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Exogenous Surfactant Preserves Lung Function and
Reduces Alveolar Evans Blue Dye Influx in a Rat
Model of Ventilation-induced Lung Injury
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Background: Changes in pulmonary edema infiltration and
surfactant after intermittent positive pressure ventilation with
high peak inspiratory lung volumes have been well described.
To further elucidate the role of surfactant changes, the authors
tested the effect of different doses of exogenous surfactant
preceding high peak inspiratory lung volumes on lung func-
tion and lung permeability.

Metbods: Five groups of Sprague-Dawley rats (n = 6 per
group) were subjected to 20 min of high peak inspiratory lung
volumes. Before high peak inspiratory lung volumes, four of
these groups received intratracheal administration of saline
or 50, 100, or 200 mg/kg body weight surfactant; one group
received no intratracheal administration. Gas exchange was
measured during mechanical ventilation. A sixth group served
as nontreated, nonventilated controls. After death, all lungs
were excised, and static pressure—volume curves and total
lung volume at a transpulmonary pressure of 5 cm H,O were
recorded. The Gruenwald index and the steepest part of the
compliance curve (C,.,) were calculated. A bronchoalveolar
lavage was performed; surfactant small and large aggregate
total phosphorus and minimal surface tension were measured.
In a second experiment in five groups of rats (n = 6 per group),
lung permeability for Evans blue dye was measured. Before
20 min of high peak inspiratory lung volumes, three groups
received intratracheal administration of 100, 200, or 400 mg/
kg body weight surfactant; one group received no intratra-
cheal administration. A fifth group served as nontreated, non-
ventilated controls.

Results: Exogenous surfactant at a dose of 200 mg/kg pre-
served total lung volume at a pressure of 5 cm H,0, maximum
compliance, the Gruenwald Index, and oxygenation after 20
min of mechanical ventilation. The most active surfactant was
recovered in the group that received 200 mg/kg surfactant, and
this dose reduced minimal surface tension of bronchoalveolar
lavage to control values. Alveolar influx of Evans blue dye
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was reduced in the groups that received 200 and 400 mg/kg
exogenous surfactant.

Conclusions: Exogenous surfactant preceding high peak
inspiratory lung volumes prevents impairment of oxygen-
ation, lung mechanics, and minimal surface tension of bron-
choalveolar lavage fluid and reduces alveolar influx of Evans
blue dye. These data indicate that surfactant has a beneficial
effect on ventilation-induced lung injury. (Key words: Lung
mechanics; mechanical ventilation; PEEP; pulmonary sur-
factants.)

THE development of pulmonary edema and alveolar
flooding in healthy rats after overinflation of the lungs
with peak inspiratory pressures of 45 cm H,O without
positive end-expiratory pressure (PEEP) was first dem-
onstrated by Webb and Tierney' and was later con-
firmed by Dreyfuss et al” The main determinant for
development of edema is the peak inspiratory lung vol-
ume.” Experiments with thoracic restriction in this rat
model clearly have shown that high peak inspiratory
pressures themselves, when not accompanied by high
peak inspiratory lung volumes (HIPPV), do not induce
lung injury.’

Peak inspiratory overstretching by overinflation of the
lungs alone, however, cannot explain ventilation-in-
duced lung injury, because 10 cm H,O at the same
degree of overdistension (Z.e., the same peak inspiratory
pressure) in this animal model has been shown to re-
duce permeability edema and to prevent lung parenchy-
mal injury almost completely.”® One study attributed
this reduction in permeability edema by PEEP to a de-
crease in the pulmonary capillary hydrostatic pressure,*
which reduces formation of edema when the pressure
balance between (1) plasma colloid oncotic pressure,
(2) capillary hydrostatic pressure, (3) interstitial oncotic
pressure, and (4) alveolar surface tension at the alveolo-
capillary barrier is shifted away from the alveolar direc-
tion.” A recent study by our group in the same rat
model, however, showed a reduction in the amount of
surface tension-reducing surfactant components after
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20 min of overinflation of the lungs without PEEP. Im-
pairment of the surfactant system could be prevented
with 10 cm H,O PEEP,° which prevented the conver-
sion of surface active tubular myelin-like forms of surfac-
tant (large aggregates) into nonactive components that
represent small vesicular structures (small aggregates).
Gross and Narine were the first to show that conversion
of active into nonactive surfactant subfractions is depen-
dent on cyclic changes in surface area in vitro.” Studies
by Veldhuizen et al. in vivo have confirmed that conver-
sion is dependent on the change in alveolar surface area
associated with mechanical ventilation.® These studies
suggest that the reduction in alveolar flooding by PEEP
is partially caused by its preservation of the surfactant
system, suggesting that ventilation-induced surfactant
changes play a role in the development of alveolar
flooding.

