Effects of Surfactant on Lung Injury
Induced by Hyperoxia and Mechanical
Ventilation in Rabbits

Junichi IKEGAKI, Katsuya MIKAWA and Hidefumi OBARA

We evaluated the effects of exogenous surfactant on lung in-
jury caused by 100% oxygen and mechanical ventilation in rabbits.
Surfactant-treated rabbits (n=9) were ventilated with 100% oxygen for
36 hours and bovine surfactant was given via the trachea 12 hours after
the start of mechanical ventilation. Saline-treated (n=9) rabbits were
treated identically, except that they received saline without surfactant.
There were no significant changes in hemodynamics, lung mechanics,
or arterial oxygen tension during artificial ventilation.

Albumin concentration in the bronchoalveolar lavage fluid (BALF)
of saline-treated rabbits was slightly higher than those in surfactant-
treated rabbits and significantly higher than in non-treated rabbits.
C3a concentration in BALF was significantly higher in saline-treated
rabbits than in surfactant-treated and non-treated rabbits. In addition,
the wet-to-dry lung weight ratio was significantly lower in surfactant-
treated rabbits than in saline-treated rabbits (5.06 * 0.10 vs. 5.67 *
0.14, P < 0.05).

Light microscopy revealed hyaline membrane formation in saline-,
treated rabbits, but fewer changes were observed in surfactant-treated
rabbits. Electron microscopy revealed extensive endothelial cell de-
struction in saline-treated rabbits, while such changes except endothe-
lial cell swelling were not observed in surfactant-treated rabbits.

We conclude that exogenous surfactant attenuated lung injury
caused by oxygen exposure and ventilation. (Key words: hyperoxia,
ventilation, pulmonary surfactant, bronchoalveolar lavage fluid, en-
dothelial ultrastructure)

(Ikegaki J, Mikawa K, Obara H: Effects of surfactant on lung injury
induced by hyperoxia and mechanical ventilation in rabbits. J Anesth
7: 66-74, 1993)

Mechanical ventilation with high
concentrations of oxygen is often used
to care for critically ill patients. How-
ever, it is well known that prolonged
use of high concentrations of oxygen
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can injure the respiratory system!~6.

Recent studies have demonstrated
that administration of exogenous sur-
factant to animals exposed to hy-
peroxia mitigates the arterial hypox-
emia and abnormal lung mechanics,
and improves survival in spontaneously
breathing rabbits under hyperoxia™®.
However, few data are available on sur-
factant prophylaxis against lung injury
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induced by hyperoxia with artificial
ventilation.

In animals spontaneously breathing
under hyperoxia, the earliest morpho-
logical changes in the lung are ob-
served in the capillary endothelial cell
ultrastructure?%, and are followed by
an accumulation of inflammatory blood
cell elements in the lung, and release of
mediators'®~12,

In this study, we evaluated the ef-
fects of surfactant on the analysis of
BALF as well as lung ultrastructure, in
rabbits exposed to 100% oxygen during
mechanical ventilation.

Materials and Methods

Twenty-five male rabbits weighing
2.0-2.4 kg were randomly divided into
3 groups as follows: 1) 9 were venti-
lated with inspired oxygen (O;) for 36h
and were given surfactant; 2) 9 were
ventilated with 100% O, for 36h and
were given saline instead of surfactant;
and 3) 7 were not treated and were
given food and water ad libitum.

The ventilated rabbits were anes-
thetized with 20 mg of ketamine hy-
drochloride. A tracheostomy was per-
formed aseptically and a 3.5 mm un-
cuffed endotracheal tube was inserted
and tied in place. Anesthesia and
paralysis were maintained with inter-
mittent intravenous ketamine and pan-
curonium bromide. The rabbits were
then connected to an infant ventila-
tor Sechrist (IV100B, Anaheim, Cali-
fornia). The inspired Oy concentration
was set to 100% and the tidal vol-
ume was set 10 mlkg!. Respiratory
rate was adjusted to produce an initial
Paco, of 3540 mmHg. Via femoral
cutdown a catheter was placed in the
distal aorta to monitor arterial pres-
sure and to take samples for blood gas
analysis. Central venous pressure was
monitored via a catheter in an external
jugular vein. The animals were placed
on a heating pad under a radient heat
lamp, and body temperature was kept
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between 36° and 38°C. Ringer’s lac-
tate solution was continuously infused
at 4 mlkg ! per hour. Prophylactic
antibiotics (10,000 U-kg~! of penicillin
G given intravenously every 12 hours;
gentamicin, 8 mg-kg~!/day, given top-
ically every 12 hours) were adminis-
tered to prevent bacterial colonization
and superimposed infection.

