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Properties of modified natural surfactant after exposure
to fibrinogen in vitro and in an animal model of respiratory

distress syndrome

Andrea Calkovska'?, Bim Linderholm?', Marie Haegerstrand-Bjérkman' and Tore Curstedt’

BACKGROUND: Plasma proteins are known to interfere with
pulmonary surfactant. Studies have proven the hypothesis that
fibrinogen preserves exogenous surfactant subjected to long-
term surface area cycling.

METHODS: The exogenous surfactant Curosurf was subjected
to long-term surface area cycling without or with fibrinogen
(ratio 2:1 w/w) and was tested by captive bubble surfactome-
ter and on newborn premature rabbits.

RESULTS: Surface tension increased in Curosurf (80 mg/ml)
samples without fibrinogen after 6-12d of cycling. In samples
with fibrinogen the cycling time had no effect on surface
tension. Addition of fibrinogen to surfactant prevented lipid
peroxidation. Lung gas volumes of animals with noncycled
Curosurf or Curosurf cycled with fibrinogen for 6d were com-
parable and higher than in rabbits with Curosurf cycled with-
out fibrinogen. Alveolar volume density was higher in groups
with noncycled Curosurf or Curosurf cycled with fibrinogen
than in Curosurf cycled without fibrinogen (both P < 0.001).
CONCLUSION: The effect of fibrinogen on pulmonary surfac-
tant cycled at 37°C depends both on surfactant concentration
and cycling time. At high phospholipid concentration used in
clinical practice fibrinogen has a protective effect on biophysi-
cal and physiological properties of natural modified surfactant
subjected to surface area cycling. This effect is partially medi-
ated by reduction in lipid peroxidation.

lveolar protein leakage due to increased permeability of

alveolar-capillary membrane is one of the key events in
acute respiratory distress syndrome. Numerous in vitro and
in vivo studies have demonstrated surfactant-inhibiting prop-
erties of plasma proteins, with fibrinogen and fibrin monomer
being the strongest inhibitors (1-3). This protein-induced
surfactant inactivation may be abolished at sufficiently high
surfactant phospholipid concentrations (4).

In contrast, a recent in vitro study under conditions resem-
bling the exposure of surfactant to inhibitors in the lungs
revealed that neither serum albumin nor fibrinogen were
persistently inhibitory to pulmonary surfactant and normal
near-zero minimum surface tension values were obtained after
a small number of cycles (5). Moreover, there is evidence of

protective effects of plasma proteins on surfactant inactiva-
tion. For example, simultaneous exposure of lung surfactant to
serum proteins and reactive oxygen species prevented, rather
than promoted, free-radical modifications of surfactant lipids
and proteins (6). Surface area cycling of beractant (Survanta,
Abbott Nutrition, Columbus, OH) and KL . surfactant mixed
with fibrinogen showed the formation of heavy/ultra-heavy
subtypes instead of less active light subtypes (7).

Surface area cycling is an in vitro method intended to repro-
duce the cyclic expansion and compression of the alveolar
surface during respiratory cycles. In this procedure, a tube
containing a surfactant suspension is rotated end over end
at 37°C so that the surface area of the suspension changes
twice each cycle. The method was originally developed by
Gross and Narine (8) to study conversion of large function-
ally superior surfactant aggregates (LAs) into small func-
tionally inferior surfactant aggregates (SAs). In vitro cycling
in the presence of supernatant from bronchoalveolar lavage
fluid of injured animals, containing inflammatory mediators
and blood proteins, produced significantly less LA-to-SA
conversion. This suggests stabilization of large surfactant
particles against conversion to the less active smaller forms
by substances present in lavage fluid (9). Similarly, addi-
tion of serum albumin to the bovine lung extract surfactant
resulted in a significant reduction in formation of small sur-
factant aggregates (10).

Based on these later observations, the aim of the study was
to prove the hypothesis that addition of fibrinogen preserves
biophysical and physiological properties of natural modified
surfactant subjected to long-term surface area cycling.

RESULTS

In Vitro Studies

The intention was to study the effect of cycling time as well
surfactant concentration without and with fibrinogen on sur-
face activity.