To further elucidate the role of surfactant changes in
the pathogenesis of ventilation-induced lung injury, we
investigated the effect of different doses of exogenous
surfactant preceding overinflation of the lungs on oxy-
genation, lung mechanics, and permeability of Evans
blue dye.

Materials and Methods

The study protocol was approved by the local animal
committee, and the care and handling of the animals
conformed with the principles approved by the Council
of the American Physiologic Society. Sixty-six adult male
Sprague-Dawley rats (weight, 290-350 g) were used.

Studies on the Effects of Exogenous Surfactant

In the first set of experiments, 36 rats were divided
randomly into six groups, anesthetized with 65% ni-
trous oxide/33% oxygen/2% enflurane (Ethrane®; Ab-
bott, Amstelveen, The Netherlands), and tracheoto-
mized. A metal cannula was inserted into the trachea.
The operation area was infiltrated with 30 mg/kg lido-
caine (Xylocaine®; Astra Pharmaceutica BV, Rijswijk,
The Netherlands).

Four groups received, respectively, 1.5 ml saline (sa-
line group) or exogenous surfactant dissolved in 1.5 ml
of saline at a dose of 50 (S50 group), 100 (S100 group),
or 200 (5200 group) mg/kg body weight administered
into the tracheal cannula over a 5-min period. During
this period, the animals were turned to the supine,
prone, and both side positions and were breathing
spontaneously. The surfactant used in this study is a
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natural surfactant isolated from minced pig lungs as
previously described, which contains surfactant pro-
teins B and C but not surfactant protein A.” One group
of animals did not receive any intratracheal administra-
tion (45/0 group). All animals were then allowed to
recover from anesthesia, and those that were given in-
tratracheal administration could resorb saline from the
lung during the subsequent period of spontaneous
breathing.

Thirty minutes after tracheotomy, the animals were
reanesthetized with gaseous anesthesia (see previous
description), and a polyethylene catheter (0.8 mm OD)
was inserted into a carotid artery. After this surgical
procedure, gaseous anesthesia was discontinued and
anesthesia was replaced with 60 mg/kg pentobarbital
sodium given intraperitoneally (Nembutal®; Algin BV,
Maassluis, The Netherlands) during the remainder of
the experiment. Muscle relaxation was attained with
2 mg/kg pancuronium bromide given intramuscularly
(Pavulon®; Organon Technika, Boxtel, The Nether-
lands). After muscle relaxation, the animals were con-
nected for 20 min to a ventilator (Servo Ventilator 300;
Siemens-Elema, Solna, Sweden) set in a pressure-con-
trolled mode at a peak inspiratory pressure of 45 cm
H,O without PEEP, a frequency of 25 breaths/min, an
I/E ratio of 1:2, and a fractional inspired oxygen tension
@i 110

Blood samples taken from the carotid artery were
measured 1, 10, and 20 min after starting mechanical
ventilation (ABL505; Radiometer, Copenhagen, Den-
mark).

After 20 min of mechanical ventilation, all animals
were killed with an overdose of pentobarbital sodium
through the penile vene. A sixth group of animals was
killed immediately after tracheotomy in an identical
way. Static pressure -volume diagrams were then re-
corded using conventional techniques.'’ For these mea-
surements, the thorax and diaphragm were opened.
The animals were placed into a volume- and tempera-
ture-constant body box, and the lungs were reexpanded
with pure nitrogen up to a pressure of 35 cm H,O
and subsequently deflated again. This procedure was
performed to reopen lung areas that became atelectatic
after this surgical procedure. The lungs were then rein-
flated immediately, starting from a pressure of 0 cm
H,O and proceeding in steps of 1 ¢cm H,O up to an
intraalveolar pressure of 35 cm H,O, and subsequently
deflated in steps of 1 cm H,O. This was done by chang-
ing the PEEP level on the ventilator while in continuous
positive airway pressure mode (Servo Ventilator 300).
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18 Pressure changes in the body box were recorded (Val-