Lung mechanics were measured at
1, 12, 24 and 36 hours after the
start of ventilation. Each measure-
ment was performed after an arterial
blood specimen was obtained for anal-
ysis of Pag,, Paco, and pH (ABL2,
Copenhagen, Denmark). Lung mechan-
ics were measured by the passive ex-
piratory flow-volume technique as de-
scribed by LeSouef'®, The airflow was
measured with a Fleisch 00 pneumota-
chograph and a differential pressure
transducer (model MP-45, Validyne
Engineering Corp., Northridge, Calif.).
Airway pressure was measured at the
proximal end of the pneumotachometer
with a semiconductor pressure trans
ducer (model P-300 501G Copal Elec-
tronics Corp., Tokyo, Japan). Volume
was determined for each breath by
digital integration of airflow using a
respiration monitor (Aivision, Tokyo,
Japan) and a personal computer (PC
9801 VM11, NEC, Tokyo, Japan).
The lungs were inflated and the air-
flow was interrupted at 20 cm H,O0.
The occlusion was rapidly released af-
ter a plateau in airway pressure was
achieved. Compliance and resistance
were then analyzed by the personal
computer.

Twelve hours after the start of
mechanical ventilation, Surfactant-TA
(Tokyo Tanabe, Tokyo, Japan) was
instilled in 8 rabbits. This surfac-
tant is an organic solvent extract of
minced cow lung that had been supple-
mented with dipalmitoylphosphatidyl-
choline (DPPC), palmitic acid and tri-
palmitin. One hundred milligrams of
the powdered surfactant was dispersed
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Table 1. Blood gas analysis and lung mechanics

1h 12h 24h 36h
Surfactant
pH 7.39 = 0.01 7.37 £ 0.02 7.40 £ 0.01 7.37 £ 0.02
Pap, (mmHg) 520 = 10 520 £ 5 496 = 6 499 £ 15
compliance (ml-cmHgO_l) 3.12 £ 0.17 2.84 + 0.41 2.95 + 0.39 3.00 £ 0.42
resistance (cmH20-17 -sec™ 1) 122 + 8 98 + 15 124 + 13 95 + 13
PIP (cmH20) 11.6 = 0.8 13.8 + 0.9 12.8 = 0.4 13.1 = 04
Saline
pH 7.39 £ 0.01 7.38 £ 0.02 7.37 £ 0.02 7.38 = 0.01
Pap, (mmHg) 529 = 9 515 + 5 496 = 18 516 + 20
compliance (ml-cmH,0™1) 2.72 + 0.24 2.69 + 0.31 243 + 0.33 2.78 + 0.34
resistance (cmHpO-1"L-sec™1) 106 £ 9 117 + 20 109 + 11 110 + 18
PIP (cmH30) 12.8 = 0.7 14.1 + 0.6 14.3 = 0.7 13.4 £ 0.7

PIP: peak inspiratory pressure

no significant difference between and within the groups

in 2.5 ml of normal saline. Surfactant-
treated rabbits received 100 mg-kg~! of
Surfactant-TA in 2.5 ml-kg™' of saline.
This was instilled into the lung via
a catheter. During this time, to en-
sure that the instillate was evenly
distributed throughout the lung, the
animals were rotated properly and it
was instilled in 5 aliquots. The animals
were manually ventilated after each
instillation. This procedure was done
over 15 minutes to avoid hypoxemia.

Saline-treated rabbits were treated
exactly as the surfactant-treated rab-
bits, except that saline without surfac-
tant was instilled into the trachea.