The effect of cycling time using a surfactant concentration of
10mg/ml (Study 1). Surfactant was cycled at a phospholipid
concentration of 10 mg/ml without or with fibrinogen 5 mg/ml
at 37°C up to 23d and in vitro properties were investigated
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by captive bubble surfactometer (CBS). Gradual reduction in
surface activity of Curosurf cycled without fibrinogen, seen as
an increase in minimum (>5mN/m) and maximum surface
tension (Figurela,b), was present from day 18. Curosurf with
fibrinogen reached high minimum surface tension by day 11
(Figurela).

The effect of cycling time on surface activity and lipid per-
oxidation using a surfactant concentration of 80 mg/ml (Study
2). On the basis of the results in Study 1, day 6 and day 12 were
chosen as time points of interest. The concentration of surfac-
tant (80 mg/ml) was similar to that used for Curosurf in both
animal experiments and clinical practice (200 mg/kg).

At day 6 Curosurf cycled without fibrinogen did not reach a
minimum surface tension <5mN/m and inactivation was even
more pronounced at day 12 (Figure 2a). Samples containing
fibrinogen had low minimum surface tension comparable with
noncycled Curosurf (Figure 2a). Similar trends were seen for
maximum surface tension (Figure 2b).

In samples of Curosurf cycled for 6 and 12d lipid peroxi-
dation was significantly higher in comparison with samples
without cycling (day 0). Addition of fibrinogen to Curosurf
prevented lipid peroxidation (Figure 3).

The effect of cycling time using two different surfactant concen-
trations (Study 3). In the previous experiments (Studies 1 and 2)
we observed that the effect of fibrinogen on surface activity was
dependent both on surfactant concentration and cycling time.
Therefore, we decided to compare the two surfactant concentra-
tions in the same experiment. Curosurf was cycled at 10 mg/ml
without or with fibrinogen (5mg/ml) and at 80 mg/ml without
or with fibrinogen (40 mg/ml) at 37°C for 12d.

Minimum and maximum surface tension (ymin and ymax)
of Curosurf at 10 mg/ml were not substantially influenced by
cycling for up to 12d at 37°C irrespective of adding fibrino-
gen (Figure 4a,b). At phospholipid concentration of 80 mg/
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ml, ymin and ymax increased in samples of Curosurf without
fibrinogen after 9 and 12d of cycling but in samples contain-
ing fibrinogen the cycling time had no effect on surface ten-
sion (Figure 4a,b). The changes in surface activity are reflected
also by values of area of compression needed to reach ymin of
5mN/m (Figure 5).

In Vivo Experiments

The concept of animal experiments was based on the results
of in vitro Study 2 and the shortest cycling time observed with
reduced surface activity was used. Therefore, animals were
treated at birth by noncycled Curosurf and Curosurf cycled
at a concentration of 80mg/ml with or without fibrinogen
(40 mg/ml) for 6d.

There were no differences in body weight between the
groups (Table 1). One animal treated with Curosurf had evi-
dence of pneumothorax within the period of observation and
was excluded from the final data analysis (Table 1).

At the beginning of ventilation—at pressures of 25 and 20cm
H,O—animals treated with surfactant cycled with or without
fibrinogen had significantly reduced mean tidal volumes in com-
parison with animals receiving noncycled Curosurf. After 30 min
of ventilation, corresponding values for mean tidal volume in all
surfactant-treated groups were similar (~ 21-22ml/kg of body
weight). Nontreated controls had statistically lower tidal volumes
at all time points throughout the experiment (Figure 6).

Lung-gas volumes measured at the end of experiment
were significantly higher in all treatment groups in compari-
son with controls (all P < 0.001). Mean lung-gas volumes of
animals treated with noncycled Curosurf or Curosurf cycled
with fibrinogen at 37°C for 6 d were comparable (~18-19 ml/
kg body weight in both groups) and significantly higher than
in rabbits treated with Curosurf cycled without fibrinogen
(Figure 7).
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Figure 1. Dynamic surface properties of Curosurf with and without fibrinogen during long-term cycling. (@) Minimum and (b) maximum surface tension
of Curosurf rotated at a concentration of 10 mg phospholipids/ml without (CurosurfCyc) and with fibrinogen (5 mg/ml) (CurosurfCycFib) at 37 °C up to
23d.Values are shown as mean + SE at minimum (ymin) and maximum (ymax) bubble size during fifth cycle in captive bubble surfactometer. Data are

from three experiments.

