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reported, so the condition of the placenta after intrauterine 
surgery could not be determined. Additionally and more impor- 
tantly in that study, fetal hyperphosphatemia was not described 
and, therefore, our results appear to be the first to describe fetal 
hyperphosphatemia after fetal Nx. There are no other published 
studies of the effect of fetal Nx on fetal mineral homeostasis. 
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ABSTRACT. Extracted bovine calf lung lipids (CLL) with 
minimal protein (approximately 1 %) were instilled prior to 
ventilation in groups of premature lambs of average ges- 
tational ages of 127 and 133 days. Aqueous dispersions of 
CLL were prepared by two techniques prior to instillation: 
sonication in an ice bath (S) and mechanical vortexing at 
room temperature (V). A low surfactant dose (15 mg CLL/ 
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kg animal weight) and a high dose (100 mg/kg) were 
investigated for each dispersion technique. Following tra- 
cheal instillation of surfactant, lambs were ventilated with 
100% oxygen for 2 h with umbilical circulation intact, and 
for up to an additional 10 h after separation. A clear 
improvement in blood oxygenation and lung compliance 
was found over controls for lambs given 15 mg/kg and 100 
mg/kg CLL(V), and 100 mg/kg CLL(S). Lambs treated 
with 15 mg/kg CLL(S) failed to improve over controls. 
Experimental groups treated with equal doses of CLL(V) 
and CLL(S) had similar amounts of lung lavage phospho- 
lipid, with values progressively declining during ventilation. 
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Analyses of in vitro surface properties showed that both 
vortexed and sonicated CLL dispersions adsorbed to equi- 
librium surface pressures of 45-47 dynes/cm in seconds at 
concentrations 20.25 mg CLL/ml. Both dispersions also 
lowered surface tension to less than 1 dyne/cm under 
dynamic compression at 37' C in 100% humidity, although 
CLL(V) showed some enhancement over CLL(S) in dy- 
namic surface activity at low subphase concentration (0.5 
mg/ml). Moreover, CLL(V) and CLL(S) differed markedly 
in their effects on pressure-volume mechanics in a surfac- 
tant-deficient excised rat lung model. Instilled CLL(V) 
dispersions improved excised lung pressure-volume me- 
chanics at significantly lower concentrations than CLL(S) 
dispersions. (Pediatr Res 19: 569-577, 1985) 

Abbreviations 

CLL, calf lung lipids 
V, S, dispersion by vortexing; sonication 
T, surface pressure 
A-a DO2, alveolar-arterial oxygen difference 
RDS, respiratory distress syndrome 
P-V, pressure-volume 
VEI, ventilator efficiency index 
VP, volume pressure 

The replacement of pulmonary surfactant in premature infants 
who develop the respiratory distress syndrome has been a subject 
of intense investigation since the early 1960's. Exogenous replace- 
ment mixtures studied have included natural surfactants ob- 
tained directly from lung lavage or amniotic liquid, organic 
solvent extracts of natural surfactant (supplemented or not with 
further additives), and a variety of artificial surfactants synthe- 
sized in the laboratory (1-4). Natural surfactants from bron- 
choalveolar lavage have proven successful in surfactant replace- 
ment experiments in many species of premature animals over 
the past decade (eg, References 2-4), but extension to clinical 
use in humans confronts potential problems. One of these is the 
presence of significant amounts of protein in bronchoalveolar 
lavage surfactant (4-7), and possible adverse effects of instilling 
antigenic foreign protein into the lung. Another problem is 
retention of activity during sterilization, since the adsorption of 
natural surfactant is significantly retarded by heating (8). 

Many of the drawbacks associated with the use of natural 
surfactant in replacement therapy are mitigated in lipid extracts 
from natural material. Although apoprotein acts to increase the 
adsorption of natural pulmonary surfactant (eg, References 4, 8- 
14), lipid extracts with almost an order of magnitude less protein 
can be formulated in vitro to exhibit the same rapid adsorption 
properties (4, 8, 15-1 8). Such extracts have excellent dynamic 
surface tension lowering characteristics similar to natural lung 
surfactant (1 5, 17, 18). When instilled into surfactant-deficient 
excised lungs (19) or into premature rabbit neonates (4, 20), 
extracts of bovine lung lavage surfactant with 1 % protein have 
been shown to restore essentially normal P-V mechanics. In 
addition, Fujiwara and coworkers (2 1-23) have reported similar 
biophysical and physiological results for related surfactant ex- 
tracts with low protein content, supplemented with various ad- 
ditives including dipalmitoyl phosphatidylcholine. 

One area in which lung surfactant extracts (as opposed to 
whole natural surfactant) have not had extensive study is in large 
animal physiological models of RDS such as premature lambs 
in vivo. In a previous study, we showed that surfactant replace- 
ment with extracted calf lung lipids (CLL, 1% protein) led to 
improved lung function in lambs of 130 days gestation compared 
to controls and to animals treated with an artificial surfactant, 
7:3 dipalmitoyl phosphatidy1choline:egg-phosphatidylglycerol 
(17). The present paper is a more comprehensive evaluation of 

CLL efficacy in premature lambs. The study involves groups of 
very immature lambs at an average gestation of 127 days, and 
groups of more developed (but still surfactant-deficient) lambs 
at 133 days gestation. The experiments also address exogenous 
surfactant dose effects, with tracheal instillation of 15 and 100 
mg CLL/kg into lambs at both gestational ages. A final question 
studied is the effect of CLL dispersion methodology on physio- 
logical efficacy, since the surface properties of phospholipid 
mixtures can be a strong function of lipid dispersion method (8, 
16). CLL were thus dispersed by the common methods of soni- 
cation and mechanical vortexing, and these are shown to lead to 
dose-dependent differences in enhancing pulmonary function. 