mal surface tension after 50 cycles on a pulsating bubble
‘0 idyne model DP 45-32; Validyne Engineering Co., North-

surfactometer (PBS; Electronetics Corporation, Tono-

|
i

' ridge, CA) at a sampling rate of 10 Hz using a (12-bit)

analog-to-digital converter (DAS 1800; Keithley Metra-
Byte, Taunton, MA) and stored in a computer. With the
rat still in the body box, the pressure signals from the
body box were calibrated for known volume changes
immediately after pressure -volume recordings, by in-
jection of known volumes of air into the body box,
using a precise syringe. The maximal compliance (C,,,,.)
was defined as the steepest part of the pressure - volume
deflation curve and was determined separately for each
animal.” The Gruenwald index, defined as @ Vit Vao)/
2 Vi, Where Vs, Vi, and V,,,, are the lung volumes
higher than functional residual capacity at transpulmo-
nary pressures of 5, 10, and 35 c¢cm H,O, was calcu-
lated."" Functional residual capacity was estimated by
measuring total lung volume at a transpulmonary pres-
sure of 5 cm H,O (Vs) as previously described.'” For
this measurement, the lungs and the heart were re-
moved from the thorax. After dissection from the heart,
the lungs were reexpanded with nitrogen up to a pres-
sure of 35 cm H,O to reopen lung areas that became
atelectatic during excision. The lungs were then left to
deflate against a positive pressure of 5 cm H,O, which
was chosen to compensate for the loss of negative intra-
thoracic pressure. The total weight of lungs (W) was
registered, and the lungs were then immersed in saline
at a present depth to measure the upward force (F).
According to the principle of Archimedes, this force is
caused by fluid displacement equal to the volume of
the lungs. V5 was then calculated as 0.99 - F — 0.94 - W2

Thereafter, the lungs were lavaged with saline/1.5 mm
CaCl, (30 ml/kg) five times. The percent recovered lung
lavage fluid was calculated. The lavage fluid obtained
was first centrifuged at 400 X g (Beckman GPR; Beck-
man Instruments, Inc., Palo Alto, CA) for 10 min at 4°C
to remove cells and cellular debris. The supernatant of
this 400 X g fraction (crude lavage) was then centri-
fuged at 40,000 X g for 15 min at 4°C (Beckman LS-
70M) to separate a surface-active surfactant pellet (large
aggregates) from a nonsurface-active supernatant frac-
tion (small aggregates)."” The large aggregates were re-
suspended in 2 ml conversion buffer (0.15 m NaCl/10
mM Tris/1 mm CaCl,/0.1 mm EDTA, pH 7.4)."' Total
phosphorus of the small and large aggregates was deter-
mined by extraction of phospholipids'* followed by
subsequent phosphorus analysis.'> Twenty microliters
of crude lavage and the resuspension of the active sur-
factant part were used for biophysical analysis of mini-
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wanda, NY) as described by Enhorning.'® This apparatus
records pressure across the surface of a bubble, ex-
panded in the sample fluid and communicating with
ambient air. The bubble pulsated within a sample cham-
ber at a frequency of 20 pulsations/min between de-
fined radius limits. The sample temperature was set at
37°C. From the known pressure gradient across the
bubble surface and the minimal bubble radius, the mini-
mal surface tension was calculated according to the law
of LaPlace (P = 2 y/r).

Permeability Studies

To further elucidate the exact mechanism of the effect
of surfactant in HIPPV shown in the first part of the
study, a second set of studies was performed. Thirty
rats were randomly divided into five groups of six rats
each and tracheotomized as described earlier. Identical
to the way described earlier, three groups received ex-
ogenous surfactant at a dose of 100, 200, or 400 mg/
kg body weight (groups S100, S200, and S400, respec-
tively), and one group did not receive any intratracheal
instillation. After recovery from anesthesia and sponta-
neous breathing, a carotid artery was cannulated, and
the animals were connected to the ventilator to receive
mechanical ventilation. A fifth group of animals served
as nontreated, nonventilated healthy controls (control
group).