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Figure 2. Dynamic surface properties of high-concentration Curosurf with and without fibrinogen cycled up to 12 d. (a) Minimum and (b) maximum
surface tension of Curosurf cycled at a concentration of 80 mg/ml without (CurosurfCyc) and with fibrinogen (40 mg/ml) (CurosurfCycFib) at 37 °C for 0
(control samples before cycling), 6, and 12d. Values are shown as mean * SE at ymin and ymax bubble size during first (white bars) and fifth (black bars)
cycles in captive bubble surfactometer. Data are from five to seven experiments. Statistical analysis: CurosurfCyc 6 and CurosurfCyc 12 vs. all P < 0.001 (for

ymin and ymax); CurosurfCyc 6 vs. CurosurfCyc 12 P < 0.02 (for ymin).
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Figure 3. Lipid peroxidation expressed as accumulation of malondial-
dehyde and 4-hydroxyalkenals. Data are shown as mean + SE. Statistical
analysis: CurosurfCyc 6 and CurosurfCyc 12 vs. all P < 0.001; CurosurfCyc 6
vs. CurosurfCyc 12 P < 0.001.

Values on lung-gas volumes correspond to macroscopic
appearance of the lungs (Figure 8) and are corroborated with
data on alveolar volume density indicating the grade of alveo-
lar expansion (Table 1). Nontreated controls had significantly
lower values of alveolar volume density than all surfactant-
treated groups. Percentage of alveolar volume density was sig-
nificantly higher in groups treated with noncycled Curosurf or
Curosurf cycled with fibrinogen than in the group treated with
Curosurf cycled for 6 d without fibrinogen.

DISCUSSION

Fibrinogen is believed to be a strong inhibitor of pulmonary
surfactant. In this study, we investigated the effects of fibrino-
gen on the natural modified surfactant Curosurf subjected
to surface area cycling. This is an in vitro procedure for the
conversion of large into small surfactant aggregates. It mim-
ics repeated changes in surface area in the alveolus during the
respiratory cycle. Methods of other authors (8,10) of surface

264 Pediatric RESEARCH Volume 72 | Number 3 | September 2012

area cycling involve a temperature of 37-38°C and a cycling
speed of 40rpm for 3h at a low phospholipid concentration
(0.03-0.25mg phospholipids/ml). We used a lower cycling
speed of 20rpm, higher surfactant concentrations (10 and
80mg phospholipids/ml) and a much longer cycling period
(up to 23d).

The purpose of the long-term cycling was to detect a moment
when the changes in surface activity of surfactant cycled with
or without fibrinogen become apparent. Cycling lasting 23d
was a part of a screening study that should reveal the dynamics
of the changes. The half-life of *C-labeled PC-palmitate mea-
sured in tracheal aspirates of preterm infants with respiratory
distress syndrome (RDS) was ~96h and with another stabile
isotopes it was up to ~106 h (e.g., up to 5d) (11). Here is a clini-
cal parallel why surfactant cycled for 6d was intratracheally
instilled in the prematurely born newborn rabbits.

The phospholipid concentrations used in our experiments
are based on its calculated concentrations in the alveolar lining.
In preterm infants with RDS, surfactant pool size in the alveo-
lus is ~2-10mg/kg (12). For surfactant replacement therapy a
majority of authors agree that the initial dose should be close to
the estimated pool size of alveolar surfactant in a normal full-
term newborn baby, about 100 mg/kg (13). The phospholipid
concentration used for our CBS study (10 mg/ml) corresponds
to that in the alveoli and the concentration used for our in vivo
studies (80 mg/ml, 2.5ml/kg) mimics clinical situation, where
a Curosurf dose of 200 mg/kg body weight is recommended by
the supplier for neonatal RDS.