MATERIALS AND METHODS 

Extracted lung lipids. Lungs were obtained from freshly sac- 
rificed calves from the Conti Meat Packing Company, Rochester, 
NY, and mixed lipids were extracted as described previously (8, 
17). The lungs, with trachea and bronchi intact, were lavaged 
with cold 0.15 M NaCI, approximately 3-4 liters per lung given 
in four divided doses. The lavage fluid was centrifuged at 300 x 
g for 5 min to remove cellular debris; the supernatant was then 
drawn off and centrifuged at 12,000 x g for '/2 h to pellet the 
lipids. The pellet was resuspended in 0.15 M NaCl and the lipids 
extracted with chloroform-methanol (24). The final vroduct was 
analyzed for phosphorus by the method'of Chen et ;I. (25) and 
by thin-layer chromatography with the solvent system of Touch- 
stone et a/. (26). The CLL were found to be 94% phospholipid 
with a molar distribution of 83% phosphatidylcholine, 6% phos- 
phatidylglycerol, 3% phosphatidylethanolamine, 5% phosphati- 
dylinositol (+phosphatidylserine), and 2% sphingomyelin; a trace 
of lyso-phosphatidylcholine (<I%) was present. The CLL con- 
tained 4% cholesterol and cholesterol esters; the protein content 
was approximately 1 % by a modification of the method of Lowry 
et al. (27), which allowed analysis of protein in the presence of 
detergent. A second CLL preparation of similar composition (1 7) 
was used in experiments with three of the 35 surfactant-treated 
animals studied. 

Lung surfactant replacement in lambs. Lambs were obtained 
from dated-pregnant ewes at two average gestational ages of 127 
and 133 days (dating accuracy was within 1 day). Although 
separated by only a week in gestation, these two groups of lambs 
had quite different pulmonary maturity. The older group had 
immature lungs and surfactant deficiency by bubble stability 
testing (28) and phosphate analysis of fetal lung liquid (<I5 , ~ m o l  
total lung). However, these older animals could be maintained 
for many hours with the ventilation protocol used (see below). 
By contrast, the younger group of lambs had total fetal lung fluid 
phosphates of <l  ,~mol ,  and without exogenous surfactant could 
not be ventilated effectively for even a few hours after separation 
from the ewe. Evaluation of the efficacy of surfactant replace- 
ment in these two groups of lambs thus gives information useful 
for clinical applications where infants of widely varying pulmo- 
nary maturity are potential candidates for exogenous surfactant. 

Premature lambs were exteriorized from ewes by hysterotomy, 
with the umbilical circulation maintained (1 7). The fetal trachea 
was cannulated, and an arterial catheter was placed in the carotid 
artery. Fetal lung liquid was aspirated, and a 10- 15 ml volume 
was removed and replaced with an equal volume of a V or S 
CLL dispersion (or saline in control experiments). Vortexing and 
probe sonication were chosen as representative of the two most 
common methods of dispersing phospholipids in water, ie, some 
kind of mechanical agitation (with or without particles such as 
glass beads) and some form of ultrasonic energy input. Details 
of the dispersion process are given below. CLL mixtures were 
instilled in a high dose of 100 mg/kg to approximate that 
commonly used in premature animal replacement studies with 
natural lung surfactant (1, 3, 4). The low dose of 15 mg/kg was 
chosen arbitrarily to represent the probable range of marginal 
effectiveness, particularly for younger animals. The concentra- 
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tion of instilled CLL dispersions for the high and low doses was 
20 and 5 mg CLL/ml saline, respectively. Experiments on lambs 
of different gestational ages were intermingled, as were experi- 
ments with different CLL doses and dispersion techniques. 

Following CLL instillation, a 10-min pause was allowed for 
diffusive mixing with all endogenous lung lipid, and the prema- 
ture lamb was then ventilated with 100% oxygen by means of a 
specially modified pressure cycled small animal respirator. Each 
lamb was ventilated for 2 h with the umbilical circulation intact, 
with blood gases monitored every 15 min and quasistatic P-V 
curves measured at 30 and 120 min. The lamb was then separated 
from the ewe, and ventilation continued for up to 10 h, at which 
point surviving animals were sacrificed. P-V inflation-deflation 
characteristics were again measured, and the lung was lavaged 
with 50 ml of 0.15 M NaCl to obtain a final measure of alveolar 
phospholipid content. Inspired gas was uniform as 100% O2 
throughout all experiments. Maximum ventilator pressure set- 
tings were 3016 cm H 2 0  for inspiratory/expiratory pressures, 
with a maximum frequency of 60 breaths per minute. These 
settings were decreased in some instances after the initial 90 min 
of ventilation if blood oxygenation permitted, as discussed below. 

