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Introduction 

Since the first reported cases of adult respiratory 
distress syndrome (ARDS) by Ashbough et al. in 
1967, efforts have been undertaken to understand 
the sequence of events leading to lung failure. 
ARDS represents a spectrum of respiratory dys
functions that involve a variety of etiologic factors, 
with the alveolar epithelium and capillary endo
thelium constituting prime targets. As no model 
has proven to be adequate to study all aspects of 
pulmonary disease (Holm et al. 1988), numerous 
experiments have been conducted to simulate the 
clinical features and/or the pathophysiologic route 
of ARDS. Figure 1 shows the two groups of injuries 
that may lead to ARDS; Fig. 2 lists the models used 
to study the pathogenesis of lung injury and surfac
tant impairment. 

These models are being widely employed and 
also describe other poorly defined pathogenetic 
routes. For example, the in vivo lavage model in
troduced by Lachmann et al. (1980) can be con
sidered as a model with primary surfactant defi
ciency leading to superimposed lung injury. 

This presentation will focus on models that 
describe the role of the pulmonary surfactant 
system in the development and/or progression of 
lung failure. In addition, supporting in vitro refer
ences are mentioned. Other ARDS models are dis
cussed in more depth elsewhere in this book. The 
main goal of this review is to point out that any im
pairment of the pulmonary surfactant system -
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direct or indirect - has consequences far beyond 
the established function of alveolar stabilization. 
Table 1 summarizes the functions presently attri
buted to the pulmonary surfactant system. 
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Animal Models 

Inhalation Injuries 

Smoke Inhalation 

The inhalation of smoke is an increasingly com
mon finding in thermal accident victims. The 
hallmark of this injury is chemically induced tra
cheobronchitis. The appearance of mucous casts 
and subsequent airway closure induced by bron
chial obstruction is accompanied by impairment of 
lung mechanics and pulmonary gas exchange. In 
combination with a loss of ciliary clearance these 
factors may combine to predispose a patient to 
develop bronchopneumonia (Phillips and Cope 
1962). 

There is still some controversy as to whether the 
pulmonary surfactant system is involved in the pro
gression of inhalation injury. Head (1980) reported 
that the surface activity of bronchial secretions of 
patients with inhalation injury was in the normal 
range during the first week. Observations by Clark 
et al. (1977) suggested an acute inactivation of lung 
surfactant caused by particulate matter in the 
smoke. Nieman et al. (1980) have shown that ther
mal energy is not the only cause for decreased sur
factant activity. Since cotton smoke contains a 
large number of components (Kimura et al. 1988) 
able to induce pulmonary damage at different 
levels, direct chemical impairment is conceivable. 
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Fig. 2. Experimental models applied in surfactant-related 
ARDS research 

This is especially true for the relatively large 
amount of acrolein found in cotton smoke (Kimura 
et al. 1988). Hales et al. (1988) reported that 
acrolein has the potential to evoke pulmonary 
edema, which itself would probably inhibit the 
biophysical activity of the surfactant. 

Table 1. Functions presently ascribed to the pulmonary surfactant system 

Airway stabilization 
Pulmonary mechanics 

Lung defense 

Supposed function 

Prevention of atelectasis 
Prevention of edema 
Keeping narrow tubes open 
Influence on migration and 
phagocytosis of alveolar 
macrophages 
Opsonin 

Suppression of tumor necrosis 
factor release by macrophages 
Influence on adhesion of 
polymorphonuclear leukocytes 
Immunosuppression 
Lowering proliferation of 
T -lymphocytes 
Scavenger (H20 2) 

Transport (particles) 
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Prien et al. (1989) suggested that this biophysi
cal inhibition has to be separated from chemical 
changes, as they found a normal phosphatidyl
choline (PC) composition of lung surfactant 24 h 
after inhalation injury. However, Gasser et al. 
(1989) demonstrated that pulmonary surfactant 
undergoes lipid peroxidation as confirmed by the 
presence of thiobarbituric acid reactive substances 
(TBAR-S), increased fluorescence activity (reflect
ing the presence of conjugated dienes), and a 50070 
and 60% decrease of the peroxidizability index (PI) 
(PI = [% monoenoicxO.025] + [% dienoicx 1] + 
[% trienoic x 2] + [% tetraenoic x 4]) (Arakawa and 
Sagai 1986) of phospholipid-associated fatty acids 
and free fatty acids, respectively. These studies are 
in good agreement with studies by Seeger et al. 
(1985 a). 

Steam Inhalation 

Pathological studies by Liang (1982) on severe 
steam inhalation injury in dogs demonstrated de
creased counts of lamellar bodies in type II cells 
together with numerous vacuoles in the cytoplasm 
and evacuation of lamellar bodies. Desquamation 
of type II cells from the basal membrane and fluid
filled alveoli were also noted. 