At the end of the experiment, the
rabbits were killed by an intravenous
injection of thiamylal (100 mgkg™!).
The heart and lungs were removed
en bloc. Through the right mainstem
bronchus 40 ml of saline with EDTA at
4°C was slowly infused and then with-
drawn. This procedure was repeated 5
times. The BALF was analyzed for cell
count and cell differentiation. A cy-
tocentrifuged preparation (Cytospin 2,
Shandon Southern Products Ltd., Eng-
land) of the BALF was stained with
Wright-Giemsa for cell differentiation.
The cells in the fluid were counted by a

Coulter Counter and the Burker-Turk
method. The fluid was centrifuged at
250g at 4°C for 10 min to remove the
cells. The cell-free supernatant was di-
vided into tubes and stored at —-70°C
until assayed. The following variables
were then measured.

1) Activated components of com-
plement C3a and C5a were quantified
by a radioimmunocassay (Amersham,
Bucks, UK).

2) Albumin concentration was de-
termined by nephelometry with IgG
fraction coat anti-rabbit albumin (Cap-
pel, Pennsylvania).

3) Phospholipid concentration was
determined with phospholipase D and
choline oxidase'4.

The left upper lobe was weighed
and then dried to a constant weight
at 60°C in an oven. The ratio of wet
weight to dry weight was then ob-
tained.

To prepare tissues, a catheter was
inserted into the left lower lobe
and fixed by instillation of 4% glu-
taraldehyde and 4% paraformaldehyde
buffered to pH 7.4 with phosphate
buffer, at 40 ¢cm H,O. The specimens
fixed for light microscopic study were
postfixed in a 10% formaldehyde so-
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Table 2. Analysis of bronchoalveolar lavage fluid

Surfactant Saline no treatment
n 9 9 7

tom‘l(l};l’:i:)}i;’d cells 308 + 85" 345 + 361 211 + 74
%PMN 18.7 + 4.5* 22.2 = 6.0 <1
Albumin (mg-d1™!) 4.62 + 1.30 9.40 + 3.21° 1.14 % 0.40
phospholipid (mg-dl™1) 12.0 + 2,541 400 £ 0.9 4.14 + 0.51
C3a (ng-d1™1) 38.0 + 7.6 64.5 + 50011 378 +83
C5a (ng-dl™1) 7.0 £ 1.0 73 + 2.8 74+ 15
Wet-to-dry weight ratio 5.06 + 0.10 567 + 0.14011 490 + 017

All the values indicating concentrations are corrected for 200 ml of BALF.
*Significant difference: surfactant vs no treatment (P < 0.05)

TSignificant difference: saline vs no treatment (P < 0.05)

HSignificant difference: surfactant vs saine (P < 0.05)
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Fig. 1. Wet to dry ratio obtained from left

upper lobe. Values are given mean + SEM.
P < 0.05.

lution, embedded in paraffin wax, and
stained with hematoxylin and eosin.
Forty blocks from randomly chosen
specimens of surfactant-treated rabbits
or saline-treated rabbits were used for
electron microscopic study and they
were postfixed in 1% osmium tetrox-
ide, dehydrated in ethanol, and embed-
ded in epon. All the specimen were
blinded to the examiner.

Data are expressed as means *
SEMs. Statistical analysis was per-
formed using analysis of variance, fol-
lowed by Scheffé’s test.

Results

No rabbit died as a result of hyper-
oxia, Table 1 shows the hemodynamics,
lung mechanics and the results of arte-
rial blood gas analysis.

None of the rabbits had significant
changes in arterial oxygen tension or
hemodynamics throughout the exper-
iment. Compliance and resistance did
not change significantly in either of the
two ventilated groups.

There was a significant difference in
the total number of BAL cells be-
tween saline-treated rabbits and non-
treated rabbits (table 2). The BALF
of the non-treated rabbits contained
mainly macrophages. PMNs accounted
for less than 1% of the white blood
cells in fluid from non-treated rabbits,
but they accounted for 16.0 £ 6.6% of
the cells in fluid in surfactant-treated
rabbits, and 21.5 * 6.5% in fluid from
saline-treated rabbits.

