (suppl.), 864-9. 

139. Hallman, M., Merritt, TA, Schneider, H. et al. 
(1983) Isolation of human surfactant from 
amniotic fluid and a pilot study of its efficacy 
in respiratory distress syndrome. Pediatries, 
71,473-82. 

140. Hallman, M., Merritt, TA, Jarvenpaa, AL. et 
al. (1985) Exogenous human surfactant for 
treatment of severe respiratory distress syn
drome. J. Pediatr., 106, 963-9. 

141. Merritt, T.A., Hallman, M., Berry, C et al. 
(1991) Randomized, placebo-controlled trials 
of human surfactant given at birth versus 
rescue administration in very low birth 

weight infants with lung immaturity. J. 
Pediatr., 118, 581-94. 

142. Durand, D.I., Clyman, R.I., Heymann, M.A. et 
al. (1985) Effects of a protein-free, synthetic 
surfactant on survival and pulmonary func
tion in preterm lambs. J. Pediatr., 109, 
775-80. 

143. Bose, C, Corbet, ABose, G. et al. (1990) 
Improved outcome at 28 days of age for very 
low birth weight infants treated with a single 
dose of synthetic surfactant. J. Pediatr., 1lL7, 
947-53. 

144. Corbet, A, Bucciarelli, R, Goldman, S. et al. 
(1991) Decreased mortality rate among small 
premature infants treated at birth with a sin
gle dose of synthetic surfactant: a multicenter 
controlled trial. J. Pediatr., 118, 277-84. 

145. Phibbs, RH., Ballard, RA., Clements, J.A et 
al. (1991) Initial trials of Exosurf, a protein
free synthetic surfactant, for the prophylaxis 
and early treatment of hyaline membrane dis
ease. Pediatries, 88, 1-9. 

146. Long, W., Thompson, T., SundeIl, H. et al. 
(1991) Effects of two rescue doses of a syn
thetic surfactant on mortality rate and sur
vival without bronchopulmonary dysplasia in 
700 to 1350-gram infants with respiratory dis
tress syndrome. J. Pediatr., 118, 595-605. 

147. Morley, CI., Bangharn, AD., Miller, N. and 
Davis J.A (1981) Dry artificial surfactant and 
its effect on very premature babies. Laneet, i, 
64-8. 

148. Morley, CJ., Greenough, A, Miller, N.G. et al. 
(1988) Randomised trial of artificial surfactant 
(ALEC) given at birth to babies from 23 to 34 
week's gestation. Early Hum. Dev., 17, 41-54. 

149. Ten-Centre Study Group (1987) Ten-centre 
trial of artificial surfactant (artificial lung 
expanding compound) in very premature 
babies. BMJ, 294, 991-6. 

150. Morley, CJ. (1989) The use of artificial surfac
tant (ALEC) in the prophylaxis of neonatal 
respiratory distress syndrome. Eur. Respir. J.,. 3 
(suppl.), 81s-86s. 

151. White, RT, Damm D., Miller J. et al. (1985) 
Isolation and characterization of the human 
pulmonary surfactant apoprotein gene. 
Nature, 317, 361-3. 

152. Floros, J., Steinbrink, R Jacobs, K. et al. (1986) 
Isolation and characterization of cDNA clones 
for the 35-kDa pulmonary surfactant-associ
ated protein. J. Biol. ehem., 261, 9029-33. 

153. Pilot-Matias, T.J., Kister, S.E., Fox, J.L. et al. 
(1989) Structure and organization of the gene 



encoding human pulmonary surfactant pro
teolipid SP-B. DNA, 8, 75-86. 

154. Glasser, S.W., Korfhagen, TR, Weaver, TE. et 
al. (1988) cDNA deduced polypeptide struc
ture and chromosomal assignment of human 
pulmonary surfactant proteolipid SPL(pVal). 
J. Biol. Chem., 263, 9-12. 

155. Glasser, S.W, Korfhagen, T.R, Perme, C.M. et 
al. (1988) Two SP-C genes encoding human 
pulmonary surfactant proteolipid. J. Biol. 
Chem., 263, 10326-31. 

156. Voss, T, Melchers, K, Scheirle, G and Schä
fer, KP. (1991) Structural composition of 
recombinant pulmonary surfactant protein 
SP-A derived from two human coding 
sequences: implications for the chain compo
sition of natural human SP-A, Am. J. Respir. 
Cell Mol. Biol., 4 88-94. 