Index of ventilatory ejficiency. The oxygenation of the blood 
in these experiments was measured by Pao2; because all animals 
were breathing 100% oxygen, virtually all hypoxemia represented 
shunting of venous blood and not ventilation/perfusion maldis- 
tributions. However, to reduce the threat of pneumothorax and 
the various physiological effects of hypocapnia, respirator pres- 
sures were lowered, if feasible, to try and attain a normal pH and 
Paco,. Because ventilator input could vary from animal to 
animal, direct comparisons of Pacoz between animals did not 
always reflect differences in lung function. For this reason, an 
index of ventilatory efficiency was developed. The tidal volume 
delivered by a given ventilator pressure difference (dynamic 
compliance) would be one measure of surfactant efficacy, but 
accurate prolonged measurement of tidal volume requires pleth- 
ysmography when using continuous flow pressure-cycled venti- 
lation. Instead, we calculated a semiempirical analog of dynamic 
compliance as an index of the effectiveness of mechanical ven- 
tilation in each animal. 

A VEI which relates alveolar ventilation to respirator input, in 
the absence of spontaneous breathing, can be defined as: 

V A VEI = -- 
AP .f 

In equation (I) ,  AP is the difference between ventilator pressures 
at end inspiration and end expiration, f is ventilator frequency, 
and VA is alveolar ventilation. The alveolar ventilation can be 
calculated as the ratio of C 0 2  production to the mole fraction of 
alveolar COz. If it is assumed that CO, production in euthermic, 
resting lambs remains near normal minimal volumes of 5 ml/ 
kg/min, and that arterial CO, tension approaches alveolar C02, 
then alveolar ventilation is given by: 

. 3800 VA - 
Paco, 

In equation (2), Paco2 is arterial carbon dioxide pressure (torr) 
and the constant 3800 is in units of ml . torr . kg-' min.-I. 
Substitution of equation (2) into equation ( I )  gives VEI as: 

VEI = 
3800 

AP . f . Paco, 

The units of VEI in equation (3) are ml . torr-I . kg-' if ventilator 
excursion pressure is given in torr. The index allows comparison 
of respiratory status among animals whose ventilator pressures 
and Paco2 values vary, and it also gives a useful measure of 
changes in lung function with time for individual animals. VEI 
is calculated in terms of easily accessible variables; as a dynamic 
compliance analog, it increases as pulmonary function improves. 

General physiological measurements in lambs. General phys- 
iological measurement techniques were those described in detail 
by Egan et al. (17). Blood gases were measured on a Radiometer 
ABL 11. A-a DOz was calculated from the blood gas data and the 
alveolar air equation (29). Quasistatic P-V curves for premature 
lambs were determined by displacement of water from a buret; 
nitrogen was the gas used for inflation. For lamb P-V measure- 
ments, the chest was closed; these curves thus reflect lung plius 
thorax mechanics. Functional residual capacity was defined as 
the volume at zero distending pressure. Alveolar liquid volunle 
was calculated from dilution of 57Co-cyanocobalamin, which was 
added to a measured aliquot of aspirated lung liquid and rein- 
stilled into the lung prior to the start of ventilation. Total 
phospholipid content of alveolar liquid samples was measured 
by a standard phosphate assay (25). 

Excised lung mechanical measurements. To help interpret data 
on the effects of CLL in lambs, additional physiological expeli- 
ments were camed out in excised, surfactant-deficient rat lungs. 
In particular, the effects of different doses of vortexed arid 
sonicated CLL dispersions on pulmonary P-V mechanics were 
measured as an independent measure of physiological efficacy. 

Lungs were excised from adult rats (Sprague-Dawley, Charles 
Rivers Co., Wilmington, MA), and pulmonary P-V mechanics 
characterized in the surfactant-sufficient and surfactant-deficient 
states, as described by Bermel et al. (19). In brief, excised lungs 
were degassed, and a control VP deflation curve (quasistatic) was 
measured immediately at 37" C to define the surfactant-sufficient 
state. Leakage was checked by a stringent requirement for a stress 
relaxation rate less than 0. I ml/min at a gas inflation pressure 
of 30 cm H 2 0  (total lung capacity for rat lung experiments). This 
requirement was also used as a standard for leak-free behavi'or 
for all subsequent VP curves in each set of lungs. The lungs were 
then made surfactant-deficient by a series of 10-15 lavagqs (l!)), 
degassed, and another VP deflation curve measured. This curve, 
compared to the initial surfactant-sufficient curve, had increahxj, 
recoil pressures at all lung volumes less than 90% total lung 
capacity. After surfactant-sufficient and -deficient VP behavi'or 
was defined, a given amount of CLL(V) or CLL(S) in 2.5 ml of 
0.15 M NaCl was instilled into the deficient lung (infused in arid 
out five times). The lungs were then degassed, and a VP deflation 
curve measured to determine the effect of the surfactant disper- 
sion on lung mechanics. Only one instillation experiment was 
done per set of lungs. 