Biochemical data obtained from the
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Fig. 2. Light microscopy original

magnification x100)
Saline-treated rabbits.

formation is seen at the

Macrophages and neutrophils are seen in the

Hyaline membrane
alveolar level.

alveolar space.
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Fig. 3. Light microscopy (H&E, original
magnification x100)
Surfactant-treated rabbits. Hyaline mem-

brane formation is not clear.

Fig. 4. Electron microscopy (original mag-
nification x3500) of saline-treated rabbits. Cap-
illary endothelial cells were extensively destruc-
ted.

AS: alveolar space, EN: Endothelial cell, CA:
capillary lumen

supernatant of BALF after 36h of ex-
posure to 100% O, are shown in table
2. The phospholipid level in surfactant-
treated rabbits was significantly higher
than in other groups. The albumin
concentration in saline-treated rab-
bits was significantly higher than in
non-treated rabbits and was slightly
higher (P=0.2) than in surfactant-
treated rabbits. The concentration of

Fig. 5. Electron microscopy (original mag-
nification x3500) of surfactant-treated rabbits.
Relatively normal appearance of capillary en-
dothelium.

AS: alveolar space, CA: capillary lumen

C3a in BALF was higher in the saline-
treated rabbits than the surfactant-
treated and non-treated rabbits. There
was no significant difference in the con-
centration of C5a among groups.

In contrast, the wet-to-dry lung
weight ratio in surfactant-treated rab-
bits was almost the same as that in
non-treated rabbits (5.06 * 0.10, 4.90
* 0.17), but significantly lower than
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that in the saline-treated rabbits (5.67
* 0.14, P < 0.05) (fig. 1).

Light microscopic findings in saline-
treated rabbits included hyaline mem-
brane formation and existence of in-
flammatory cells in alveolar spaces
(fig. 2). In contrast, there were in-
flammatory cells, but there was rela-
tively little hyaline membrane forma-
tion in surfactant-treated rabbits (fig.
3). Electron microscopy revealed ex-
tensive endothelial cell destruction (fig.
4), endothelial cell swelling, and in-
terstitial edema in saline-treated rab-
bits. There was no extensive destruc-
tion of the endothelium in surfactant-
treated rabbits, although endothelial
cell swelling was observed (fig. 5).

Discussion

In the present study we found that
endothelial destruction and interstitial
edema occurred without impairment
of lung mechanics during exposure to
100% oxygen under mechanical ven-
tilation and that early administration
of exogenous surfactant attenuated this
lung injury.

In our model, exposing rabbits to
100% O, with continuous mechanical
ventilation for 36 hours induced an
influx of neutrophils into the lungs,
and an increase in the albumin concen-
tration in BALF, with no changes in
hemodynamics or arterial oxygen ten-
sion. This is similar to the finding that
in baboons after 4 days of mechani-
cal ventilation neutrophil recruitment
and protein leakage preceded abnor-
malities in gas exchange!®’. Increased
albumin in BALF with no changes
in lung function was observed in hu-
mans spontaneously breathing 100%
0,16, Increased permeability is a com-
mon initial response to hyperoxia with
or without artificial ventilation.

Matalon et al. found that endothe-
lial permeability to water increased
after 48 hours of hyperoxia in rab-
bits, but there were no changes in
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arterial oxygen tension or permeabil-
ity to macromolecules'’. At this stage,
morphological change was not observed
by electron microscopy?. The present
study showed that alveolar protein
leakage and pulmonary endothelial cell
destruction could occur before the ar-
terial blood gas values became abnor-
mal. These changes occurred somewhat
earlier than those observed in the pre-
vious reports when artificial ventilation
was not used”®!”. High tidal volume
ventilation or high pressure ventilation
is reported to cause lung damage!®!,
In this study such management was
not done (table 1). However, it is
conceivable that the effect of a combi-
nation of positive pressure ventilation
and hyperoxia should differ from that
of spontaneous breathing under hyper-
oxia. Further study is needed to clarify
the effect of ventilation on lung injury
induced by hyperoxia.

in vitro and in vivo studies have
shown that surfactant is depleted by
hyperoxia?®?!, Gross and Smith have
shown that BALF in mice and rab-
bits exposed to normobaric hyperoxia
has low levels of phospholipid and ab-
normal surface tension?’. In addition,
when albumin leaks into the alveo-
lar spaces, the capacity to lower sur-
face tension is diminished??~ 26, In the
saline-treated rabbits in the present
study, phospholipid was not decreased
although the albumin concentration in
BALF was significantly higher than in
not-treated rabbits. However, we found
no changes in compliance. This may
be because the concentration of albu-
min was not high enough to increase
surface tension.