The question whether heat alone can influence 
pulmonary surfactant was partly answered by Zhi
yuan et al. (1986), who heated samples of bronchial 
irrigation fluid at 45 0 C for 15 s. This reduced the 
area of the hysteresis loops while hardly affecting 
the minimum surface tension. This is also true for 
investigations on lung homogenates and bronchial 
irrigation fluid in injured animals and controls. 
The mechanism by which humid heat or heat alone 
interferes with the biophysics of surfactant remains 
unclear. 

Toxic Agents 

Ozone and Nitrogen Dioxide 
Ozone is the major component of photochemical 
air pollution and a highly reactive oxidant. It di
rectly attacks unsaturated fatty acids in lipids and 
certain amino acids in proteins. In addition, ozone
derived toxic oxygen species, e.g., the superoxide 
anion and hydrogen peroxide, may enhance the tox
ic potential of this oxidative gas (Morgan and 
Wenzel 1985). The composition of pulmonary sur
factant and its location in the lungs make it a likely 
target for ozone. 
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Rabinowitz and Bassett (1988) investigated the 
effect of 2 ppm ozone on rat lung lipid fatty acids 
for 4 h and noted cleavage of unsaturated fatty acid 
double bonds and a twofold increase of TBAR-S. 
Shelley et al. (1989) reported ozone-induced altera
tions of lamellar body lipid and protein during 
alveolar injury and repair. Haagsman and van 
Golde (1985) described ozone-induced transuda
tion of serum proteins into the airspace and edema 
formation. Since little is known about the effects of 
ozone on the extracellular protein of the surfactant, 
Oosting et al. (1991) investigated the influence of 
ozone on surfactant protein A (SP-A). They found 
a 100% inhibition of the parameters self-associa
tion and lipid aggregation, depending on exposure 
time and ozone concentration. Exposure of canine 
SP-A to 0.75 ppm ozone for 4 h totally blocked self
association and lipid aggregation. This same 
amount of ozone also produced a time-dependent 
decrease of the carbohydrate binding capacity of 
SP-A. Amino acid analysis revealed methionine 
(SP-A has six Met residues) to be the only and ex
tremely susceptible amino acid with regard to ox
idation. 

To study the detrimental effect of oxidative 
gases, Muller et al. (1992) examined the in vivo and 
in vitro exposure of rat surfactant protein A. In the 
in vivo experiments rats were exposed to 10 ppm 
N02 for 72 h. After isolation of the SP-A fraction, 
protein lipid aggregation, the carbohydrate binding 
ability, and secretion-regulation function of PC 
release from isolated type II cells were found to be 
markedly decreased. These effects were more pro
nounced after in vitro exposure of isolated SP-A to 
N02 than in SP-A isolated after the in vivo ex
posure. Interestingly, no degradation or appearance 
of cleavage products was detected. 

This group of experiments is based on fun
damental data provided by Suzuki et al. (1986) and 
Wright et al. (1987), who described the role of 
pulmonary SP-A for adequate surfactant assembly 
and regulation of surfactant pool size. Comple
mentary studies by van Iwaarden et al. (1990) and 
Tenner et al. (1989) postulated an important regula
tory function of phagocytosis by alveolar macro
phages. 

Hyperoxia 

If adult rabbits are allowed to breathe pure oxygen 
for more than 64 h their pulmonary function dete
riorates rapidly. If exposure continues for an addi
tional 10-15 h, about 90% of the animals die of 
arterial hypoxemia (Matalon and Egan 1984). The 



760 W. Strohmaier and G. Schlag 

resulting progressive lung injury is characterized by 
a gradual increase in the permeability of the blood
gas barrier, the development of protein-rich alveo
lar edema, and pulmonary atelectasis. Matalon and 
Egan (1981) have shown that permeability starts to 
increase after 48 h of exposure and peaks at 64 h. 
They also demonstrated that the permeability in
crease precedes edema formation; at this time the 
alveolar epithelium reveals no histological changes. 

In order to blunt this fulminant lethal exposure 
protocol, Holm and Notter (1986) attempted to 
establish a model simulating severe conditions with 
lower mortality. When the rabbits were removed to 
room air after breathing 100070 oxygen for 64 h the 
mortality rate decreased to approximately 40070. 
This model (Holm et al. 1985b) simulates the char
acteristic clinical conditions of ARDS, especially 
with regard to edema as a consequence of increased 
permeability and hypoxia. The surviving animals 
recovered completely within 200 h postexposure. 

Analysis of bronchoalveolar lavage fluid (BAL) 
recovered with 0.15 M saline from hyperoxic rabbits 
clearly demonstrates the pivotal role of the pulmo
nary surfactant in this type of injury. Holm and 
Notter (1986) and Holm et al. (1985) found a sig
nificant decrease of the total phospholipid (PL) 
content (8.7 ± 1.6 vs 4.5 ± 0.6 /Jmoles/kg), the PC 
content (0.3 ± 0.6 vs 3.6 ± 0.2 /Jmoles/kg), and the 
concentration of disaturated PC (DSPC) (5.2±0.3 
vs 2.8±0.1 /Jmoles/kg). For this purpose, rabbits 
breathing room air for 24 h after 64 h of 100070 ox
ygen exposure were compared to controls, revealing 
an unchanged ratio of PC/total PL (84070 vs 83070) 
and DSPC/PC (71070 vs 77070). 