For evaluation in the CBS all samples were investigated at
10 mg/ml phospholipids with or without 5mg/ml fibrinogen.
The ratio between surfactant lipids and fibrinogen was always
2:1 (w/w) and it is comparable with others. Thus, Manalo et al.
(7) tested surfactant diluted to 2.5 mg/ml mixed with 0.5 and
1 mg/ml fibrinogen (ratios 5:1 and 2.5:1).

Long-term surface area cycling of 10mg/ml of Curosurf
gradually increased minimum surface tension while cycling of

Copyright © 2012 International Pediatric Research Foundation, Inc.
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Figure 4. Dynamic surface properties of low and high concentrations of Curosurf with or without fibrinogen cycled up to 12 d. (a) Minimum and (b)
maximum surface tension of Curosurf rotated at a concentration of 10 mg/ml without (Curosurf10) and with fibrinogen (5 mg/ml) (Curosurf10Fib), and at
a concentration of 80 mg/ml without (Curosurf80) and with fibrinogen (40 mg/ml) (Curosurf80Fib) at 37 °C for 6, 9, and 12d. Values are shown as mean +
SE at minimum (ymin) and maximum (ymax) bubble size during fifth cycle in captive bubble surfactometer. Data on Curosurf10Fib day 12 are from five

experiments; all other data are from three experiments.
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Figure 5. Area of compression needed to reach minimum surface tension
(ymin) of 5mN/m of Curosurf rotated at 10 mg/ml without (Curosurf10) and
with fibrinogen (5 mg/ml) (Curosurf10Fib) and at a concentration of 80 mg/
ml without (Curosurf80) and with fibrinogen (40 mg/ml) (Curosurf80Fib) at
37°Cfor 6,9, and 12d during fifth cycle in captive bubble surfactometer.
Values are shown as mean + SE. Data on Curosurf10Fib day 12 are calculated
from five experiments; all other data are from three experiments.

Area compression (%)

the surfactant/fibrinogen mixture increased surface tension at
an earlier time point, confirming the generally accepted theory
of inhibitory properties of fibrinogen. In Study 3, the low con-
centration of Curosurf with fibrinogen added was still surface
active after cycling for 12 d at 37 °C, indicating the variability in
time for inactivation. On the other hand, surfactant cycled at
high concentration (80 mg/ml) was inhibited by day 6 (ymin >
5mN/m), whereas fibrinogen added to surfactant clearly pre-
vented its inactivation (Study 2). The results obtained in Study
3 for the high concentration were similar, but the inhibition
was weaker and was observed at a later time point.

Results of the in vitro study were proven in premature newborn
animals. Curosurf cycled at 80mg/ml for 6d with fibrinogen

Copyright © 2012 International Pediatric Research Foundation, Inc.

Table 1. Body weight, numbers, incidence of pneumothorax, and
alveolar volume density in different treatment groups of preterm
newborn rabbits

Body Incidenceof  Alveolar volume
Treatment weight(g) n  pneumothorax density (%)
Curosurf cycled 311 16 0 51.6 £1.6*
without fibrinogen
(CurosurfCyc)
Curosurf cycled 312 15 0 61.6+1.8
with fibrinogen
(CurosurfCycFib)
Curosurf 30+2 14 1 64.2+1.2
noncycled
(Curosurf)
Nontreated 301 15 0 41.9+1.0%
controls

Values of body weight and alveolar volume density are means + SE.
n, number of animals included in final statistical analysis.

*P<0.001 vs.all groups.

increased lung-gas volumes at end-expiration and significantly
increased alveolar volume density in a similar manner as
noncycled Curosurf. However, animals treated with Curosurf
without and with fibrinogen had similar but lower tidal volume
(V) in the beginning of the experiment than animals treated with
noncycled Curosurf. At the end of experiment at a peak inspira-
tory pressure of 25cm H,O all groups had similar V_, which was
significantly higher than in control animals. It may reflect a delay
in opening of the lungs, probably due to a reduced adsorption
rate of surfactant cycled regardless of the presence of fibrinogen
(in vitro data not shown). Taken together, fibrinogen added to
Curosurf subjected to surface area cycling improved alveolar sta-
bility at the end-expiration in the animal model of RDS.