157. Waring, A, Taeusch, W, Bruni, R et al. (1989). 
Synthetic amphipathic sequences of surfac
tant protein-B mimic several physicochemical 
and in vivo properties of native pulmonary 
surfactant proteins. Peptide Res; 2 308-13. 

158. Rice, WR, Sarin, VK, Fox, JL et al. (1989) 
Surfactant peptides stimulate uptake of phos
phatidylcholine by isolated cells. Biochim. Bio
phys. Acta, 1006, 237-45. 

159. Baatz, I.E, Sarin, V Absolom, D.R et al. (1991) 
Effects of surfactant-associated protein SP-B 
synthetic analogs on the structure and surface 
activity of model membrane bilayers. Chem. 
Phys. Lipids, 60 163-78. 

160. Lachmann, B. Robertson, B. and Vogel, I. 
(1980). In vivo lung lavage as an experimental 
model of the respiratory distress syndrome. 
Acta Anaesthesiol. Scand., 24 231-6. 

161. Lachmann, B., Fujiwara, T, Chida, S., et al. 
(1983) Surfactant replacement therapy in the 
experimental adult respiratory distress syn
drome (ARDS), in Pulmonary surfactant system 
(eds KV Cosmi and KM. Scarpelli), Elsevier, 
Amsterdam, pp. 231-5. 

162. Berggren, P., Lachmann, B. Curstedt, T. et al. 
(1986) Gas exchange and lung morphology 
after surfactant replacement in experimental 
adult respiratory distress induced by repeated 
lung lavage. Acta Anaesthesiol. Scand., 30 
321-8. 

163. Lachmann, B. (1987) Surfactant replacement 
in acute respiratory failure: animal studies 
and first clinical trials, in Surfactant Replace
ment Therapy in Neonatal and Adult RDS (ed. B. 
Lachmann), Springer, New York, pp. 207-11. 

164. Oetomo Bambang, S., Reijngoud, D-J., 
Ennema, J. et al. (1988). Surfactant replace-

References 293 

ment therapy in surfactant-deficient rabbits: 
early effects on lung function and biochemical 
aspects. Lung, 166 65-73. 

165. Kobayashi, T, Kataoka, H., Ueda, T et al. 
(1984). Effects of surfactant supplement and 
end-expiratory pressure in lung-lavaged rab
bits. J. Appl. Physiol 57 995-1001. 

166. Lewis, J.F Tabor, B., Ikegami, M. et al. (1993) 
Lung function and surfactant distribution in 
saline lavaged sheep given instilled versus 
nebulized surfactant. J. Appl. Physiol 74 
1256-64. 

167. van Daal, GI. Bos, J.A.H. Eijking, KP. et al. 
(1992) Surfactant replacement therapy 
improves pulmonary mechanics in endstage 
influenza A in mice. Am. Rev. Respir. Dis., 145, 
859-63. 

168. van Daal, G.J., So, KL., Gommers, D. et al. 
(1991) Intratracheal surfactant administration 
res tores gas exchange in experimental adult 
respiratory distress syndrome associated with 
viral pneumonia. Anesth. Analg., 72, 589-95. 

169. Eijking, KP., van Daal, G.J., Tenbrinck, R et al. 
(1991) Effect of surfactant replacement on 
Pneumocystis carinii pneumonia in rats. Inten
sive Care Med., 17, 475-8. 

170. Lachmann, B., Hallman, M. and Bergmann, 
KC. (1987) Respiratory failure following anti
lung serum: study on mechanisms associated 
with surfactant system damage. Exp. Lung 
Res., 12 163-80. 

171. Harris, J.D., Jackson, F, Moxley, M.A and 
Longmore, WJ. (1989) Effect of exogenous 
surfactant instillation on experimental acute 
lung injury. J. Appl. Physiol., 66, 1846-51. 

172. Lewis, J., Ikegami, M., Higucni, R et al. (1991) 
Nebulized vs instilied exogenous surfactant 
in an adult lung injury model. J. Appl. Physiol., 
71, 1270-6. 

173. Matalon, S., Holm, B.A and Notter, RH. 
(1987) Mitigation of pulmonary hyperoxic 
injury by administration of exogenous surfac
tant. J. Appl. Physiol., 62 756-61. 

174. Loewen, G.M., Holm, B.A, Milanowski, 1. et 
al. (1989) Alveolar hyperoxic injury in rabbit 
receiving exogenous surfactant. J. Appl. Phys
iol., 66 1087-92. 