The most striking finding was a sevenfold in
crease of protein contents resulting in an increase 
of the ratio of protein/total PL from 0.85070 to 
12.4070. This probably, accounts for the mini
mum surface tension of 30±2 mN/M (controls: 
1 ±0.2 mN/M). These findings stronlgy support the 
concept of functional surfactant inhibition by 
plasma proteins exudating into the alveolar space, 
which was also shown by Seeger et al. (1985b) and 
Kobayashi et al. (1990). 

By exposing rats to 100070 oxygen at a maximum 
of 2.5 atm Welty et al. (1991) created an accelerated 
model of pulmonary oxygen toxicity. At higher O2 

tension the onset of injury was rapid and the mean 
survival was minimal, although normobaric condi
tions revealed edema including pleural effusion and 
interstitial edema as the most prominent signs. 

In this context it has been postulated that cell 
damage during hyperoxia may be caused by the 
production of reactive oxygen species. In a series of 

experiments Holm et al. (1990) incubated freshly 
isolated pneumocyte type II cells with increasing 
amounts of xanthine and xanthine oxidase. They 
demonstrated a dose-dependent decrease of PC 
synthesis, measured by incorporation of eHjcho
line into PC. They also noted a dramatic loss of the 
activity of phospholipid biosynthesis enzymes such 
as glycerol-3-acyltransesterase and choline trans
ferase. This supports the assumption that lung sur
factant dysfunction due to inhibition by plasma 
components is aggravated by impaired surfactant 
biosynthesis. 

De Los Santos et al. (1987) showed that ex
posure of adult baboons to hyperoxia (100070 ox
ygen) and mechanic ventilation results in an influx 
of neutrophils into the lungs in association with an 
increase of alveolar protein and elastase levels. 
These changes precede alterations of lung volume 
and gas exchange. Clinical evidence of edema 
develops after 5 - 6 days. 

Measuring the granulocyte-specific elastase re
vealed a significant increase by day 4 and a subse
quent five fold increase by day 8. Elastase was 
recently shown (Liau and Ryan 1991) to be able to 
degrade SP-A in a time- and dose-dependent man
ner. This degradation results in a dramatic increase 
of surface absorption time and in a concomitant in
crease of the minimum surface tension from 3 to 
16mN/M. 

Coalson et al. (1989) and King et al. (1989) de
scribed morphological and pathological changes 
seen in baboon lungs after induction of ARDS with 
and without additional Pseudomonas aeruginosa 
challenge and biochemical changes in the 
pulmonary surfactant. Besides confirming the 
morphological and functional pulmonary altera
tions after induction of ARDS by oxygen supply 
they clearly demonstrated that ARDS is exacer
bated and can be aggravated by bacterial infection. 
Another important finding was a 60070 fall of the 
phosphatidylglyceroliphosphatidylinositol (PO/ 
PI) ratio in animals with hyperoxia and infection. 
These changes occur before a fall in DSPC is detec
table. In an earlier paper Hallman et al. (1982) sug
gested that changes in the PO/PI ratio might 
reflect the degree of surfactant impairment. The 
data presented by King et al. (1989) support this 
assumption and advocate a separation of the PO 
and PI metabolism from that of PC for two 
reasons: (1) changes in PO/PI occur before mor
phological changes are detectable in pneumocyte 
type II cells and before changes in the DSPC com
position are seen; (2) the intracellular regulation of 
PC and PI involves competition for a common 



pool of cytidyldiphosphate diacylglycerol (Hall
man et al. 1982). 

Aspiration Injury 

Aspiration of acid gastric contents is a common 
clinical complication that often leads to the devel
opment of ARDS in association with high morbidi
ty and mortality. 

Grimbert et al. (1981) and Jones et al. (1978) 
have demonstrated an acute increase of pulmonary 
capillary permeability. Seeger et al. (1985 b) have 
shown that there is a correlation between protein 
leakage, lung mechanics, and surface activity of 
lavage fluid. They assume that the proteins leaking 
into the alveolar space in states of increased 
permeability strongly interfere with normal surfac
tant function. Fibrinogen and especially fibrin 
monomers were shown to be the most potent inhib
itors of surface activity. Fisher and Wood (1980) 
showed an increase of right-to-Ieft shunting, while 
perfusion in the injured lobes was found to de
crease. 

