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Abstract Lung surfactant was isolated from bronchoalveolar 
lavage  of dogs during the late phase of  recovery  (15 days)  from 
acute alveolar injury induced by subcutaneous injection of N- 
nitroso-N-methylurethane. This surfactant was compared with 
surfactant from control dogs  in terms of in vitro surface 
properties, phospholipid composition and protein content, and 
those of its subfractions. Phospholipid composition and protein 
content were similar in the two groups, except that phosphatidyl- 
glycerol (PG) was markedly reduced and phosphatidylinositol 
(PI) was increased in the experimental group. In both, isopycnic 
densities of their subfractions in continuous sucrose density 
gradient were identical. The time course of surfactant adsorp- 
tion was similar in both groups. Minimum surface tension 
(ymin) was 4.1 + 1.5 dyneskm in the experimental dogs and 3.8 
+ 1.3 dyneskm in  the controls. Surface compressibility (SC), 
stability index (SI), and dynamic respreadability (DR) of the 
surfactants from the two groups were nearly identical. When 
compared to an artificial surfactant composed of dipalmitoyl 
phosphatidylcholine (DPPC)  and PG in 9:l molar ratio, a mix- 
ture of DPPC-PI 9:l prepared identically showed similar ymin, 
SC, SI, and  DR, and  a much higher surface adsorption rate.8i 
These results suggest that PG is not essential for normal in vitro 
surfactant function and that its  role  may be assumed by PI. - 
Liau, D. F., C. R. Barrett, A. L. L. Bell, and S .  F. Ryan. 
Normal surface properties of phosphatidylglycerol-deficient 
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Phosphatidylglycerol  (PC) is the  most  abundant  acidic 
phospholipid  in  the  lung  surfactant (1-3). It  comprises  up 
to 11% of the  surfactant  phospholipids (1, 4). PG-deficient 
surfactant  has  been  found  in  the  lungs of prematurely 
born  rabbits  and of patients  with  adult  respiratory  distress 
syndrome (5-7), and its  presence  in  surfactant  has  been 
used  as an indicator of fetal  lung  maturity (8). PG has 
been  reported  to  decrease  surface  compressibility of the 
surfactant  from  postnatal  rabbit  lung (5), to  regulate  sur- 
face activities of the  dipalmitoyl  phosphatidylcholine 
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(DPPC)  from  artificial  surfactant (9-12), and  to  enhance 
the  binding of DPPC with  apoprotein  and  the  adsorption 
rate of this  lipoprotein  complex (11). However, the  func- 
tional  role of this  phospholipid  in  surfactant  has  not yet 
been  clearly  defined. 

Deficiency of PG in  surfactant  could  be  induced by 
feeding  myoinositol  to  adult  rabbits (13). This  sugar 
affected only  the levels of PG  and  phosphatidylinositol 
(PI) but  not  other  components  in  the  surfactant (14, 
15). Beppu,  Clements,  and  Goerke (14) and  Hallman, 
Enhorning,  and  Possmayer (15) using  this  model  recently 
reported  that deficiency of P G  in  the  surfactant  did  not 
affect its  normal  surface  properties.  The  pressure-volume 
relationships and gas exchange of the  lungs  deficient  in 
surfactant PG were  normal (14). Hallman  et  al. (15) found 
that  the  ability of PG-deficient  surfactant  to  improve  lung 
stability  when  instilled  into  preterm  rabbits  did  not differ 
from  that of normal  surfactant.  These  studies  suggested 
that  PG  may  not  be a critical  determinant of lung  surfac- 
tant  function  and  that  its specific role  in  the  surfactant 
may  be  assumed by PI. 

Acute  alveolar  injury closely resembling  that  seen  in  the 
lungs of humans  with  adult  respiratory  distress  syndrome 
can  be  induced  in  dogs by subcutaneous  injection  of N- 
nitroso-N-methylurethane (NNNMU) (16, 17). Progres- 
sive decreases  in  alveolar  lavage  disaturated  phosphatidyl- 
choline  (DSPC)  and PG and  in  lung  compliance were 
found  during  the first 7 days  after  administration of 

Abbreviations: PC, phosphatidylcholine; PG, phosphatidylglycerol; 
PI, phosphatidylinositol; PS, phosphatidylserine; DPPC, dipalmitoyl 
phosphatidylcholine; DSPC, disaturated phosphatidylcholine; DPG, 
diphosphatidylglycerol; TLC, thin-layer chromatography; T N  buffer, 
0.01 M Tris-HCI, pH 7.4, 0.15 M NaC1; SC, surface compressibility; SI, 
stability index; DR, dynamic respreadabiiity; NNNMU, N-nitroso-N- 
methylurethane. 