In vivo testing of surfactant preparations in animal models
has certain limitations. Optimally, treatment effect of surfactant

Volume 72 | Number 3 | September 2012 Pediatric RESEARCH 265
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Figure 6. Tidal volume (V,) during 30 min of ventilation in preterm
newborn rabbits treated with Curosurf (filled circle; n = 14) and Curosurf
cycled for 6 d without (CurosurfCyc) (filled square; n = 16) or with fibrino-
gen (CurosurfCycFib) (filled diamond; n = 15) at 37 °C, and for nontreated
controls (filled triangle; n = 15). Levels of statistical significance:

At 5,10, 15, and 20 min: for all treated groups vs. controls, P < 0.001-0.05;
for CurosurfCyc and CurosurfCycFib vs. Curosurf, P < 0.001- 0.05; at

25 min: for Curosurf vs. control, P < 0.05; at 30 min: for all treated groups
vs. control, P < 0.001.
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Figure 7. Lung-gas volumes measured at the end of the experi-

ment in preterm newborn rabbits treated with Curosurf (n = 14) and
Curosurf cycled for 6 d without (CurosurfCyc; n = 16) or with fibrinogen
(CurosurfCycFib; n = 15) at 37 °C, and for nontreated controls (n = 15).
For all surfactant-treated groups vs. control P < 0.001; for CurosurfCyc vs.
CurosurfCycFib P < 0.02; and for CurosurfCyc vs. Curosurf P < 0.03.

includes improvement in oxygenation and parameters of lung
mechanics that should be determined for several hours to days
after administration. Immature newborn animals are most rel-
evant model of neonatal RDS. They do not have a sufficient
amount of surfactant in their fetal lung fluid and are not able to
establish functional residual capacity at birth (14). It is possible
to test the effects of surfactant therapy on immature newborn
rabbits for several hours, but long-term evaluation is limited
because of their low body weight (20-40g). For technical rea-
sons it is too complicated to insert catheters for blood sam-
pling or to give complex treatment that is required in clinical
respiratory failure. Therefore, the model is most often used to
evaluate the acute effects of surfactant replacement.

Among parameters of lung mechanics, compliance can be
easily evaluated in this model. Lung-thorax compliance was
derived from recordings of V.. and peak inspiratory pressure
and expressed as ml/kg-cm H,O. As a protocol with standard-
ized sequence of inspiratory pressures was used, the changes
in lung compliance are identical with those in V. and were not
shown.

In clinical settings babies are ventilated with positive end-
expiratory pressure (PEEP), which prevents lung collapse and

266 Pediatric RESEARCH Volume 72 | Number 3 | September 2012

Figure 8. Representative macroscopic appearance of the lungs in preterm
newborn rabbits after administration of Curosurf cycled for 6 d without
(upper left) or with fibrinogen (upper right) at 37 °C, and Curosurf (lower
left), and in nontreated control animals (lower right).

to some extent substitutes the function of missing or inactivated
surfactant. In experimental settings ventilation of animals with
PEEP may mask differences in tested surfactant preparations and
therefore in some protocols administration of PEEP is avoided
(15). It was our intention not to use PEEP because in our experi-
ments PEEP would mask the differences in physiological effects
by helping “low-quality surfactants” to be more efficient.

The results from Studies I and II suggested that surfactant
inactivation by surface area cycling depends on phospholipid
concentration. Study 3 proved concentration-dependent man-
ner of surfactant inhibition by long-term area cycling that is
probably due to enhanced LA-to-SA conversion. It is known
that higher phospholipid concentrations in the cycling tube
increase the amount of SA formed (10). Our samples with high
phospholipid concentration have been more susceptible to
changes in surface properties by surface area cycling at 37°C,
and fibrinogen added to surfactant at a ratio of 2:1 (w/w) pre-
vented the inactivation.