A significant increase of solute flux after in
stillation of hydrochloric acid into the lung was 
shown by Royston et al. (1986) by measuring the 
Tc-99m diethylenetriamine pentaacetic acid 
(DTPA) clearance and wet/dry ratio of rat lung 
tissue. These alterations were seen 4 - 5 h after acid 
challenge. There was also histological evidence of 
granulocyte influx and sequestration into the lung. 

These data were confirmed by Goldman et al. 
(1990), who showed that localized acid aspiration 
also induces a generalized permeability increase, in
dicated by a rise of the BAL protein concentration 
in aspirated and nonaspirated lung segments. They 
also demonstrated generalized lung leukocyte se
questration. The BAL protein increase compared to 
saline-aspirated controls was two-fold in the non
aspirated and four-fold in the aspirated segments. 
Goldman et al. (1990) also stated that the increase 
of the wet/dry ratio was similar in all lung segments 
and was also detectable in the heart and the kid
neys. 

On the basis of the above data the authors 
postulated a role for tumor necrosis factor a 
(TNFa) in mediating aspiration injury via an up
regulation of neutrophil-endothelial adhesion re
ceptors. This group was only able to measure TNF 
in about 20070 of experimental animals, while we 
completely failed to detect TNFa (Strohmaier, un
published data). Therefore, this assumption de
serves further elucidation. 

Experimental Models in Surfactant Research 761 

After acid instillation the surface properties of 
lung lavage fluid and lung extracts exhibit an in
creased minimal surface tension and decreased 
hysteresis (Baum and Beckman 1976; Brown 1967). 
Baum and Beckman (1976) demonstrated a lung 
weight gain and an elevated concentration of 
lysophosphatidylcholine (lyso PC) in the lung tis
sue of patients suffering from aspiration pneumo
nia. Lyso PC, most probably a result of the action 
of the released phospholipases A2 and C, was later 
confirmed as a very potent inhibitor of surfactant 
function by Holm et al. (1991). 

Clinical evidence for the role of phospholipases 
(PL) was provided by Passi and Possmayer (1981), 
who found increased PLA2 levels and lowered PC 
levels in the BAL fluid of pancreatitis patients with 
respiratory failure. In addition, Stinson and Hay
den (1979) demonstrated that a variety of bacteria, 
including pseudomonas, release PL C. 

Winsel et al. (1981) suggested that denaturation 
of proteins was responsible for disturbed surfactant 
function. 

The acute effect of acid aspiration on lung 
mechanics and gas exchange in the rabbit was 
extensively studied by Rubin et al. (1971). They 
demonstrated marked reduction of pulmonary 
compliance, which is probably due to airway 
closure and alveolar collapse accompanied by hy
poxia secondary to a ventilation/perfusion mis
match and metabolic acidosis. A closer investiga
tion with regard to the surfactant system was per
formed by Kobayashi et al. (1990). They admini
stered 2.5 mllkg 0.1 N hydrochloric acid in rabbits 
and noted a severe fall of Pa02' arterial pH, and 
lung compliance after 30 min. At this time point 
the animals were lavaged and the recovered edema 
fluid was investigated using the oscillating bubble 
technique according to Enhorning (1977). In order 
to evaluate the surfactant inhibitory action, surfac
tant CK (a natural porcine surfactant) was added to 
the edema fluid to produce a 10 mg/ml suspension. 
The minimum and maximum values of surface ten
sion (y-min, y-max) and the stability index (SI) are 
given in Table 2. 

Since a minimum surface tension of 10 mN/M 
is required to ensure adequate pulmonary function 
(Guyton et al. 1984), a perpetuating role of at least 
functionally inhibited surfactant is conceivable. 

The models cited above share the use of pure 
HCI, artificial ventilation, and an experimental 
duration of 90 min to 5 h. In order to improve 
simulation of the clinical situation, we recently 
developed a long-term aspiration trauma model 
based on the use of a mixture of betain HCI and 
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Table 2. Surface tension values and stability index 

y-min 
y-max 

Stability index 

Surfactant CK 
in saline 

1.2 
31.5 

1.853 

Surfactant CK 
in edema fluid 

21.3 
49.5 

0.797 

Native 
edema fluid 

22.8 
50.3 

0.752 

Surface tension values given as mN/M; stability index (SI) = 2 (Ymax-Ymin)/(Ymax + Ymin)' y-min and y-max data taken 
from Kobayashi (1990). 

pepsin (Strohmaier et al. 1990). The administration 
of 2 mllkg of a solution containing 10 mg betain 
HCI and 2.5 mg pepsin per ml (pH 1.78) produces 
moderate lung injury characterized by a 50070 
overall decrease of pulmonary mechanics, as shown 
in Figs. 3 and 4. Use of this mixture offers two ad
vantages: first, the betain HCI salt acts like a buffer 
and prolongs the acid-mediated lung damage. Nor
mally, neutralization is assumed to occur within 
about 15 min (Awe et al. 1966). Second, the pepsin 

6 ml/cm H20 kg 

5 

6 24 4 8 

45 ml /kg 

30 

15 

6 24 48 

makes the instilled fluid more similar to the gastric 
juice by exerting a proteolytic effect on the lung 
tissue. We failed to mimic particle influence on the 
degree of the lung injury due to the high suscep
tibility of the rabbit lung to airway obstruction. 