'Parts of this  study  were presented at  the Annual Meeting of the 
American Lung Association (Miami, FL, May 20, 1984). Am. Rev. 
Respir Dis. 1984. 129: 293 (Abstract). 
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NNNMU (18,  19). Thereafter,  the  quantities of DSPC in 
alveolar lavage and  the  lung mechanics recovered toward 
normal (17,  19). In contrast,  the  quantities of PG re- 
mained  markedly  decreased  throughout  this period (19). 
Surface  properties of the  surfactant isolated from this PG- 
deficient alveolar lavage were studied and compared with 
those from control dogs. Our results suggest that PG is 
not an essential component for normal surface activity of 
the  surfactant. 

MATERIALS  AND  METHODS 

The experiments were carried  out  on  adult male mon- 
grel dogs weighing 14-28  kg. Only dogs  that  had  normal 
lung mechanics during a  control period were used for the 
study. The dogs were divided  into two groups,  control  and 
experimental. The experimental dogs received a single 
subcutaneous injection of 7 mg of NNNMU/kg body 
weight in  5 ml of saline and were  killed with pentobarbital 
during  the late phase of recovery (15 days after NNNMU) 
(16). The control  dogs received no injection of saline since 
5  ml of  it  was considered  to have negligible effect in  the 
dogs. The lung was  excised quickly, lavaged, and perfused 
with cold T N  buffer (0.01 M Tris HCl,  pH 7.4, 0.15 M 
NaCl). 

Detailed  procedures used for the alveolar lavage, per- 
fusion, and  the analyses of the  quantities and composition 
of lipids from alveolar lavage have been reported from this 
laboratory (18-21). In brief, the  lung was weighed and 
degassed in a  vacuum, and the  bronchus,  pulmonary 
artery, and  pulmonary veins were cannulated.  It was then 
lavaged six times via the  cannulated  bronchus, each time 
with 10 ml/g predicted  normal lung weight (PLW) of cold 
T N  buffer. Predicted  normal  lung weight was calculated 
from preinjection body weight using  the data of Frank 
(22). The pulmonary  artery was then perfused at  a pres- 
sure of 30  cm of water with 1500 ml of cold T N  buffer. 
The  lung was used for the analysis of tissue phospholipids 
and  other studies. The alveolar lavages were pooled and 
centrifuged at 200 g at 4OC for 10 min  to remove cells. 
The supernatant was further filtered through  a  5-pm 
Millipore filter (filter type: SM; Millipore  Co., Bedford, 
MA)  to complete the removal of  cells and was used for 
assays of lipid and protein. Two aliquots, 600 ml each, 
were lyophilized and extracted for lipid analysis (23). The 
remainder (3000-4000 ml) was used for the isolation of 
surfactant for measurements of surface activity and for 
lipid and protein analyses. 

Surfactant was isolated by centrifuging  the alveolar 
lavages at 27,000 g for 120 min  at 4OC (Beckman L5-40 
ultracentrifuge, SW 27 rotor). The pellet was suspended 
in T N  buffer to yield a suspension containing  5  mg of 
phospholipids/ml. This was distributed  into several por- 

tions and stored  at -2OOC until used. Lipids were ex- 
tracted by the  same  method  as used for the lavage. 

Phospholipids were separated by thin-layer  chromatog- 
raphy (TLC) on silica gel  60 using  the following solvents: 
(A) chloroform-methanol-conc. ammonium hydroxide 
85:30:6 (v/v/v) (20) and (B) chloroform-methanol-water 
65:25:4 (v/v/v) (21). Phosphatidylcholine (PC) (solvent A) 
and phosphatidylglycerol (PG) (solvent B) from the lavage 
and  disaturated phosphatidylcholine (DSPC) (solvent B) 
from both  the lavage and surfactant were quantitated by 
fluorometry after  spraying  the TLC plates with Rho- 
damine  6G (20). Separation of the phospholipids (Table 
2) from the  surfactant was accomplished by two-dimen- 
sional TLC using solvent A for the first dimension  and 
solvent B for the second dimension.  Individual phospho- 
lipids were then isolated from the TLC plate and lipid 
phosphorus was determined by the modified method of 
Beveridge and  Johnson (24). Isolation of DSPC was car- 
ried out by the  method of Mason, Nellenbogen, and 
Clements (25) except that  the  separation of DSPC from 
the reaction mixture was carried  out by TLC (solvent B) 
rather  than by column chromatography. Quantification of 
phospholipids by fluorometry  has been found  to give 
results similar  to those obtained by lipid phosphorus 
assay. Protein  content of the lavage and the  surfactant was 
determined by the  method of Lowry et al. (26) with the 
addition of 1% sodium dodecyl sulfate (SDS) to  the 
reagent. The addition of SDS was necessary to prevent 
the  turbidity caused by lipids. 