Dynamic a-area measurements. Dynamic surface tension 
measurements were done on an oscillating bubble apparatus 
described in detail by Enhorning (30). This method involves tlie 
continuous monitoring of surface tension at the interface of a 
pulsating air bubble formed in an aqueous phase which contains 
dispersed surfactants. The bubble experiments were done at 37" 
C and 100% humidity, with film subphases containing CL,L 
initially dispersed by sonication or by vortexing. The volume of 
CLL dispersion used was 20 ~ 1 ;  concentrations of 0.5, 1, and 5 
mg CLL per ml of 0.15 M NaCl were studied. Bubble cycling 
speed was 20 cycles per minute with an area decrease from 100 
to 50%. Dynamic surface tension lowering was monitored con- 
tinuously, along with the time necessary to reach low minimum 
surface tension (surface tension min <2 dynes/cm) after the start 
of bubble pulsation. In addition to bubble measurements, a-arsea 
isotherms and dynamic respreading behavior of solvent-spread 
CLL films (from hexanelethanol spreading solvent, 911 v/v) 
were studied on a Wilhelmy surface balance (17) at a rate of' 5 
min per complete cycle. 

Adsorption .rr-time experiments. Measurements of surface pres- 
sure-time adsorption were made at 35 k 2" C with a sandblasted 
Wilhelmy slide for CLL dispersed in a 0.15 M NaCl subphase, 
stirred continuously to remove diffusion resistance (8, 16). Ad- 
sorption was characterized for CLL dispersed by: 1) vortexiing 
for 1 h at room temperature (V), and 2) sonication in an ice bath 
for 1-3 min (S). Vortexing was done with a Four Tube Vortex 
Mixer (Scientific Industries, Inc., Bohemia, NY) and sonication 
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was with a microtip at a power of 25 W in a Heat Systems 
Sonicator, model W-220F. CLL was dried from chloroform 
under nitrogen to give a thin film in a test tube prior to addition 
of saline and dispersion by V or S. Adsorption experiments were 
done on aliquots of dispersed CLL taken from the same prepa- 
rations used in instillation experiments. Aliquots of lipid disper- 
sions were added at time zero to 70  ml stirred subphase to give 
final bulk phase concentrations of 0.06-0.25 mg CLL per milli- 
liter in adsorption studies. 

Statistical methods. For continuous variables which were 
measured at discrete points, comparisons utilized the Student's t 
test (two-tailed). This included data on blood gases, phospholipid 
content, and pulmonary mechanics in lambs. For sets of contin- 
uous excised lung P-V curves, t tests were done at specific points 
such as 30 and 70% of total lung capacity. In general, statistical 
significance in Tables 1 and 2 is expressed as p < 0.05 or less as 
a combined indicator of results with a range of significance 
values below 0.05. 

RESULTS 

Physiological results, 127-day gestation lambs. A total of 29 
lambs was studied and divided into a control group and four 
experimental groups. The four experimental groups were given 
low or high doses (1 5 or 100 mg/kg) of CLL dispersed by 
vortexing, CLL(V), or by sonication, CLL(S). The surfactant 
mixture was administered by intratracheal instillation and mixed 
with the fetal lung liquid as a single dose prior to the onset of 
ventilation. Table 1 gives an overall summary of the differences 

in blood oxygenation and pulmonary function found between 
experimental and control groups at 30 and 120 min after the 
start of ventilation, and at the end of each experiment. Major 
features of the results in Table 1 are as follows. 

1) Control lambs (group I) exhibited clear signs and symptoms 
of severe lung disease, with high A-a DO2 and decreased func- 
tional residual capacity. All the animals died quickly after being 
severed from the maternal circulation. 

2) Lambs given vortexed dispersions of CLL at low dose 
(group 11) or high dose (group IV) showed clear improvement in 
lung function compared to controls. For low dose animals (15 
mg/kg), the physiological effects were of similar magnitude to 
those found for high dose animals (100 mg/kg) in terms of both 
blood gases and pulmonary mechanics (Table I). However, the 
lung function improvement was somewhat more variable at low 
dose; one of five low dose CLL(V) animals followed a course 
essentially equivalent to control lambs. Nonetheless, a significant 
beneficial response to low dose CLL(V) was present in the 
majority of animals, and this was not the case for a low dose of 
CLL(S) as noted below. 

3) Lambs given sonicated dispersions of CLL at low dose 
(group 111) did not exhibit improved lung function over controls 
for any of the five lambs studied. At high doses of 100 mg/kg of 
CLL(S) (group V), however, there was a significant improvement 
over controls in lung function, close to that seen with CLL(V) 
animals.' 

'These high dose sonicated animals had a high incidence of pneumothorax 
compared to CLL(V) animals at the same dose, but the numbers are not sufficient 
to infer significance. 