Vascular permeability was quantified by the extravasa-
tion of Evans blue dye over 19 min (Sigma, Steinheim,
Germany), which correlates well with the extravasation
of radiolabeled albumin at high rates of plasma leak-
age."” The dye (30 mg/ml) was filtered with a 0.22-um
Millipore filter (MILLEX-GV; Millipore Products Divi-
sion, Bedford, MA) before use.'® One minute after start-
ing mechanical ventilation and after tracheotomy in the
control group, Evans blue dye (30 mg/kg) was injected
through the penile vene. Nineteen minutes after injec-
tion of Evans blue dye, the lungs were lavaged once
with warm saline (30 ml/kg). The lavage was centri-
fuged at 400 X g to remove cells and cellular debris.
The high amount of surfactant dissolved in the bron-
choalveolar lavage (BAL) was shown to disturb photo-
spectrometric measurements of concentration of Evans
blue dye. Pilot experiments (not reported) measuring
the extinction of the chloroform layer at 620 nm at
various concentrations of Evans blue dye in saline after
Bligh Dyer extraction demonstrated that Evans blue dye
does not dissolve in chloroform but completely dis-
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solves in a water - methanol phase. Therefore, 1 ml BAL
was used for extraction of phospholipids according to
Bligh and Dyer"" to separate phospholipids in a chloro-
form layer from Evans blue dye in the water - methanol
phase.

After BAL, the tissue content of Evans blue dye was
determined by perfusing the lung circulation via the
pulmonary artery with 20 ml warm saline (37°C) to
remove intravascular dye. For this purpose, the aorta
was cut at the level of the diaphragm, and the left auricu-
lum was removed from the heart before lung vascular
perfusion. Evans blue dye was extracted from the lungs
by incubation at room temperature for 3 days in 12 ml
formamide (Sigma) in stoppered tubes.'®

The absorbance of water - methanol extracts of Evans
blue dye from BAL and of the formamide tissue extracts
of Evans blue dye were determined against a water -
methanol and formamide blank at a 620-nm wavelength
and by interpolation from a standard curve of Evans
blue dye in the range 0.5-10.0 pg/ml in water - metha-
nol and formamide, respectively.'® It was demonstrated
(data not reported) that, after Bligh Dyer extraction,
there are no substances in the BAL of animals with
lung edema not given Evans blue dye that affect the
absorbance for water-methanol at 620 nm. The total
amount of Evans blue dye (in milligrams) recovered
from the BAL and in the tissue was calculated.

Statistical Analysis

Intergroup comparisons were analyzed with ordinary
analysis of variance (ANOVA). Intragroup comparisons
were analyzed with repeated-measures ANOVA. If
ANOVA resulted in a probability value <0.05, a Student-
Newman-Keuls post hoc test was performed. All data
are reported as mean * SD.

Results

Table 1 gives data on arterial oxygen and carbon diox-
ide tensions over time in the five ventilated groups in
the studies on lung function. After 20 min, oxygenation
decreased in the two groups that did not receive exoge-
nous surfactant. Oxygenation was preserved over time
in the group that received 200 mg/kg body weight sur-
factant.

The Gruenwald index, C,,.,, and Vs (table 2) in group
§200 were comparable to the values in nonventilated
controls. The amount of active surfactant in the BAL
fluid was higher in group S200 than in all other groups.

Anesthesiology, V 89, No 2, Aug 1998

The resuspension of active surfactant in group $S200
showed more surface activity than in the other groups,
except for group S100. The minimal surface tension of
the crude lavage fluid in group S200 was comparable
to the control group but was increased in all other
ventilated groups.

In the permeability experiments (table 3), oxygen-
ation was decreased in group 45/0 after 20 min of
HIPPV. Oxygenation after 20 min was preserved and
significantly higher in groups S200 and S400 than in
groups 45/0 and S100. The amount of Evans blue dye
recovered from the tissue was lower in controls than
in all ventilated groups; there was no significant differ-
ence in the amount of Evans blue dye recovered from
the tissue in the ventilated groups. The amount of Evans
blue dye recovered from the BAL was significantly
higher in group 45/0 compared with the control group
and significantly lower in groups S200 and S400 than
in group 45/0.