175. Engstrom, P.c, Holm, B.A and Matalon, S. 
(1989) Surfactant replacement attenuates the 
increase in alveolar permeability in hyper
oxia. J. Appl. Physiol., 67, 688-93. 

176. Fracica, P.J. Piantadosi, C.A Young, S.L. and 
Crapo, J.D. (1992) Artificial surfactant dimin
ishes pathological injury in hyperoxia in pri
mates. Am. Rev. Respir. Dis., 145, A609. 



294 Surfactant system in lung injury 

177. Simonson, S.G., Huang, yc., Fracica, PI et al. 
(1992) Exogenous surfactant improves oxy
genation in hyperoxic lung injury. Am. Rev. 
Respir. Dis., 145, A610. 

178. Lamm, W.J.E. and Albert, RK (1990) Surfac
tant replacement improves recoil in rabbit 
lungs after acid aspiration. Am. Rev. Respir. 
Dis., 142, 1279-83. 

179. Kobayashi, T, Ganzuka, M., Taniguchi, J. et al. 
(1990) Lung lavage and surfactant replace
ment for hydrochloric acid aspiration in rab
bits. Acta Anaesthesiol. Scand., 34, 216-21. 

180. Lachmann, B. and Bergmann, KC. (1987) Sur
factant replacement improves thorax - lung 
compliance and survival rate in mice with 
influenza infection. Am. Rev. Respir. Dis., 135, 
A6. 

181. Rinaldo, J.E., Dauber, J.H., Christman, J. and 
Rogers, RM. (1984) Neutrophil alveolitis fol
lowing endotoxemia. Enhancement by pre
vious exposure to hyperoxia. Am. Rev. Respir. 
Dis., 130, 1065-71. 

182. Ishizaka, A., Stephens, KE., Tazelaar, H.D. et 
al. (1988) Pulmonary edema after Escherichia 
coli peritonitis correlates with thiobarbituric
acid-reactive materials in bronchoalveolar 
lavage fluid. Am. Rev. Respir. Dis., 137, 
783-9. 

183. Oldham, KT., Guice, KS., Stetson, p.s. and 
Wolfe, RR (1989) Bacteremia-induced sup
pression of alveolar surfactant production. J. 
Surg. Res., 47, 397-402. 

184. Lewis, J.F., Ikegami, M. and Jobe, A.H. (1990) 
Altered surfactant function and metabolism 
in rabbits with acute lung injury. J. Appl. 
Physiol., 69, 2303-10. 

185. Lewis, J.F., Ikegami, M. and Jobe, A.H. (1992) 
Metabolism of exogenously administered sur
factant in the acutely injured lungs of adult 
rabbits. Am. Rev. Respir. Dis., 145, 19-23. 

186. Holm, B.A., Notter, RH., Seigle, J. and Mata
Ion S. (1985) Pulmonary physiological and 
surfactant changes during injury and recov
ery from hyperoxia. J. Appl. Physiol., 59, 
1402-9. 

187. Gross, N.J. and Smith, D.M. (1981) Impaired 
surfactant phospholipid metabolism in hyper
oxic mouse lungs. J. Appl. Physiol., 51, 
1198-203. 

188. Clark, J.M. and Lambertsen, c.J. (1971) Pul
monary oxygen toxicity: a review. Pharmacol. 
Rev., 23, 37-133. 

189. Matalon, S. and Egan, E.A. (1981) Effects of 
100% oxygen breathing on permeability of 

alveolar epithelium to solute. J. Appl. Physiol., 
50,859-63. 

190. Matalon, S. and Egan, E.A. (1984) Interstitial 
fluid volumes and albumin spaces in pulmo
nary oxygen toxicity. J. Appl. Physiol., 57, 
1767-72. 

191. Matalon, S. and Cesar, M.C. (1985) Effects of 
100% oxygen breathing on the capillary filtra
tion coefficient in rabbit lungs. Microvasc. Res., 
29,70-80. 

192. Ennema, JI, Kobayashi, T, Robertson, B. and 
Curstedt, T (1988) Inactivation of exogenous 
surfactant in experimental respiratory failure 
induced by hyperoxia. Acta Anaesthesiol. 
Scand., 32, 665-71. 

193. Ashbaugh, D.G. and Uzawa, T (1968) Respi
ratory and hemodynamic changes after injec
tion of free fatty acids. J. Surg. Res., 8, 
417-23. 