Table 1. Summary of blood gas and mechanical data for 127-day average gestation lambs* 

I. Control 11. Low V 111. Low S IV. High V V. High S 

n (animal no.) (5) (5) (5) (8) (6) 
Gestation (days) 126 + 1 126 + I 126+ I 128 + 1 128 + 1 

Wt (kg) 2.6 + 0.2 2.6 + 0.3 2.5 + 0.1 2.9 + 0.2 2.9 k 0.1 

After 0.5 h vent 
PH 7.23 + 0.03 7.35 + 0.03t 7.23 + 0.03 7.40 k 0.02t 7.49 + 0.03t 
Pao2 3 0 +  1 83 + 201 29 * 3 199 t 53t 248 t 59t 
Paco2 6 5 + 4  48 + 51 68 + 4 39 + 3 t  35 + 47 
VEI 0.040 t 0.003 0.064 r 0.012t 0.038 t 0.002 0.065 + 0.006t 0.096 rt 0.0 12t 
VT/VIO/VO 9/7/2 28/19/12? 121915 33/26/17? 2712211 8 t  
PL l r t 3  28 + 87 27 + 10t 228 + 391- 275 t 34t 

After 2.0 h vent 
PH 7.21 + 04 7.48 + 0.06t 7.15 + 0.07 7.48 rt 0.03t 7.46 t 0.041 
Pao2 39 t 5 237 + 63t 36 + 6 309 rt 387 240 c 501 
Paco2 74 + 7 45 + 51 86 + 11 33 rt 47 38 + 5 t  
VEI 0.034 + 0.005 0.107 + 0.0 19t 0.032 + 0.004 0.09 1 + 0.0 17t 0.08 1 + 0.0 13t 
VT/V,O/VO 1 11914 3812711 2 t  121812 45/35/19? 301241 1 1 t 
PL 2 +  1 17 + 57 22 +. 61 156 a 22t 126 + 171 

At end expt 
PH 6.92 + 0.05 7.52 + 0.06t 6.87 + 0.06 7.37 + 0.05t 7.44 + 0.02t 
Pao2 41 + 16 253 + 51t 38 + 14 336 + 43t 281 + 631 
Paco2 138 + 12 26 k 5 t  160 a 21 38 + 5 t  32 t 37 
VEI 0.0 17 + 0.00 1 0.167 + 0.050t 0.016 + 0.003 0.120 + 0.0331- 0.107 + 0.015t 
VT/VIO/VO 81611 35/25/12? 8/5/1 46/33/20? 2611 9191- 
PL 4 + 2 1 1  t 2 t  17 + 5 t  37 + 8 t  48 + 12t 

Wet:dry 7.5 + 0.6 5.6 + 0.2t 8.5 + 0.5 5.8 + 0.3t 6.5 + 0.3 
Pneumothorax 215 115 015 117 416 

*Average values given as mean + SEM; Pao2 (torr) is on 100% 02 ;  Paco2 (torr); VEI is index of ventilatory efficiency defined in Equation (3); 
Volumes are ml/kg animal weight at 35 cm H 2 0  (VT), 10 cm Hz0 (Vlo), and 0 cm H 2 0  (Vo, equivalent to functional residual capacity) above 
atmospheric pressure. Alveolar phospholipid (PL) is given in total micromoles per lung; the amount of surfactant (CLL) instilled initially was 15 
mg/kg for low V and low S, and 100 mg/kg for high V and high S. Time of experiment end was variable, with a maximum of 12 h; animals found 
to have pneumothoracies on autopsy, for a given group number, are denoted at the bottom of each column, along with the average wet/dry weight 
ratio for animal lungs in each group. 

t Statistically significant (p < 0.05 or less) compared to corresponding control group value. 
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Table 2. Summary of physiological data for 133-day gestation lambs* 

I. Control 11. Low S 111. High S 
IV. High 

v 
n (animal no.) 

Gestation (days) 
Wt (kg) 

After 0.5 h vent 
pH 
Pao2 
Paco2 
VEI 

7.44 t 0.02 
97 t 21 
34 + 2 

0.086 + 0.010 
3512511 3 
24k  l l t  

pH 
Pao2 
Paco2 
VEI 
VT/VIO/VO 
PL 

At end expt 
pH 
Pao2 
Pacoz 
VEI 

Wet/dry 
Pneumothorax 

* All values mean + SEM. All details as in Table 1 legend. No SEM for high dose CLL(V) since n = 2. 
t Statistically significant ( p  < 0.05 or less) compared to corresponding control group value. 

4) Alveolar phospholipid content in treated lambs was in- 
creased over controls at 0.5 h of ventilation by an amount close 
to that instilled initially (low or high dose, sonicated or vortexed). 
Phospholipid content then steadily decreased as each experiment 
progressed, although it was still significantly above control levels 
when experiments were terminated at or before 12 h. However, 
CLL(V) and CLL(S) groups were equivalent in alveolar phos- 
pholipid at a given dose and time. They were not distinguishable 
on this biochemical basis, in contrast to their different behavior 
in terms of lung function and mechanics. 

The segregation of the various groups of 127-day average 
gestation lambs as responders [low and high dose CLL(V) and 
high dose CLL(S)] and nonresponders [low dose CLL(S), equiv- 
alent to controls] is shown clearly in Figure 1, which gives the P- 
V deflation curves for the various groups. This is also shown in 
Figure 2 which compares the VEI in equation (3), and the value 
of A-a DO2, among the five groups of lambs. 