How can fibrinogen prevent surfactant inactivation dur-
ing surface area cycling? In the similar model of surface area
cycling (9), addition of supernatant from bronchoalveolar
lavage fluid of injured animal lungs reduced the conversion
from LAs to SAs. One explanation for this may be inhibition
of the proteinase that is normally required for particle conver-
sion. The authors suggested that any protein added in suffi-
cient quantity might act as competitive inhibitor of an essential
proteinase and block the cleavage of a physiological substrate.
However, Curosurf, similar to other natural exogenous sur-
factants, is prepared by extraction with organic solvents and
therefore it does not contain convertase. Therefore, the inac-
tivation of surfactant subjected to surface area cycling should

Copyright © 2012 International Pediatric Research Foundation, Inc.
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be a convertase-independent process because of adsorption of
the surfactant at the changing interface. It seems possible that
fibrinogen may prevent adsorption of surfactant to the wall of
the tube and thus prevent LA-to-SA conversion (9).

Possible degradation of surfactant phospholipids or fibrino-
gen during long-lasting cycling also cannot be ruled out. On
the other hand, fibrinogen degradation products have been
proven to be more inhibitory to surfactant than fibrinogen
itself (16). We can speculate that if fibrinogen would degrade
it would have no protective effect during long-lasting cycling
of surfactant.

The theory of inhibited aggregates conversion is further sup-
ported by the fact that addition of bovine serum albumin to
the bovine lung extract surfactant subjected to surface area
cycling resulted in a significant decrease in formation of SAs as
compared with SA formation by bovine lung extract surfactant
without albumin (17). Surface area cycling of both beractant
and KL, surfactant yielded light and heavy subtypes. However,
in the presence of fibrinogen, cycling of beractant resulted in
two separate heavy subtypes and cycling of KL, surfactant in
ultra-heavy subtypes that retained minimum surface tension
comparable with that of native KL, surfactant (7).

The positive effect of fibrinogen on surfactant subjected to
surface area cycling could be partially mediated by reduction
of surfactant lipid peroxidation. In this study the amounts of
products of peroxidation were significantly reduced in samples
with fibrinogen after 6 and 12d of surface area cycling. This is
in agreement with conclusions of Marzan et al. (6) that addi-
tion of serum proteins protects against, rather than promotes
Fenton reaction-mediated chemical changes in surfactant lip-
ids and proteins. Protection was greatest for fibrinogen. The
ability of fibrinogen to protect against free-radical damage can
be mediated by site-specific associations between negatively
charged peptide side chains and the positively charged transi-
tion metal Fe**, which is responsible for catalyzing the Fenton
reaction (6). According to the authors, it is possible that serum
proteins may act in vivo to prevent free radical-mediated dam-
age to pulmonary surfactant.

The protective role of fibrinogen for peroxidation of phos-
pholipids in vitro in our experiments can be explained by
a mechanism based on the study of Malmsten (18). It was
proven that adsorption of fibrinogen depends on the colloi-
dal surface properties and that it is strongly influenced by
hydrophobicity, surface charge, and the phospholipid head
group. Fibrinogen, by interacting with lipid moieties, may
form a “barrier” that prevents lipids from interaction (and
damage) by surrounding oxygen. Although phosphatidyl-
choline gives a low adsorption of serum proteins, it may
remain relatively fibrinogen-free and retain good in vitro
and in vivo function.

Conclusion

The effect of fibrinogen on pulmonary surfactant cycled at
37°C depends both on surfactant concentration and cycling
time. At the high phospholipid concentration used in clinical
practice fibrinogen has a protective effect on biophysical and

Copyright © 2012 International Pediatric Research Foundation, Inc.

physiological properties of natural modified surfactant sub-
jected to long-term surface area cycling. This effect is partially
mediated by reduction in lipid peroxidation.

To our knowledge, this is the first study in which the protec-
tive effect of fibrinogen on pulmonary surfactant proved in vitro
was corroborated by results from an animal model of respira-
tory distress syndrome. On the basis of the growing body of evi-
dence from literature and data from this study, widely accepted
opinion on the inhibitory properties of plasma proteins in
regard to lung surfactant should be revised in the future.