The maximum decrease of lung mechanics oc
curs at 24 h. After an additional 24 h an insignifi
cant increase of lung mechanics is noted (Figs. 3, 4) 
and histological examination reveals incipient tis
sue repair. Both groups (Kobayashi et al. 1990; 

Sham 
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Fig. 3. Static compliance 
Cstat (mllcm H20 kg) 
values at 6, 24, and 48 h 
after aspiration injury 
(mean±SD) 

Fig. 4. Volume difference 
between 0 and 20 mmHg 
(V20) (mllkg) at 6, 24 
and 48 h after aspiration 
injury (mean±SD) 



Strohmaier et al. 1990) used their experimental set
ups as starting points for surfactant replacement 
studies with regard to the role of surfactant in 
aspiration trauma. 

Kobayashi et al. (1990) started treatment with 
surfactant CK 30 min after acid instillation. 
Therapeutic efficacy was only obtained when the 
lungs were lavaged with saline before surfactant 
treatment. These findings are at least in part ex
plained by surface tension data (Table 2) indicating 
that surfactant CK cannot overcome the inhibitory 
capacity of edema fluid. The improvement due to 
surfactant administration following lavage may be 
short-lived, as the arterial P02 peaks at 30 min 
after treatment and declines to postaspiration val
ues during the following 60 min. 

It is conceivable that aspiration-induced trauma 
is only interrupted by surfactant treatment and is 
then maintained, perhaps by mediators (e.g., cyto
kines) that are still present. As a result, "new" 
edema fluid with high inhibitory activity enters the 
airspace. Another possibility is the involvement of 
polymorphonuclear granulocytes that invade the 

Fig. 5. Static compliance 
(Cstat ) (mllcm H20 kg) 
with and without surfac-
tant treatment 

Fig. 6. Volume difference 
between 0 and 20 mmHg 
(V20) (mllkg) with and 
without surfactant treat
ment 
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alveolar space. Sustained release of free oxygen rad
icals and proteases, both toxic for the pulmonary 
surfactant, could produce a consistent challenge. 

This assumption is supported by the data shown 
in Figs. 3 and 4, with maximal damage at 24 h. In 
this long-term model (Strohmaier et al. 1990) treat
ment with a semisynthetic exogenous surfactant 
(240 mg lyophilisate: 120 mg PHL; dipalmitoyl
phosphatidy1choline (DPPC); egg PG 4: 1; 
suspended in 7.5 ml Ringer's solution containing 
4.6 mg rabbit pool PL and 0.5 mg protein per ml) 
was found to restore lung mechanical properties 
with regard to static compliance and V20 without 
additional oxygen or positive end-expiratory pres
sure (Figs. 5, 6). 

Both set-ups emphasize the role of the pulmo
nary surfactant in both the short-term and in the 
long-term model. Replacement of the inhibitory 
capacity of the protein-rich (fibrinogen, fibrin 
monomers, etc.) edema fluid with surfactant is 
thought to interrupt the progression of lung injury. 
In the long-term model one can assume that the dy
namic phase of damage associated with elevated 

.. 

Sham Therapy 

Sham Therapy 
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permeability has ended and that the success of sur
factant treatment is not only transient. The latter 
time course was confirmed in a review by Wynne 
(1982), who described aggravation of the injury in 
two to three steps for up to 24 h followed by signs 
of organization and proliferation indicative of 
tissue repair. 

In Vivo Lung Lavage 

In a series of experiments in guinea pigs, rabbits, 
and dogs Lachmann et al. (1980, 1982a, b) in
vestigated the effects of repetitive lung lavage on 
oxygenation, lung mechanics, and lung mor
phology. To produce severe respiratory failure, 
which was defined by a fall in Pa02 below 
60 mmHg despite artificial ventilation with pure 
oxygen, the animals had to be lavaged with saline 
eight to ten times. The volume of the administered 
saline was adjusted to the vital capacity. The de
crease in dynamic lung compliance correlated with 
the number of lavages (Lachmann et al. 1977) and 
reflected the grade of surfactant washout (un
published observation by the author). 

The first lavage yielded about 50070 of the total 
amount of lavageable surfactant and led to a 80% 
decrease of dynamic compliance (Lachmann et al. 
1982a). Eight to ten lavages are more than suffi
cient to render the lung virtually "surfactant-free:' 
The resulting impairment of lung function includes 
alterations of the respiratory rate, compliance, 
resistance and tidal volume, persisting for at least 
8 h. 