The overall pattern of differences between the groups of lambs 
(Table 1 ; Figs. 1 and 2) was also reflected in experiments on twin 
lambs. Figure 3 shows blood gas and VEI results for a 126-day 
twin experiment which compared the effects of instillation of 
low doses (1 5 mg/kg) of CLL(V) and CLL(S). The animal given 
low dose CLL(S) in Figure 3 had lung function parameters 
equivalent to control lambs. However, the low dose CLL(V) 
treated twin showed greatly improved blood oxygenation and a 
high VEI (improved dynamic compliance). In addition, the 
CLL(V) twin had increased functional residual capacity and 
quasistatic P-V compliance compared to its twin and to control 
lambs (not shown explicitly on Fig. 3). 

Figure 4 shows a twin experiment which compared the effects 
of instillation of high dose ( 1  00 mg/kg) CLL(V) and CLL(S). In 
contrast to the large difference in physiological efficacy seen at 
lower dose, the data of Figure 4 show that instillation of a large 

70r 30 min 120 min End 

PRESSURE (cm H20) 

Fig. 1. Quasistatic P-V deflation curves for 127-day average gestation 
lambs in Table 1. X, control group I; 0, CLL(V) low dose group 11; 0, 
CLL(S) low dose group 111; ., CLL(V) high dose group IV; @, CLL(S) 
high dose group V. 

enough dose of CLL(S) can improve lung function to a similar 
level as found with CLL(V). This dose-response behavior is 
replicated in the concentration-dependent activity of CLL(S) and 
CLL(V) in surfactant-deficient excised lungs as discussed later. 

Physiological results, 133-day gestation lambs. Sixteen lambs 
of average gestational age 133 days were studied to determine if 



5 74 NOTTER ET AL. 

OL L 

0 2 4 6 8 10 12 

TlME (Hours) 

TlME (Hours) 
Fig. 2. VEI [equation (3)] and A-a DO2 for 127-day average gestation 

lambs. Same notation as in Figure 1. 

CLL(S) had a similar dose-dependent efficacy in more mature 
animals. The CLL(S) groups were compared to control animals 
and to two animals given a high dose of CLL(V). 

Table 2 gives a summary of the blood gas and lung mechanical 
data from these 133-day animals, and Figures 5 and 6 show 
results for P-V deflation behavior, ventilatory efficiency, and A- 
a DO2. These data demonstrate that the dose-response effect for 
CLL(S) seen with younger lambs is still present. Instillation of 
low doses (1 5 mg/kg) of CLL(S) in 133-day gestation lambs did 
not significantly enhance lung function over controls. However, 
when high doses (100 mg/kg) of CLL(S) were instilled, animal 
response was a dramatic improvement in pulmonary function, 
quite close to that found with instillation of CLL(V) dispersions. 
The alveolar phospholipid content measurements for 133-day 
animals in Table 2 also parallel the results found for 126 day 
fetuses in Table 1. 

Surface property results. The three surface properties that are 
considered most important for lung surfactant function in vivo 
are dynamic surface tension lowering, respreading, and adsorp- 
tion (eg, Reference 4). These variables were investigated for 
CLL(V) and CLL(S) dispersions in a series of biophysical studies. 

The a-time adsorption isotherms found for CLL(S) and 
CLL(V) are shown in Figure 7; each is a representative curve 
closely reproduced in at least five separate experiments. These 
data show that CLL dispersed by sonication on ice exhibits rapid 
interfacial adsorption (in seconds) to surface pressures of about 
45 dynes/cm for final subphase concentrations of 0.06 mg phos- 
pholipid per milliliter; this behavior is in agreement with the a- 
time adsorption data found previously for other CLL(S) prepa- 
rations (8). The results in Figure 7 also show that vortexed CLL 
dispersions adsorb to the same final surface pressure as in the 
sonicated case. The adsorption of CLL(V) at a subphase concen- 
tration of 0.06 mg/ml is slower than for CLL(S), and there is a 
point of inflection in the T-time adsorption isotherm. However, 
if subphase phospholipid concentration is increased to 0.25 mg/ 

t. CLL(S) .  LOW 
00 CLL(V) ,  LOW 

~ r n b i l i k l  Cord 
Severed 

TlME OF VENTILATION (MINUTES) 

Fig. 3. Arterial blood gas measurements for 126-day twins given V 
and S lipids at low dose ( I5  mg/kg). Fetus A, 2.22 kg, group I11 treated 
with sonicated lipids (*---*); fetus B, 1.90 kg, in group I1 treated with 
vortexed lipids (0---0). See text for details. 

ml, the adsorption of vortexed dispersions is as rapid as that 
found for sonicated dispersions (curve B compared to curve A 
in Fig. 7). This CLL concentration was exceeded in all lamb 
experiments based on measurements of lung liquid volume and 
the known amount of phospholipid instilled. 

The surface tension lowering characteristics of CLL films 
under dynamic compression conditions were investigated by two 
techniques: a Wilhelmy surface balance and an oscillating bub- 
ble. Egan et al. (1 7) have previously demonstrated that solvent- 
spread CLL films can lower surface tension to r 1 dyne/cm on 
dynamic compression in a Wilhelmy balance, with good dynamic 
respreading shown by a collapse plateau ratio (~ycle  2/cycle 1) 
of about 0.9 (at 22" C, initial concentration 10 A2/rno1). Essen- 
tially identical Wilhelmy balance results were found for the CLL 
preparations used in the present study. These surface balance 
data, however, are for CLL films spread directly at the air-water 
interface from an organic solvent in which the lipids are soluble, 
and thus do not reflect effects from dispersion of CLL in an 
aqueous bulk phase. Wilhelmy balance results for solvent-spread 
CLL films only show that if these lipids are present in sufficient 
concentration at the air-water interface, they can lower surface 
tension effectively. 