194. Greenfield, L.I., Barkett, Y.M. and Coalson, J.J. 
(1968) The role of surfactant in the pulmonary 
response to trauma. J. Trauma, 8, 735-41. 

195. Grossman, RF., Jones, J.G. and Murray, J.F. 
(1980) Effects of oleic acid-induced pulmo
nary edema on lung mechanics. J. Appl. Phys
iol., 48, 1045-51. 

196. Guerrero, M., Donoso, P., Puig, F. and Oyar
zun, MI (1982) Interference of free fatty acids 
on pulmonary surfactant in rabbits. Arch. Biol. 
Med. Exp., 15, 43-8. 

197. Hall, S.B., Notter, RH., Smith, RJ. and Hyde, 
RW. (1990) Altered function of pulmonary 
surfactant in fatty acid lung injury. J. Appl. 
Physiol., 69, 1143-9. 

198. Zelter, M., Escudier, I., Hoeffel, J.M. and Mur
ray, J.F. (1991) Effects of aerolized artificial 
surfactant on repeated oleic acid injury in 
sheep. Am. Rev. Respir. Dis., 141, 1014-9. 

199. Lachmann, B. (1987) The role of pulmonary 
surfactant in the pathogenesis and therapy of 
ARDS, in Update in intensive care and emer
gency medicine (ed. J.L. Vincent), Springer, Ber
lin, pp. 123-4. 

200. Richman, p.s., Spragg, RG., Robertson, B. et 
al. (1989) The adult respiratory distress syn
drome: first trials with surfactant replace
ment. Eur. Respir. J., 2 (suppl. 3), 109s-111s. 

201. Nosaka, S., Sakai, T, Yonekura, M. and Yoshi
kawa, K (1990) Surfactant for adults with 
respiratory failure. Lancet, 336, 947-8, (letter). 

202. Lewis, J., Dhillon, J. and Frewen, T (1994) 
Exogenous surfactant therapy in pediatric 
patients with ARDS. Am. J. Respir. Crit. Care 
Med., 149, A125. 

203. Wiedemann, H., Baughman, R, de Boisblanc, 



B. et al. (1992) A multi centred trial in human 
sepsis-induced ARDS of an aerosolized syn
thetic surfactant (Exosurf). Am. Rev. Respir. 
Dis., 145 (suppl.), A184. 

204. Anzueto, A., Baughman, R, Guntupaill, K et 
al. (1994) An international randomized, pla
cebo-controlled trial evaluating the safety and 
efficacy of aerosolized surfactant in patients 
with sepsis-induced ARDS. Am. J. Respir. Crit. 
Care Med., 149, A567. 

205. Gregory, T.I., Gadek, J.E., Weiland, J.E. et al. 
(1994) Survanta supplementation in patients 
with acute respiratory distress syndrome 
(ARDS). Am. J. Respir. Crit. Care Med., 149, 
A567. 

206. Gregory, T.J., Longmore, WI., Moxley, M.A. et 
al. (1994) Surfactant repletion following Sur
vanta supplementation in patients with acute 
respiratory distress syndrome (ARDS). Am. J. 
Respir. Crit. Care Med., 149, A124. 

207. Clarke, S. (1990) Principles of inhaled therapy, 
In Respiratory Medieine (eds G.J. Gibson, D.M. 
Geddes and B.A.L. Bretius), Bailliere Tindall, 
London, pp. 386-406. 

208. Marks, L.B., Notter, RH., Oberdorster, G. and 
McBride, J.T. (1983) Ultrasonic and jet aeroso
lisation of phospholipids and the effects on 
surface activity. Pediatr. Res., 17, 742-7. 

209. Lewis, J.F., Ikegami, M., Jobe, A. and Absolom 
D. (1993) Physiologie responses and distribu
tion of aerosolized surfactant (Survanta) in a 
nonuniform pattern of lung injury. Am. Rev. 
Respir. Dis., 147, 1364-70. 

210. Macnaughton, PD. and Evans, T.W. (1994) 
The effect of exogenous surfactant therapy on 
lung function following cardiopulmonary 
bypass. Chest, 105, 421-5. 

211. Haslam, P.L., Hughes, D.A., Macnaughton, 
PD. et al. (1994) Surfactant replacement ther
apy in late-stage adult respiratory distress 
syndrome. Laneet, 343, 1009-11. 