Rabbits receiving surfactant had a
significantly lower wet-to-dry weight
ratio of lung tissue than those given
saline. Surfactant administration has
been shown to reduce the increased
permeability caused by hyperoxia, and
to lower the wet-to-dry weight ratio”?,
but the mechanism by which this oc-
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curs is not known.

Considering that the saline-treated
rabbits had normal phospholipid levels,
an excess of surfactant, rather than
compensation for a surfactant deficit,
may have protected them against the
increase in lung water caused by hy-
peroxia. Hills proposed that surfac-
tant has water repellent properties
through which fluid is repelled from
the alveoli?"?%. This leads us to the hy-
pothesis that excess water is repelled
by an excess of surfactant.

One of the important findings of
this study is that lung endothelial
cells in surfactant-treated rabbits were
less damaged than those in saline
treated-rabbits. It is thought that re-
active oxygen species play a role in
the pathogenesis of hyperoxia-induced
lung injury?®®. Several reports have
shown that surfactant can work benefi-
cial effects against toxic oxygen species
through various mechanism?3'~33. They
have shown that hyperoxic injury in
rats can be limited by he intravenous
and intraperitoneal administration of
liposomes which are made from DPP
C and contain superoxide dismutase
and catalase. DPPC alone also limits
lipid peroxidation. Matalon reported
that increased levels of lung surfactant
in the alveolar space can reduce ex-
tracellular H,0, levels®*. Furthermore,
Hayakawa et al. showed that super-
oxide production from macrophages is
suppressed by surfactant.

The PMN is thought to play an
important role in the development of
lung injury caused by hyperoxial!. Al-
though it does not participate in the
initial events, PMNs seem to medi-
ate subsequent injury, by releasing su-
peroxides and other enzymes such as
collagenase and elastase. This results
in a phenomenon similar to the adult
respiratory distress syndrome (ARDS).
Complement is known to be a chemo-
tactic factor, and is thought to lead
to leucocyte aggregation. C3a and Cb5a
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in BALF are reportedly elevated in
ARDS?, Fox et al.!° reported that
chemotactic factor is increased in as-
sociation with PMNs in hyperoxia.
They also reported that the number
of PMNs in BALF correlates with
the degree of lung injury'®. In the
present study, C3a levels were sig-
nificantly higher in the saline-treated
group than in the surfactant group.
PMNs in BALF did not significantly
differ between the groups, but the de-
gree of injury did differ. Merrit et al.
observed that 24 hours after adminis-
tration, patients given surfactant had
more neutrophils than did controls®’.
Damiano also observed an influx of
neutrophils into dog lung alveoli after
instillation of sterile saline®®. It seems
that an increased number of PMNs
does not always correlate with lung
injury when surfactant is used.

In addition, the fact that the com-
plement was not activated in the
surfactant-treated rabbits implies that
the surfactant did not evoke inflamma-
tion via the complement system, and
that surfactant suppresses the activa-
tion of chemotactic factors in hyper-
oxic lung injury.

Clinical data have shown that giv-
ing surfactant to preterm infants with
respiratory distress syndrome attenu-
ates lung injury by improving gas ex-
change, reducing airway pressure and
improving lung compliance3**°, Maeta
studied the effect of exogenous surfac-
tant in artificially ventilated premature
baboons during hyperoxia‘'. They ex-
plained that functional abnormalities
were alleviated and that there were
fewer histologic features of bronchopul-
monary dysplasia, resulting in rapid
weaning and reduced barotrauma. In
the present study, surfactant was given
when lung mechanics were within the
normal range, and this attenuated lung
edema and endothelial injury.