The functional changes associated with lung 
damage are accompanied by histological altera
tions characteristic of ARDS, i.e., atelectasis, des
quamation of type I and II cells induding necrosis, 
and hyaline membranes. Except for the hyaline 
membranes, these signs are already demonstrable 
5 min after the last lavage (Lachmann et al. 1978). 

This model has several advantages in addition to 
its relevance for surfactant research: 

1. Easy performance 
2. Well-defined injury pattern 
3. Excellent reproducibility 
4. Usefulness for a variety of experimental pur

poses, including investigations of surfactant re
placement; studies of the influence of various 
ventilation patterns; and examination of phar
maceutical agents stimulating surfactant pro
duction and/or release. 

From a clinical viewpoint, the only drawback of 
this model is that it does not mimic any patho
genetic route leading to ARDS. Nonetheless, it 
shows an excellent and quick response to the in
stillation of exogenous surfactants, which cannot 
be observed in other, especially long-term, models. 
In the small collective of ARDS patients treated 
with surfactant, improvement was modest or only 
transient (Spragg et al. 1988). However, this model 
clearly demonstrates that making a lung surfactant 
deficient, thus increasing the surface tension in the 
alveoli, induces rapid development of ARDS. 

N-Nitroso-N-Methylurethane 

Lung injury induced by N-nitroso-N-methylure
thane (NNNMU) has been documented to impair 
the subsequent proliferation of cuboidal pneumo
cytes in dogs and rabbits (Barrett et al. 1979; 
Hallman and Epstein 1982; Liau et al. 1987; Ryan 
et al. 1976, 1981). These alterations are accom
panied by compositional and functional alterations 
of the pulmonary surfactant system. The essential
ly epithelial damage together with reduced surface 
activity of pulmonary surfactant leads to atelec
tasis, edema, hypoxia, and reduced lung com
pliance with morphological changes very similar to 
human ARDS. Glauser et al. (1981), Richardson et 
al. (1986), and Smith et al. (1984) showed that the 
hemodynamic profile of the NNNMU model is 
very similar to that of humans during ARDS. 

Studies by Liau et al. (1987), Harris et al. (1989), 
Lewis et al. (1990) and Pappert et al. (1991) provide 
more insight into alterations of the pulmonary sur
factant and impaired lung function. 

By injecting 7 mg NNNMU/kg body weight s.c. 
in adult mongrel dogs Liau et al. (1987) produced 
profound biochemical and biophysical changes in 
the surfactant material. In the early phase of injury 
(days 2-4) and in the peak injury phase (days 6- 8) 
the mllllmum surface tension rose from 
3.4±0.8 mN/M (day 0) to 10.9±2.0 and 
19.6±2.5 mN/M, respectively. Parallel to this, the 
SI dropped from 1.74±0.01 to 1.01 ±0.02 and 
1.09 ± 0.04; the adsorption rate decreased by about 
30%. 

During recovery (days 10- 20) these data nor
malized. The time pattern was identical for com
positional changes. The major surfactant protein, 
SP-A, decreased steadily until day 8 (peak injury) 
and then gradually increased until day 20. Analysis 
of the phospholipids shows that the main changes 
are a 60% fall in PG and a 50% increase in PL 



levels. In contrast to SP-A, these values did not 
return to normal levels. The other phospholipids 
revealed minor changes. In absolute terms, there 
was a 500/0 fall of the total lung PC content and the 
DSPC fraction. These changes accompanied the 
decrease in surface activity. 

According to Hallman and Gluck (1976) these 
PG/PI changes reflect a metabolic disorder of 
type II cells. Restoration of metabolic integrity may 
extend beyond the observation period. The ob
served restoration of surface activity supports the 
idea that PG is not a major requirement for bio
physical activity. A hypothesis presented earlier by 
Beppu et al. (1983) was formulated by substituting 
PI for PG, which did not alter lung and surfactant 
function. The role of PG for surfactant integrity 
and the relative metabolic perspectives were 
discussed above (see Hyperoxia). 

To investigate the efficacy of an exogenous sur
factant preparation Harris et al. (1989) applied 
6 mg/kg body weight NNNMU s.c. in rats. This 
dose produced a predictable mortality of about 
20% by day 4 postinjection. Their findings mostly 
parallel the data from Liau et al. (1987) with regard 
to surfactant activity and composition. They also 
noted markedly increased cellularity in the BAL. 
There was relative depletion of alveoloar macro
phages due to massive influx of neutrophils and 
eosinophils, expressed by a three-fold increase of 
the total cell count in the lavage fluid. 

A more detailed approach to describe the 
mechanism by which NNNMU causes lung injury 
was tested by Lewis et al. (1990). They injected 
12 mg/kg body weight s.c. in rabbits and thus 
created a higher severity of injury. Like Liau et al. 
(1987) they noted the appearance of small ag
gregates (SA) in the purified surfactant concomi
tant with a decrease of the large aggregate (LA) 
subfraction. This sub fractionation - based on 
density differences - was originally performed by 
Magoon et al. (1983), who ascribed the differences 
to PL composition and to the ratio of PL vs surfac
tant-specific proteins. 