METHODS

In Vitro Studies

Surfactant preparations. Poractant (Curosurf), 80 mg/ml, is a modi-
fied natural porcine surfactant, which was obtained from Chiesi
Farmaceutici, Parma, Italy. For in vitro studies it was diluted in 0.9%
NaCl to a phospholipid concentration of 10 mg/ml. Human plasma
fibrinogen (Sigma, St Louis, MO) was added directly to surfactant in
w/w ratio 2:1 and mixed.

Exposure to fibrinogen. In Study 1, 2ml of Curosurf at a concen-
tration of 10mg phospholipids (PL)/ml without or with fibrinogen
5mg/ml were added to a 10-ml capped glass tube and were rotated at
20rpm and 37°C for 23d to obtain a maximal change of the surface
area. Aliquots were taken from the samples at time 0, and at day 1, 4,
11, 18, and 23 of cycling. Surface activity of aliquots was measured by
a CBS. On the basis of the results, day 6 and day 12 were chosen as
time points of interest.

In Study 2, Curosurf was cycled under the same conditions as in
Study 1 (20 rpm, 37 °C) at 80 mg PL/ml without or with fibrinogen
(40mg/ml) for 6 and 12d. Curosurf cycled at this concentration
was further tested in animals treated with the clinically recom-
mended dose of 200 mg/kg. For evaluation of surface properties
by CBS, Curosurf samples were diluted to 10 mg/ml. In surfactant
samples from Study 2 the degree of lipid peroxidation was deter-
mined (see below).

Study 3 was performed to investigate the effect of different phos-
pholipid concentrations on Curosurf subjected to surface area cycling
in the absence or presence of fibrinogen. Curosurf was cycled under
the same conditions as in Studies I and II (20 rpm, 37°C) at a concen-
tration of 10 mg PL/ml without or with fibrinogen (5mg/ml) and at a
concentration of 80 mg PL/ml without or with fibrinogen (40 mg/ml)
up to 12d. Aliquots were taken from the samples at days 6, 9, and 12.
Evaluation of surface properties by CBS was done at concentration of
10mg PL/ml.

Evaluation of surface activity by CBS. Surface activity of surfactant
samples was measured by CBS; developed and built by Schiirch and
Bachofen (19) as previously described (20,21). The test chamber was
initially filled with 10% sucrose in saline. Two microliters of surfac-
tant were injected into the sample chamber and allowed to migrate
by buoyance to the agarose ceiling. An air bubble was then placed
under the ceiling in contact with the surfactant preparation, and sur-
face tension was measured from the time of bubble insertion. After
5min of adsorption, the sample chamber was sealed, and the quasi-
static cycling was initiated. The bubble was compressed stepwise until
the surface tension <5mN/m was reached or to 50% area compres-
sion and thereafter expanded to the initial size. This maneuver was
repeated five times. Minimum and maximum surface tension were
estimated and for some samples the area of compression needed to
reach ymin of 5mN/m (area%) was calculated. Three to seven samples
were evaluated from each preparation.

Lipid peroxidation assessment. The degree of lipid peroxidation
was determined by lipid peroxidation 586 colorimetric assay (OXIS
International, Portland, OR). This test is based on the reaction of
a chromogenic reagent (R1: 10.3mM N-methyl-2- phenylindole
in acetonitrile) with secondary products—malondialdehyde and
4-hydroxyalkenals—at 45°C to yield a stable chromophore, with
maximal absorbance at 586 nm (22).
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The experiments were done for Curosurf at a concentration of
80 mg/ml without or with fibrinogen at day 0, and after 6 and 12d of
cycling at 37°C (Study 2) and repeated for two to five times. Before
measurement, samples were diluted in 0.9% sodium chloride to phos-
pholipid concentration of 10 mg/ml.

A 200 pl sample was transferred to an Eppendorf tube and 650
ul of R1, diluted with methanol (3:1 v/v) was added. Then 150 pl
of R2 (15.4mol/l methanesulfonic acid) was added and the con-
tent was mixed. The tubes were incubated at 45°C for 45 min, cen-
trifuged and the supernatant was transferred to a cuvette and the
optical density was read at 586 nm by spectrophotometer (U-1100,
Hitachi Medical, Tokyo, Japan). Calculations were done using a
standard curve of known concentrations of malondialdehyde and
4-hydroxyalkenals.