Discussion

This study demonstrates that exogenous surfactant at
a dose of 200 mg/kg body weight given to rats before
HIPPV prevents impairment of lung mechanics and oxy-
genation after 20 min of HIPPV. Moreover, surfactant
at doses of 200 and 400 mg/kg body weight significantly
reduced the amount of Evans blue dye recovered from
the BAL fluid after 20 min of HIPPV. These data show
that exogenous surfactant has a beneficial effect on ven-
tilation-induced lung injury.

Changes in permeability of the alveolocapillary barrier
to protein have been attributed to epithelial stretching.
Equivalent pore radii indicate that the epithelium,
rather than the endothelium, is primarily responsible
for restricting solute transport from the capillaries
across the alveolocapillary membrane into the alveo-
lus.""*" As the epithelium is progressively stretched,
there is an opening of water-filled channels between
alveolar cells.*"**

Important evidence regarding the role of capillary hy-
drostatic pressure in inducing edema in the HIPPV rat
model comes from the effect of 10 cm H,O PEEP, which
was shown to reduce edema infiltration."?® This effect
was attributed to hemodynamic alterations resulting
from PEEP, which reduce filtration pressure over the
alveolocapillary membrane.® Infusion of dopamine to
correct the decrease in systemic arterial pressure that
occurs with PEEP ventilation was shown by Dreyfuss
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Table 1. Data on Blood Gas Tension (mmHg) of the Five Ve
in the Lung Function Experiments

ntilated Groups during the Study Period

Time (min) 45/0

Saline S50 S100 S200

Pao,

1 495.8 + 28.2* 481.9 = 102.8"1% 510.4 + 42.01% 578.7 + 25.4*§ 587.5 + 25.4§

10 5182 *=40.7* 412.5 + 123.41¢ 499.3 + 142.3 9566.8 + 52.1* 632.4 + 39.2

20 307.5 + 186.81 82210 :=150.7F 4431 + 191.0 457.7 = 114.8 608.4 + 37.7
Paco,

1 22.6 = 4.1 24.7 = 3.0 244 + 54 23.7 = 4.0 23.6 = 2.7*1

10 20.6 + 3.9 22.7 =+ 4.0 21888 18.9 2.7 185116

20 23.7 £ 4.4 2 S0 215 £ 8.9 951IEEHS 7 18:2:E2.6

Values are mean +
* Statistical significance versus t = 20 min.
t Statistical significance versus group S200.
1 Statistical significance versus group S100.
§ Statistical significance versus group 45/0.
{ Statistical significance versus t = 10 min.

and Saumon to abolish partially the reduction in pulmo-
nary edema induced by PEEP"; however, this effect was
only partial, and because pulmonary artery pressure was
not recorded in their study, it cannot be excluded that
the transpulmonary filtration pressure after infusion of
dopamine was higher than in the animals ventilated
without PEEP." Therefore, the possibility that other fac-
tors contribute to the development of intraalveolar
edema cannot be excluded.

Loss of surfactant function with an increase in surface
tension at the air-liquid interface on the alveolar walls

SD. Intergroup and intragroup comparisons ANOVA with Student-Newman-Keuls posthoc test if ANOVA P

0.05.

has been shown to direct the net driving force across
the alveolocapillary membrane to the alveolar side, re-
sulting in accumulation of intraalveolar fluid and pro-
tein.”**** Based on such observations, a recent study
by our group postulates a different mechanism for the
effect of PEEP on the reduction of lung permeability
edema in HIPPV. It describes the mechanisms of surfac-
tant impairment after HIPPV, which include surfactant
displacement from the alveolar air - liquid interface into
the small airways and increased conversion of active
into nonactive surfactant subfractions, and it shows that

Table 2. Recovery of BAL Fluid and Postmortem Data for C,,.., Gruenwald Index, Vs, Total Lung Weight, Total Phosphorus of
Small Aggregates (SA) and Large Aggregates (LA), and Minimal Surface (min surf) Tension of Crude Lavage and Large