212. Oguchi, K, Ikegami, M., Jacobs, H. and Jobe, 
A. (1985) Clearance of large amounts of natu
ral surfactant and DPPC from lungs of 3-day 
old rabbits following tracheal injection. Exp. 
Lung Res., 9, 221-35. 

213. Hallman, M., Merritt, T.A., Pohjavuori, M. 
and Gluck, L. (1986) Effect of surfactant sub
stitution on lung effluent phospholipids in 
respiratory distress syndrome: evaluation of 
surfactant phospholipid turnover, pool size, 
and the relationship to severity of respiratory 
failure. Pediatr. Res., 20, 1228-35. 

214. Geiger, K, Gallagher, M.L. and Hedley
Whyte, J. (1975) Cellular distribution and 

References 295 

c1earance of aerosolized dipalmitoyl lecithin. 
J. Appl. Physiol., 39, 759-66. 

215. Metz, C and Sibbald, J. (1991) Anti-inflamma
tory therapy for acute lung injury. A review of 
animal and c1inical studies. Chest, 100, 
1110-19. 

216. Schonfeld, S.A., Ploysongsang, Y. DiLisior, D. 
et al. (1983) Fat embolism prophylaxis with 
corticosteroids. A prospective study in high 
risk patients. Ann. Intern. Med., 99, 438-43. 

217. Meduri, G.D., Belenchia, J.M., Estes, RJ. et al. 
(1991) Fibroproliferative phase of ARDS. Clin
ical findings and effects of corticosteroids. 
Chest, 100, 943-52. 

218. Braude, S., Haslam, PL. Hughes, D.A. et al. 
(1992) 'Chronic' adult respiratory distress 
syndrome. A role for corticosteroids? Crit. 
Care Med., 20, 1187-9. 

219. Smith, B.T. and Sabry, K (1983) Glucocor
ticoid-thyroid synergism in lung maturation: 
a mechanism involving epithelial-mesenchy
mal interaction. Proe. Nat!. Acad. Sei. USA, 80, 
1951-4. 

220. Kaltreider, H.B. and Salmon, S.E. (1973) 
Immunology of the lower respiratory tract: 
functional properties of bronchoalveolar lym
phocytes obtained from the normal canine 
lung. J. Clin. Invest., 52,2211-7. 

221. Ansfield, M.J., Kaltreider, H.B., Benson, B.J. 
and Caldwell, J.L. (1979) Immunosuppressive 
activity of canine pulmonary surface active 
material. J. Immunol., 122, 1062-6. 

222. Wilsher, M.L., Hughes, D.A. and Haslam, P.L. 
(1988) Immunoregulatory properties of pul
monary surfactant: effect of lung lining fluid 
on proliferation of human blood lympho
cytes. Thorax, 43, 354-9. 

223. Wilsher, M.L., Hughes, D.A. and Haslam, PL. 
(1988) Immunoregulatory properties of pul
monary surfactant: influence of variations in 
the phospholipid profile. Clin. Exp. Immunol., 
73,117-22. 

224. Schwartz, L.W and Christrnan, CA. (1979) 
Alveolar macrophage migration: influence of 
lung lining material and acute lung insult. 
Am. Rev. Respir. Dis., 120, 429-39. 

225. Hoffman, RM., Claypool, WD., Katyal, S.L., 
et al. (1987) Augmentation of rat alveolar mac
rophage migration by surfactant protein. Am. 
J. Respir. Dis., 135, 1358-62. 

226. Wright, J.R and Youmans, D.C (1991) Surfac
tant protein SP-A stimulates migration of 
alveolar macrophages. Am. Rev. Respir. Dis., 
143, A314. 

227. Tenner, A.L Robinson, S.L., Borchelt, J. and 



296 Surfactant system in lung injury 

Wright, J.R (1989) Human pulmonary surfac
tant protein (SP-A), a protein structurally 
homologous to Clq, can enhance FcR- and 
CRl-mediated phagocytosis. J. Biol. Chem., 
264, 13923-8. 

228. van Iwaarden, J.E, van Strijp, J.A., Ebskamp, 
M.J. et al. Surfactant protein A is opsonin in 
phagocytosis of herpes simplex virus type 1 
by rat alveolar macrophages. Am. J. Physiol., 
261, L204-9. 

229. LaForce, EM., Kelly, w.J. and Huber G.L. 
(1973) Inactivation of Staphylococci by alveolar 
macrophages with preliminary observations 
on the importance of alveolar lining material. 
Am. Rev. Respir. Dis., 108, 784-90. 