We conclude that excess surfactant
can protect against lung injury induced
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by hyperoxia and mechanical ventila-
tion, through a mechanism other than
a reduction in surface tension.

(Received Mar. 9, 1992, accepted for

publication Jun. 25, 1992)

10.

11.

. Clark

References

. Klein J: Normobaric pulmonary oxy-

gen toxicity, Anesth Analg 70:195-
207, 1990

JM, Lambertsen CJ: Pul-
monary oxygen toxicity. A review.

Pharmacol Rev 23:37-133, 1971

. Kistler GS, Caldwell PRB, Weibel

ER: Development of fine structural
damage to alveolar and capillary lin-
ing cells in oxygen-poisoned rat lung.
J Cell Biol 32:605-628, 1967

. Obara H, Hoshino Y, Mori M, et

al: Endothelium-dependent relaxation
in isolated pulmonary arteries from
rabbits exposed to hyperoxia. Crit
Care Med 17:780-785, 1989

. Obara H, Sekimoto M, Iwai S: Al-

terations to the bronchial and bron-
chiolar surfaces of adult mice after
exposure to high concentrations of
oxygen. Thorax 34:479-485, 1979

. Crapo JD: Morphologic changes in

pulmonary oxygen toxicity. Annu Rev
Physiol 48:721-731, 1986

. Matalon S, Holm BA, Notter RH:

Mitigation of pulmonary hyperoxic in-
jury by administration of exogenous
surfactant. J Appl Physiol 62:756—
761, 1987

. Loewen GM, Holm BA, Milanowski

L, et al: Alveolar hyperoxic injury
in rabbits receiving exogenous sur-
factant. J Appl Physiol 66:1087-1092,
1989

. Crapo JD, Barry BE, Foscue HA,

et al: Structural and biochemical
changes in rat lungs occurring dur-
ing exposures to lethal and adaptive
doses of oxygen. Am Rev Respir Dis
122:123-143, 1980

Fox RB, Hoidal JR, Brown DM, et al:
Pulmonary inflammation due to oxy-
gen toxicity: Involvement of chemo-
tactic factors and polymorphonu-
clear leukocytes. Am Rev Respir Dis
123:521-523, 1981

Barry BE, Crapo JD: Pattern of accu-

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Surfactant against 100% Oq ventilation 73

mulation of platelets and neutrophils
in rat lungs during exposure to 100%
and 85% oxygen. Am Rev Respir Dis
132:548-555, 1985

Rinaldo JE, English D, Levine J, et
al: Increased intrapulmonary reten-
sion of radiolabeled neutrophils in
early oxygen toxicity. Am Rev Respir
Dis 137:345-352, 1988

LeSouf PN, England SJ, Bryan AC:
Total resistance of the respiratory sys-
tem in preterm infants with and with-
out an endotracheal tube. J Pediatr
104:108-111, 1984

Takayama M, Itoh S, Nagasaki T,
et al: A new enzymatic method
for determination of serum choline-
containing phospholipids. Clin Chim
Acta 79:93-98, 1977

de los Santos R, Seidenfeld JJ,
Anzueto A, et al: One hundred per-
cent oxygen lung injury in adult ba-
boons. Am Rev Respir Dis 136:657—
661, 1987

Davis WB, Stephen I, Rennard SI, et
al: Pulmonary oxygen toxicity. Early
reversible changes in human alveolar
structures induced by hyperoxia. N
Engl J Med 309:878-883, 1983
Matalon S, Cesar MA: Effects of
100% oxygen breathing on the cap-
illary filtration coefficient in rabbit
lungs. Microvasc Res 29:70-80, 1985
Dreyfuss D, Soler P, Basset G, et
al: High inflation pressure pulmonary
edema. Am Rev Respir Dis 137:1159—
1164, 1988

Kolobow T, Moretti MP, Fumagalli
R, et al: Severe impairment in func-
tion induced by high peak airway
pressure during mechanical ventila-
tion. Am Rev Respir Dis 135:312-315,
1987

Gross NJ, Smith DM: Impaired sur-
factant phospholipid metabolism in
hyperoxic mouse lungs. J Appl Phys-
iol 51:1198-1203, 1981