A dynamic surface tension lowering technique that includes 
direct consideration of phospholipid dispersions is the oscillating 
bubble (30), which measures a combination of dynamic surface 
tension lowering, respreading, and adsorption facility. In our 
bubble experiments, CLL were dispersed by sonication or vor- 
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7.2 - CLL(S), HIGH - CLL(V1, HlGH 

Umbilical Cord 
Severed 

TlME OF VENTILATION (MINUTES) 

Fig. 4. Arterial blood gas data for 130-day twins given high dose (100 
mg/kg) V and S lipids. Fetus A in group V treated with 100 mg/kg S 
CLL (0 - -4 ) ;  twin fetus B treated with same dose of V CLL (0---0). See 
text for details. 

70r 30min 
120 min End 

0 ~ 6  i i b i jb i 

TlME (Hours) 

0 2 4 6 8 1 0 1 2  

TlME (Hours) 
Fig. 6. VEI and A-a DOz for 133-day average gestation lambs in 

Table 2. Same notation as in Figure 5. 

TlME (min) 

Fig. 7. *-Time adsorption of CLL dispersions by V and S. Curve:< 
shown are representative isotherms. A, CLL(S) at bulk dispersion con.- 
centration 0.06 mg/ml; B, CLL(V) at 0.25 mg/ml; C, CLL(V) at 0.06 
mg/ml. 

i L , , C 8  texing at concentrations 5 ,  1, and 0.5 mg/ml, and surface prop- 
o  I ' i  erties were measured at 20 cycles per minute at 37" C with a 

20 40 O 20 40 O 20 40 compression ratio (maximum arealminimum area) of 211. At 

PRESSURE (cm H20) 
these conditions, both CLL(V) and CLL(S) gave minimum sur- 
face tension values approaching 0 dynes/cm and maximutr~ 

Fig. 5.  Quasistatic P-V deflation curves for 133-day average gestation surface tension values of 31-34 dyneslcm. 
lambs in Table 2. x, control group I; 0 ,  CLL(S) low dose group 11; 0, Although the magnitude ofthe final minimum surface tension 
CLL(S) high dose group 111; W, CLL(V) high dose group IV. generated by CLL(V) and CLL(S) was uniform, the time required 
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to reach this minimum value after bubble pulsation was begun 
depended on dispersion concentration. At 5 and 1 mg CLL/ml, 
both vortexed and sonicated dispersions gave surface tension 
values <2 dyne/cm in equivalent times (within 2 rnin at 5 mg/ 
ml and within 4 min at 1 mg/ml).' At 0.5 mg CLL/ml, vortexed 
dispersions took less time on average to reach this value than did 
sonicated dispersions [an average of 10 k 1 (SEM) min for 
CLL(V) and 20 + 2 min for CLL(S) in six independent experi- 
ments for each dispersion type]. This concentration dependence 
of the time necessary to reach a minimum surface tension of <2 
dyne/cm in a pulsating bubble is not striking, but it is consistent 
with the physiological effects found for CLL(V) and CLL(S) 
dispersions in lambs in vivo. A more marked concentration 
dependence, which correlated directly with the lamb results, was 
found in measurements of the effects of CLL(V) and CLL(S) on 
P-V mechanics in excised, surfactant-deficient rat lungs. 

Excised lung mechanical results. Figure 8 shows the P-V 
characteristics of excised rat lungs at 37" C in the surfactant- 
sufficient state (curve A) and the surfactant-deficient state gen- 
erated by multiple saline lavages (curve F). Curves B through D 
show improved P-V mechanics after instillation of 25 and 17 
mg/kg rat weight of CLL(V) and CLL(S), respectively. The bars 
on the various curves represent +SE at the given volume found 
in five independent experiments at each dose. Comparison of 
the appropriate curves in Figure 8 shows that CLL(V) restores 
pulmonary mechanics toward normal at lower concentrations 
than CLL(S). The differences between curves B and D and 
between C and E are statistically significant well below the p = 
0.05 level. This difference between the effects of CLL(V) and 
CLL(S) dispersions diminished as the total amount of instilled 
surfactant was increased above the values in Figure 8. At dose 
levels of 40 mg/kg, the two types of dispersion were found to 
change P-V mechanics almost equally, to a curve just below A 
on Figure 8 (data not shown explicitly). In general, these me- 
chanical results directly parallel the physiological effects of 
CLL(V) and CLL(S) on lung function in lambs in Tables 1 
and 2. 

DISCUSSION 

Our results show that preventilatory instillation of dispersions 
of CLL into the lungs of premature lambs produces significantly 
enhanced pulmonary function and mechanics over controls. A 
total of 45 animals was studied at two gestational ages, with 
widely separated dose levels ( 100 and 15 mg/kg) and two different 
CLL dispersion methods. In the most effectively treated groups, 
those receiving 100 mg CLL(V) per kilogram, lung volumes 
began to approach those reported for normal newborns (31). 
Beneficial pulmonary P-V mechanical changes which increased 
with dose were also found when CLL dispersions were tracheally 
instilled in excised, surfactant-deficient rat lungs. 