230. Juers, J.A., Rogers, RM., McCurdy, TB. and 
Cook, w.w. (1976) Enhancement of bacteri
cidal capacity of alveolar macrophages by 
human alveolar lining material. J. Clin. Invest., 
58,271-5. 

231. Weiland, J.E., Davis, W.B. and Holter, J.E 
(1986) Lung neutrophils in the adult respira
tory distress syndrome. Clinical and patho
logieal significance. Am. Rev. Respir. Dis., 133, 
218-25. 

232. Speer, c.P, Götze, B., Robertson, B. and Cur
stedt, T (1991) The effect of natural porcine 
surfactant (Curosurf) on the phagocytosis
associated functions of human neutrophils, in 
The Surfactant System of the Lung. Prevention 
and Treatment of Neonatal and Adult Respiratory 
Distress Syndrome (eds E.Y. Cosmi, G.C.Di 
Renzo and M.M. Anceschi), Macmillan, Lon
don, pp. 142-50. 

233. Zetterberg, G., Curstedt, T, Eklund, A. et al. 
(1992) Increased expression of adhesion pro
teins (MAC-I) and altered metabolie response 
in human leukocytes exposed to surfactant in 
vitra. APMIS, 100, 695-700. 

234. Thomassen, M.}., Meeker, D.P, Antal, I.M. et 
al. (1992) Synthetic surfactant (Exosurf) inhib
its endotoxin-stimulated cytokine secretion 
by human alveolar macrophages. Am. J. Res
pir. Cello Mol. Bioi., 7, 257-60. 

235. Speer, CP., Götze, B., Curstedt, T and Robert
son, B. (1991) Phagocytic functions and tumor 
necrosis factor secretion of human monocytes 
exposed to natural porcine surfactant (Cur
osurf). Pediatr. Res., 30, 69-74. 

236. Tracey, K.}., Beutler, B., Lowry, S.E et al. (1986) 
Shock and tissue injury induced by recombi
nant human cachectin. Science, 234, 470-4. 

237. Beutler, B. and Cerami, A. (1987) Cachectin: 
more than a tumor necrosis factor. N. Engl. 
Med., 316, 379-80. 

238. Strieter, RM., Chensue, S.w., Basha, M.A. et 
al. (1990) Human alveolar macrophage gene 
expression of interleukin-8 by tumour necro
sis factor-a, lipopolysaccharide, and interleu
kin-l ß. Am. J. Respir. Cello Mol. Bioi., 2, 
321-6. 

239. Ziegler, E.J., Fisher, CI., Sprung, CL. et al. 
(1991) Treatment of Gram-negative bacteria 
and septie shock with HAIA human mono
c10nal antibody against endotoxin. A rando
mised double blind, placebo controlled trial. 
N. Engl. J. Med., 324, 429-36. 

240. Beutler, B., Milsark, LW. and Cerami, A.C 
(1985) Passive immunization against cachec
tin/ tumor necrosis factor protects mice from 
lethai effect of endotoxin. Seien ce, 229, 
869-71. 

241. Tracey, K.I., Fong, Y., Hesse, D.G. et al. (1987) 
Anti-cachectin/TNF monoc1onal antibodies 
prevent septic shock during lethai bacterae
mia. Nature, 330, 662-4. 

242. Suffredini, A.E, Reda, D., Agosti, J. and 
Banks, S. (1994) Antiinflammatory effects of 
recombinant tumor necrosis factor receptor 
(TNFR:Fc) in normal humans following intra
venous endotoxin. Am. J. Respir. Crit. Care 
Med., 149, A240. 

243. Wollner, A., Wollner, S. and Raffin, TA. (1994) 
Acting via A2 receptors, adenosine inhibits 
the adhesive capacity of CDllb/CDI8 on 
endotoxin-stimulated neutrophils. Am. J. Res
pir. Crit. Care Med., 149, A231. 

244. Ridings, PC, Windsor, A.CJ., Jutila, M.A. et 
al. (1994) A dual binding monoc1onal anti
body to E-selectin and L-selectin receptors 
prevents sepsis induced lung injury without 
reducing neutrophil integrin expression. Am. 
J. Respir. Crit. Care Med., 149, A429. 

245. Karzai, W., Natanson, C, Patterson, M. et al. 
(1994) Effects of a murine monoc1onal anti
body (MAb) against leukocyte CDllb adhe
sion protein during toxic oxygen exposure in 
rats. Am. J. Respir. Crit. Care Med., 149, A430. 