Aggregate Resuspension in the Lung Function Experiments

Control 45/0 Saline S50 S100 S200

Recovery BAL fluid (%) 746 + 47  76.6 = 4.2 733 + 2.9* 716 + 1.3* 75.6 = 4.7 81.3 + 6.6
Comax (MI/cmH,0/kg) 39+ 0.7 23+ 05 2.5+ 0.7t 2.9 + 0.6* 31+ 06 4.2 + 0.9§
Gruenwald index 0.47 + 013 0.25 = 0.08*t 028 + 0.10t  0.23 + 0.09"1 0.37 + 0.07  0.52 + 0.21
Vs (ml) 18.2 + 4.1 6.0 + 2.5t 44 + 2.4%t1 7.4 + 32 92 +29§  15.4 + 3.5§
Total phosphorus (SA) 0.8 + 0.4 13 + 0.3 12 + 0.2°% 3.0 = 0.9"t% 49 + 131§ 58+ 271§
Total phosphorus (LA) 3.0 + 1.6 2.0 = 0.7 2.6 = 1.0* 6.3 = 1.6§ 7.7 + 25 17.0 = 6.51§
Min surf tension crude (MN/m) 285 + 65  40.0 = 1.5t 461 + 0.7°t+  39.5 + 6.8t 37.7 = 7.7%t 297 + 26
Min surf tension (mN/m) 248 +29 384 + 509t 450 + 32149 14.8 + 105t+§ 62+ 791§ 1.8 = 151§

Values are mean + SD. Intergroup comparisons ANOVA with Student-Newman-Keuls posthoc test if ANOVA P < 0.05.

* Statistical significance versus group S200.

1 Statistical significance versus group control.
¥ Statistical significance versus group S100.
§ Statistical significance versus group 45/0.

{ Statistical significance versus group S50.
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Table 3. Data on Blood Gas Tension (mmHg) and Permeability Indices in the Five Different Groups in the Permeability Studies

Time (min) Control 45/0 S100 S200 S400

Pao,

1 5385.9/5424:3 514.4 + 51.4 538:2 - 47.3 542.9 + 22.6

10 507.2 + 79.4 56i1.8 = 38.3 560.0 + 39.3 555.9 + 36.6

20 280Nk 4N 408.4 + 154.5 555 9SS 585.0 + 38.11§
Paco,

1 269 + 2.7 240 £ 1.4 215445 20258

10 2841335 196 =R 1R6R 21.4 == 897 20108514

20 2:5 0314 20{0) 2z 217/ 22. 315818 11952 1k
Evans Blue tissue (mg) 0117 z2& 005 0.64 + 0.081 0 == (012 (015155 == (0], 1125 0.55 = 0.14¢t
Evans Blue BAL (mg) 0.06 + 0.01 0.94 + 0.361 0158F==10126; 0.43 = 0.40% 0.28 = 0.15¢%
Evans Blue total (mg) 0.17 = 0.04 1.58 = 0.43i 1.14 + 0.44t 1) (07 2= (0415 ae (0} {56} 2z (027 ac

Values are mean + SD. Intergroup and intragroup comparisons ANOVA with Student-Newman-Keuls post hoc test if ANOVA P < 0.05.

* Statistical significance versus t = 1 min.

T Statistical significance versus group control.
1 Statistical significance versus group 45/0.

§ Statistical significance versus group S100.

PEEP reduces such HIPPV-induced surfactant impair-
ment.” Surfactant preservation by PEEP reduces the con-
tribution of surface tension to fluid and particle trans-
port across the alveolocapillary barrier, which is a differ-
ent explanation for the reduction in permeability edema
induced by PEEP. If this mechanism is valid, then exog-
enous surfactant preceding HIPPV should be able to
reduce permeability edema after HIPPV. The current
study shows that this is the case and that doses of 200
and 400 mg/kg body weight of exogenous surfactant
are able to reduce intraalveolar influx of Evans blue
dye. This is a substantial amount given the normal total
surfactant phospholipid pool size of 10 mg/kg body
weight in rats.”> The current data demonstrate that, al-
though peak inspiratory epithelial pore overstretching
and capillary hydrostatic pressure are important deter-
minants of permeability edema, surfactant actively stabi-
lizes the fluid balance in the lung and protects the lung
from permeability edema at the level of the BAL-accessi-
ble space. Such findings are consistent with recent find-
ings in a model of mild surfactant pertubation by dioctyl
sodium sulfosuccinate, which was shown to initiate pro-
tein infiltration®* and previous findings on the rate-lim-
iting effect of supraphysiologic amounts of (exogenous)
surfactant on solute permeability of normoventilated
rabbits.”” The contribution of surface tension to fluid
and particle transport across the alveolocapillary barrier
appears to be most prominent on transudation across
the alveolocapillary barrier, as demonstrated by the re-
duced Evans blue dye in the BAL-accessible space, and
appears to be less prominent on exudation from the
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capillary, as evidenced by the equal amount of Evans
blue dye recovered from the tissue.