In Vivo Study

General design of animal experiments. The experiments were per-
formed on 61 preterm newborn rabbits (New Zealand White) from
eight litters obtained by Caesarean section at a gestational age of 27d
(term, 31d). After delivery, the animals were anesthetized with an
intraperitoneal injection of pentobarbital sodium (APL, Stockholm,
Sweden; 6 mg/ml; dose 0.1 ml), tracheotomized, paralyzed with intra-
peritoneal pancuronium bromide (Pavulon, Oragon Teknika, Boxtel,
Holland; 0.2mg/ml; dose 0.1-0.15ml) and kept in plethysmograph
boxes at 37°C. They were mechanically ventilated in parallel with a
modified Servo-Ventilator (900B, Siemens-Elema, Solna, Sweden)
with 100% oxygen, frequency of 40 breaths/min and an inspiration-
to-expiration ratio of 1:1. To open up the lungs, peak inspiratory pres-
sure was first set to 35cm H,O for 1 min. Then the pressure was low-
ered to 25cm H,O for 15min and further on to 20cm H,O for 5min
and 15cm H,O for 5min. Finally, pressure was raised again to 25cm
H,O for 5min (23,24), after which the lungs were ventilated for an
additional 5min with nitrogen. No positive end-expiratory pressure
was applied.

The animals were randomized to receive at birth, via tracheal tube,
2.5ml/kg of Curosurf, or Curosurf rotated at 37°C for 6d with or
without fibrinogen, all preparations in 80 mg/ml. In control animals,
no material was instilled into the airways.

At the end of the experiment, the tracheal tube was clamped at
end-expiration and the trachea ligated. Animals were killed by intrac-
ranial injection of lidocaine (Xylocaine, Astra, Sodertalje, Sweden,
20 mg/ml; dose 0.5ml). The abdomen was opened and the diaphragm
inspected for evidence of pneumothorax. The lungs were excised and
weighed.

Lungfunction measurement. Peak inspiratory pressure was recorded
with a pressure transducer (EMT34). Tidal volumes were recorded
every 5min with a Fleisch-tube and recording system PowerLab 4/20
(ADInstruments, Oxfordshire, UK). Lung-thorax compliance was
derived from recordings of tidal volume and peak inspiratory pres-
sure and expressed as ml/kg.cm H,O.

Determination of lung-gas volume. Lung-gas volume, expressed in
ml/kg of body weight, was determined by water displacement tech-
nique (25) using a difference between the total volume of the lung
(V,.,) and the volume of the lung tissue (V,__ ), divided by the body
weight. V, was derived by weighing the volume of water displaced
by the submersed lung. The V,was calculated by converting the
wet weight of the lung into a volume by dividing the wet weight by
the specific density of lung tissue. Lung weight and V| _were deter-
mined in separate series of experiments and the method is described
elsewhere (20,26).

Morphometric examination of lungs. The lungs were fixed by
immersion in 4% formalin and embedded in paraffin. Transverse
sections from all lobes were stained with hematoxylin and eosin.
Volume density of alveolar spaces was determined by computerized
image analysis (27,28) using total parenchyma as reference volume.
The morphometric examination was blinded, i.e., the examiner was
unaware of the experimental conditions of individual animals.

Ethical approval. The animal study was carried out in accordance
with EU Directive 2010/63/EU for animal research and was approved
by Local Ethical Committee for Animal Research, Stockholms Norra
Djurforsoksetiska Namnd No. N275/09.
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Statistics. Data are expressed as mean + SE, or as median (range).
The statistical program STATISTICA version 9.1 (StatSoft, Tulsa, OK)
was used for data analysis. Between-group differences were exam-
ined by ANOVA followed by Neuman-Keuls’ post hoc test. Data not
normally distributed were analyzed by Kruskal-Wallis test. A P value
<0.05 was regarded as statistically significant.
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