Holmn BA, Matalon S, Finkelstein JN,
et al: Type II pneumocyte changes
during hyperoxic lung injury and re-
covery. J Appl Physiol 65:2672-2678,
1988

Kobayashi T, Nitta K, Ganzuka M,
et al: Inactivation of exogenous sur-



74

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tkegaki et al

factant by pulmonary edema fluid.
Pediatr Res 29:353—-356, 1991
Fuchimukai T, Fujiwara T, Takahashi
A, et al: Artificial pulmonary surfac-
tant inhibited by proteins. J Appl
Physiol 62:429-437, 1987

Seeger W, Stohr G, Wolf HRD, et al:
Alteration of surfactant function due
to protein leakage: special interaction
with fibrin monomer. J Appl Physiol
58:326-338, 1985

Holm BA, Enhorning G, Notter RH:
A biophysical mechanismm by which
plasma proteins inhibit lung sur-
factant activity. Chem Phys Lipids
49:49-55, 1988

Jobe A, Ikegami M, Jacobs H, et al:
Permeability of premature lamb lungs
to protein and the effect of surfactant
on that permeability . J Appl Physiol
55:169-176, 1983

Hills BA: Water repellency induced
by pulmonary surfactants. J Physiol
325:175-186, 1982

Hills BA: ‘De-watering’ capability of
surfactants in human amniotic fluid. J
Physiol 348:369-381, 1984

Fridovich I: The biology of oxygen

‘radicals. Science 201:875~880, 1978

Halliwell B, Gutteridge JMC: Oxy-
gen toxicity, oxygen radicals, transi-
tion metals and disease. Biochem J
219:1-14, 1984

Buckley BJ, Tanswell AK, Freeman
BR: Liposome-mediated augmentation
of catalase in alveolar type II cells
protects against HoO2 injury. J Appl
Physiol 63:359-367, 1987

Tanswell AK, Freeman BA: Liposome-
entrapped antioxidant enzymes pre-
vent lethal Os toxicity in the newborn
rat. J Appl Physiol 63:347-352, 1987
Turrens JF, Crapo JD, Freeman BA:
Protection against oxygen toxicity
by intravenous injection of liposome-
entrapped catalase and superoxide

34.

35.

36.

37.

38.

39.

40.

41.

J Anesth 1993

dismutase. J Clin Invest 73:87-95,
1984

Matalon S, Holm BA, Baker RR, et
al: Antioxidant properties of surfac-
tant replacement mixtures. Am Rev
Respir Dis 137:80, 1988

Hayakawa H, Myrvik QN, Clair
RWST: Pulmonary surfactant in-
hibits priming of rabbit alveolar
macrophage. Evidence that surfactant
suppress the oxidative burst of alveo-
lar macrophage in infant rabbit. Am
Rev Respir Dis 140:1390-1397, 1989
Parsons PE, Fowler AA, Hyers TM,
et al: Chemotactic activity in bron-
choalveolar lavage fluid from patients
with adult respiratory distress syn-
drome. Am Rev Respir Dis 132:490-
493, 1985

Merritt TA, Hallman M, Holcomb K,
et al: Human surfactant treatment of
severe respiratory distress syndrome:
Pulmonary effluent indicators of lung
inflammation. J Pediatr 108:741-748,
1986

Damiano VV, Cohen A, Tsang A, et
al: A morphologic study of the influx
of neutrophils into dog lung alveoli
after lavage with sterile saline. Am J
Pathol 100:349-364, 1980 3
Kwong MS, Eagan EA, Notter RH: A
double blind clinical trial of calf lung
lipid for the prevention of hyaline
membrane disease in extremely pre-
mature infants. Pediatrics 76:585—592,
1985

Fujiwara T, Maeta J, Chida S, et
al: Artifical surfactant for treatment
of hyaline-membrane disease. Lancet
1:55-59, 1980

Maeta H, Raju TNK, Vidyasagar D,
et al: Effect of exogenous surfactant
on the development of bronchopul-
monary dysplasia in a baboon hyaline
membrane disease model. Crit Care
Med 18:403—-409, 1990