Once protein infiltration has started, plasma-derived
proteins dose-dependently inhibit surfactant,”®*’ re-
sulting in a vicious circle of more influx of fluid and
protein as a result of increased surface tension with
further surfactant inactivation by plasma-derived pro-
teins and more destabilization of the small airways. In
the current study, exogenous surfactant at a dose of
200 mg/kg preceding HIPPV prevented a decrease in
arterial oxygenation after 20 min of HIPPV and pre-
served the Gruenwald index, C,,.., and Vs at control
values. These findings indicate that exogenous surfac-
tant preceding HIPPV is able to preserve normal end-
expiratory lung stability even after 20 min of HIPPV.
This end-expiratory alveolar stabilization attributable to
exogenous surfactant is likely caused by a more advanta-
geous protein - phospholipid ratio, which is a critical
factor for normal surfactant function.”” There are two
reasons for this more beneficial ratio. First, there was
a higher amount of surfactant present in the BAL-acces-
sible space, as evidenced by the higher amount of total
phosphorus of surface-active large and nonsurface-ac-
tive small aggregates in the animals given exogenous
surfactant (table 2). Second, the reduction in surface
tension over the alveolocapillary barrier toward normal
levels by exogenous surfactant reduced influx of pro-
tein. The large aggregate resuspension of the group
given 200 mg/kg exogenous surfactant showed more
potential to reduce surface tension than in nonventi-
lated controls (table 2). When the influence of surfac-

202 Iudy 0} uo 3sanb Aq jpd'2000-00080866 | -2¥S0000/7¥8E6E/LIY/2/68/4Pd-Bl0niE/ABO|OISaUISBUR/LOD IIBYIIBA|IS ZESE//:dRY WOl PapESjUMOq




473

' EXOGENOUS SURFACTANT AND LUNG OVERINFLATION

tant-inhibiting proteins in the BAL-accessible space was
included, however, the net surface tension-reducing
potential was normalized to the level of controls, as
evidenced by the normalization of the minimal surface
tension of the crude lavage on the pulsating bubble
surfactometer in group S200 (table 2).

Such disturbance of surfactant function may be the
reason for repeated collapse and reexpansion of the
lung and, thus, for ventilation-induced lung parenchy-
mal damage.” It may be suggested, therefore, that sur-
factant changes are (partially) responsible for the lung
parenchymal damage previously demonstrated in this
animal model.” Such a relationship has been shown pre-
viously by Nilsson et al. in prematurely delivered rab-
bits. It was shown that exogenous surfactant preceding
mechanical ventilation with both constant tidal volumes
(10 ml/kg) and constant peak inspiratory pressures in-
creases lung - thorax compliance and reduces epithelial
lesions.” Further studies need to be conducted to test
such a hypothesis in this HIPPV-induced lung injury
model.

The current data show that there is an important inter-
action between mechanical ventilation and surfactant
changes in inducing lung injury. Such changes occur in
a model of acute lung injury of prematurely delivered
animals characterized by an immature surfactant sys-
tem™ and, as our data show, in a model of acute lung
injury in adult animals, in which surfactant changes are
induced by mechanical ventilation itself.° It has now
been demonstrated that high amounts of exogenous
surfactant have a beneficial effect on lung function and
possibly survival in patients with acute respiratory dis-
tress syndrome.”" Our data suggest that administration
of high amounts of exogenous surfactant may benefi-
cially influence further impairment of lung function at-
tributable to mechanical ventilation in such patients by
protecting the healthy lung areas not yet affected by
the disease process.

Our data show that administration of exogenous sur-
factant preceding 20 min of overinflation of the lungs
without PEEP reduces accumulation of Evans blue dye
in the BAL-accessible space and preserves end-expira-
tory lung stability. These data indicate that exogenous
surfactant changes have a beneficial effect on ventila-
tion-induced lung injury.
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