Subsequently, Stevens et al. (1987) and, by 
means of labeling experiments, Baritussio et al. 
(1984, 1985) and Wright and Clements (1987) 
showed a precursor/product relationship between 
the heavier and lighter sub fractions. Baritussio et 
al. (1985) confirmed Magoon's hypothesis that the 
small aggregates may represent a surfactant form 
modified for reuptake and/or catabolism. 

Lewis et al. (1990) noted a five-fold increase of 
the SA/LA ratio, isolated these two sub fractions, 
and tested their activity in vivo. Intratracheal in-
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stillation in premature rabbit lungs clearly demon
strated that the LA from NNNMU-treated rabbits 
did not improve lung stability on deflation or com
pliance, a characteristic sign of poor surfactant per
formance in this test set-up. 

Metabolic studies performed with radiolabeled 
PC (eHlpalmitic acid applied 9 h before the 
study) did not answer the question whether abnor
mal surfactant material is released or LA are se
creted and rapidly converted to SA in the airspace. 

A very recent paper by Pappert et al. (1991) de
scribed the effects of NNNMU on gas exchange, 
lung compliance and the surfactant function of 
rabbits. Despite use of 15 mg/kg body weight s.c., 
the authors reported only moderate changes with 
regard to gas exchange for both ventilated and 
spontaneously breathing animals. 

A rise of minimum surface tension from 
0.8±0.8 mN/M to 12.0±5.8 mN/M may be reflect
ed by a 25% decrease of lung compliance. In con
trast, Lewis et al. (1990) produced a mortality of 
10% within 2 days and of 90% 4 days postinjec
tion. This difference of morbidity and mortality 
could be due to the fact that all rabbits receiving 
the high NNNMU dose (15 mg/kg body weight) 
were mechanically ventilated under anesthesia after 
day 4. 

In summary, the data presented by various 
groups are very homogeneous with regard to repro
ducibility. The injury patterns are quite similar and 
allow adequate comparison and interpretation. 
Aside from the carcinogenic potential of NNNMU, 
the only drawback of this agent seems to be that 
the mechanism of induction of lung injury is as yet 
not fully understood. However, this restriction 
would apply to other experimental models as well. 

Paraquat Intoxication 

The herbicide paraquat (1,1' -dimethyl-4,4'bipyridi
lium-dichloride) induces irreversible progressive 
pulmonary fibrosis by accidental or experimental 
poisoning. The injury includes pulmonary lesions, 
alveolar collapse and edema, hyaline membranes, 
hemorrhage, and proliferation of the cuboidal 
epithelium (Clark et al. 1966; Kimbrough and 
Gaines 1990; Manktelow 1967; Vijeyaratnam and 
Corrin 1971). Canine lungs were studied 7 days 
after receiving 12 mg paraquat per kg body weight 
(Lp.) and showed alveolar collapse and detachment 
of type I and II cells from the basement membrane 
together with massive infiltration of granulocytes 
and erythrocytes into the alveoli and interstitium 
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(Hampson and Pond 1988). At an earlier stage of 
the disease, even before the epithelial injury 
becomes apparent morphologically, reduced sur
factant activity can be demonstrated. 

Within 24 h of a supply of a sublethal dose of 
paraquat the PC content is significantly decreased 
in lung homogenate and BAL (Robertson 1973). 
This change is probably caused by impaired biosyn
thesis in a necrotic alveolar epithelium. As the toxic 
effect of paraquat is mediated by molecular ox
ygen, the resulting disturbances are similar to those 
seen with oxygen poisoning (Adamson et al. 1970; 
Kapanci et al. 1969; Pariente et al. 1969). 

Neurogenic Adult Respiratory 
Distress Syndrome 

In some animal species bilateral cervical vagotomy 
results in pulmonary edema, respiratory distress, 
and death. Histology reveals interstitial and alveo
lar edema, hemorrhage, and atelectasis. Interest
ingly, heart rate, cardiac output, and pulmonary 
arterial pressure are not affected. 

Although the precise mechanism causing respi
ratory failure post-vagotomy is currently unknown, 
several speculations were put forward, including a 
decreased amount of surfactant (Goldenberg et al. 
1967), removal of surfactant from the airspace 
(Bolande and Klaus 1964; Kunc et al. 1978) or in
hibition by edema fluid. An elevated minimum sur
face tension was observed by Tooley et al. (1961). 

To further characterize the model of bilateral 
cervical vagotomy Berry et al. (1986) quantified the 
effects of vagotomy on protein permeability and 
documented an 18-fold increase of the radio labeled 
al!:mmin leak from the vascular space into BAL. 