In contrast to previous experiments in which natural lung 
surfactant was instilled in lambs after the onset of breathing (32), 
the beneficial effects of CLL were sustained for at least an 8 to 
12-h period of study provided that an effective dose was deliv- 
ered. For CLL(V), beneficial effects were found in lambs at a 
low dose of 15 mg/kg, but this was not true for CLL(S). Even 
for CLL(V), higher doses resulted in further improvements in P- 
V mechanics in excised rat lung studies, and a trend toward 
further improvement in lambs. Our studies do not purport to 
define a complete dose-response relationship for either CLL(V) 
or CLL(S), but they do suggest that a dose of 100 mg/kg will be 

'The numerical limit of 2 dyneslcm is arbitrarily chosen to avoid effects in 
calculations due to bubble deformation from a sphere, which can occur at very low 
surface tension in the pulsating bubble apparatus. The value of 2 dynes/cm is 
clearly low enough to indicate a highly surface active dispersion. Moreover, micro- 
scopic observation of the pulsating bubble indicated minimal deformation at a 
pressure drop value consistent with this surface tension and the Law of Young and 
Laplace for a spherical interface. All CLL dispersions studied went on to give 
minimum surface tensions approaching 0 dynes/cm, although bubble deformation 
from a spherical shape was then apparent. 

PRESSURE (cm H20) 

Fig. 8. VP deflation curves of excised, air-filled rat lungs following 
tracheal instillation of different doses of CLL dispersions. A, normal 
surfactant-sufficient lung; B, 25 mg/kg CLL(V); C, 17 mg/kg CLL(V); 
D, 25 mg/kg CLL(S); E, 17 mg/kg CLL(S); F, surfactant-deficient lung. 
Curve F was obtained by multiple saline lavages prior to instillation of a 
surfactant dispersion. Each curve is the average of experiments in five 
animal lungs, with bars denoting SEM at 30 and 70% of total lung 
capacity. See text for details. 

effective in reversing surfactant-deficiency in vivo. For this dose 
of CLL(V), observed effects in lambs were quantitatively greater 
than those reported previously for immature primates treated 
before breathing with natural rabbit surfactant (33). 

Although the development of an effective synthetic surfactant 
with no protein remains an important goal, the effectiveness of 
CLL(V) in generating near normal respiratory function and P-V 
mechanics for many hours in premature sheep makes it a can- 
didate for current therapy of neonatal RDS. This material con- 
tains almost an order of magnitude less protein (on a strictly 
quantitative basis) than natural surfactant from lung lavage or 
mincing (4-6), and thus has a reduced risk of immunogenicity. 
It is related to the surfactant extract preparation of Fujiwara and 
coworkers (21-23, 34) but does not require supplementation 
with any additives. Finally, it can be sterilized by flash autoclav- 
ing and retain physiological effectiveness in lambs (35). From 
such considerations, several medical centers in the United States 
and Canada have initiated clinical trials of exogenous surfactant 
replacement in RDS with CLL or closely related materials (36). 

In terms of the effect of mixture dispersion technique on 
physiological efficacy, our results show that CLL(S) has a much 
more prominent dose dependence for effectiveness in vivo than 
CLL(V). However, prediction of this from in vitro biophysical 
studies alone was not straightfonvard. Measurements of the 
surface properties of adsorption, dynamic surface tension low- 
ering, and dynamic respreading in vitro were used to characterize 
the two surfactant preparations. At low concentrations (0.06 mg/ 
ml) CLL(S) actually adsorbed more rapidly than CLL(V), al- 
though this difference disappeared at concentrations below those 
instilled in surfactant replacement studies (Fig. 7). Oscillating 
bubble studies, which reflect a combination of all of these inter- 
facial properties, showed slightly enhanced surface activity for 
CLL(V) over CLL(S) dispersions at low concentration. However, 
a more direct distinction between the two was found in their 
relative effects on pulmonary mechanics in the independent 
physiological model of surfactant-deficient, excised rat lungs. P- 
V characteristics were restored more effectively by CLL(V) than 
CLL(S) dispersions at concentrations of 17 and 25 mg/kg (Fig. 
8). This difference decreased when a large amount of phospho- 
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lipid was instilled, a dependence which correlated well with the 
results of lamb studies in vivo. 

Precise physicochemical mechanisms to explain the concen- 
tration dependent behavior of different types of CLL dispersions 
have not yet been defined. The surface activity of CLL(V) and 
CLL(S) dispersions is related, fundamentally, to the liposomes 
and other microstructural aggregates present. However, this mi- 
crostructure has not been investigated in detail. Even if such data 
were available, they might not explain the intriguing finding that 
interfacial property variations between CLL(V) and CLL(S) were 
far less striking than the observed differences in physiological 
effects in excised lungs and in lambs. Regardless of underlying 
mechanism, the existence of variations in the physiological effi- 
cacy of exogenous surfactants depending on dispersion technique 
has pragmatic importance. Dispersion methodology is one more 
variable which needs to be controlled and studied in optimizing 
lung surfactant replacement therapy. 
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