The surfactant pool sizes, measured by the total 
amount of saturated PC in BAL, were identical in 
the vagotomy and the sham-operated animals and 
were similar to unoperated rabbits (Jacobs et al. 
1982). The respiratory distress that developed in 
vagotomized rabbits was characterized by a reduc
tion of lung compliance and a marked increase of 
the alveolar arterial oxygen gradient. A very impor
tant finding was the increased minimum surface 
tension of BAL from 9.4±2.2 mN/M (controls) to 
19.6±2.5 mN/M. When the surfactant was isolated 
from BAL the minimum surface tensions were 
comparable. 

Additional in vitro experiments showed that the 
proteins obtained from the surfactant isolation pro
cedure interfered with surfactant function in a 

dose-dependent fashion. Protease treatment of the 
protein fraction completely abolished surfactant in
hibition. These findings stress the concept of func
tional impairment of basically intact surfactant by 
plasma proteins leaking into the alveolar space. 

Whether this model is an adequate reflection of 
a clinical situation is not clear yet. Crittenden and 
Beckman (1982) found an increased minimal sur
face tension after experimental head trauma in cats, 
while a shock regimen was found to induce paren
chymal lesions only in the normally innervated 
lung in dogs with complete denervation of the left 
lung (Moss and Stein 1976). 

Anti-Lung Serum 

In 1973 Lachmann et al. (1973 a, b) described the 
induction of ARDS in guinea pigs by administra
tion of anti-lung serum containing antibodies 
against the surfactant associated proteins and the 
basement membrane of alveolar capillaries (Berg
mann and Lachmann 1975). In artificially ven
tilated guinea pigs the lung thorax compliance 
decreases by 750/0 of baseline and remains as low as 
20% for the next 25 min. 

Pressure-volume diagrams show a massive in
crease of the opening pressure (10 vs 2 cm H20 to 
reach 2 ml) and a 85% decrease in total lung capac
ity at 40 cm H20 (2 vs 12 ml lung volume). Some 
40 min postinjection all typical signs of ARDS (hy
poxemia, acidosis, interstitial and alveolar edema, 
hemorrhage, alveolar epithelial desquamation) are 
apparent. These findings are associated with a fall 
in total lung PLs from 152±44 mg/g dry weight to 
99±31 mg/g. In this model, ARDS mainly seemed 
to be induced by the antigen-antibody reaction be
tween: (a) the alveolar basement membrane and the 
related antibody and (b) the antigen binding to the 
surfactant-associated proteins, thus inhibiting pro
tein-lipid aggregation and adsorption (Lachmann 
et al. 1973b; Bergmann and Lachmann 1975). 

Monoclonal Antibody to Surfactant Protein-B 

The experiment described here is based on the work 
of Curstedt et al. (1988, 1990) and Whitsett (1986), 
who showed the presence of two hydrophobic pro
teins as components of the pulmonary surfactant 
as essential factors in accelerating the adsorption 
kinetics of the surfactant lipids to an air-liquid in
terface. 



Intraperitoneal inoculation of mice with a hy
bridoma obtained by fusing spleen cells from mice 
(immunized against porcine SP-B) with a myeloma 
cell line (Suzuki et al. 1988) produces severe 
respiratory failure within 9 days. The markedly 
reduced lung-thorax compliance (0.09 mllkPa vs 
0.57 mllkPa in controls) is inversely related to the 
specific antibody content of BAL, which suggests 
that lung injury is at least partly caused by specific 
inactivation of SP-B in the airspace. 

This experiment shows that inhibition of a 
single surfactant component can impair surfactant 
activity sufficiently to produce an ARDS-like con
dition. 

Concluding Remarks 
and Future Perspectives 

The discussion of experimental models must lead 
to the central question: what can we learn from 
these models with regard to the patient? In other 
words, which of the phenomena we actually ob
serve in ARDS patients can be explained by our 
models? 

From the data presented here and the results of 
numerous in vitro experiments not quoted here we 
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Fig. 7. Postulated sequence of events leading to decreased 
surface activity 
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can try to develop a simplified scenario, in which 
the pulmonary surfactant system is seen as a com
plex entity. This system was shown to be highly 
vulnerable to a variety of injuries on the cellular 
(direct or indirect) and noncellular level (i.e., the 
alveolar lining fluid). 

Figure 7 summarizes the main mechanisms 
leading to reduced surface activity. Since this im
pairment itself increases permeability and influx of 
plasma components into the alveolar space, it is 
evident that we deal with a self-perpetuating pro
cess. 

An increasing number of reports on the benefi
cial effects of exogenous surfactant in both experi
mental models and a small number of patients in
dicate that this vicious cycle can be halted by 
tracheal aministration of surfactant. By "reload
ing" the main functions of pulmonary surfactant 
with new, fresh material the functional and chemi~ 
cal impairment may be overcome and adequate 
lung function may even be restored. This in turn 
may further improve the hemodynamic situation 
and the patient's prognosis. 
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