Subfractionation of the  surfactant was carried  out in a 
linear sucrose density gradient (27). The surfactant was 
suspended in 2 ml of T N  buffer and layered over a 34-ml 
linear sucrose density  gradient (0.1 "1.0 M in T N  
buffer). The gradient was centrifuged on  an SW 27 rotor 
at 90,000 g for 4 hr at 4OC. The fraction was aspirated, 
diluted with T N  buffer, and recovered by centrifugation 
(27,000 g, 1 hr). The resulting pellet was suspended  in T N  
buffer and its total phospholipids and protein were deter- 
mined as above. 

Artificial surfactant was prepared by mixing DPPC- 
PG, DPPC-PI, or DPPC-PS in a molar  ratio of 9:l. The 
mixture was then dispersed in T N  buffer to form multi- 
lamellar liposomes according  to  the  method of Bangham, 
Hill,  and  Miller (28) with slight modification. Twenty mg 
of the  mixture was dissolved in 0.4 ml of chloroform and 
dried  under N2  to a thin film in a 20-ml test tube  contain- 
ing 20 glass spheres (3 mm in  diameter)  instead of rotary 
evaporation used by Bangham et al. (28). The dry film 
was dispersed in 4 ml of T N  buffer to form a dispersion 
by gentle shaking  at room temperature for 3  min. The 
phospholipid concentration of the dispersion was 5 mg/ml. 
With this procedure,  large  multilamellar liposomes could 
be  obtained (29). 

Surface  tensions of the  natural  and artificial surfactants 
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were measured in a modified Wilhelmy balance at 37OC. 
A Teflon trough (15 cm x 6 cm, maximum and minimum 
surface area of 65 and 13 cm) lined with Teflon tape and 
a movable Teflon barrier was used. The trough was 
covered with a transparent plastic cover. No surfactant 
material was applied until the T N  buffer subphase (50 ml) 
exhibited a clean surface (70 dyneskm). Natural surfac- 
tant in T N  buffer was dried under N2 and resuspended in 
50 p1 of isopropanol-water-chloroform 2:1:0.5 (v/v/v) (7,  
30) and artificial surfactant was taken directly from the 
aqueous dispersion. The sample containing 60 pg of total 
phospholipids was added to the surface with a micro- 
syringe and with the barrier in the fully expanded posi- 
tion. After 10 min the spread films were compressed from 
65 to 13 cm at 1 cycle/100 sec. The surface tension versus 
surface area was recorded continuously by an X-Y re- 
corder (Hewlett Packard, San Diego, CA) for up to 2 hr. 

Surface adsorption was measured by adding samples of 
natural and artificial surfactants, both in T N  buffer con- 
taining 100 pg of phospholipids to 50 ml of T N  buffer (2 
pg/ml) in a Teflon beaker (4.0 cm diameter), and stirring 
constantly for 5 min with a magnetic stirrer (240 rpm) 
(12). After cessation of stirring, lipids adsorbed on the 
surface during stirring were removed by suction with 
removal of 3 ml of buffer to give a clean surface (70 
dyneskm). A platinum plate was then immersed to mea- 
sure the surface tension. The decrease of surface tension 
was recorded on a strip-chart recorder for 1 hr. 

The following surface properties of the natural surfac- 
tant and the artificial surfactant were determined: I )  the 
minimal surface tension (ymin) at the end of the second 
compressions; 2) surface compressibility (SC), SC = (UA) 
(dAldy), calculated from the slope of the y-A curve on the 
second compressions at y = 15 dynedcm; 3) stability 
index (SI), SI = 2 (ymax - ymin)/(ymax + ymin) at 
second compressions; 4 )  dynamic respreadability (DR), 
determined from the collapse plateau ratio (cycles 2/1) 
(31); and 5 )  surface adsorption rate (Adr), expressed as 
increase in surface pressure (T) per min during the first 
10 min of recording. Three different concentrations of 
surfactant phospholipids were measured for each prepara- 
tion and each measurement was done in duplicate. 

Difference between mean values in the control and ex- 
perimental dogs were evaluated using a conventional un- 
paired t-test (32). 
Dipalmitoyl-DL-a-phosphatidylcholine (DPPC, syn- 

thetic), unsaturated L-a-phosphatidyl-DL-glycerol (PG, 
egg yolk lecithin), unsaturated L-a-phosphatidylinositol 
(PI, bovine brain), and unsaturated L-a-phosphatidyl-L- 
serine (PS, bovine brain) were obtained from Sigma 
Chemical Go., St. Louis, MO. They were analyzed by 
one-dimensional TLC using either solvent A or B, and 
were found to give single spots. All compounds were used, 
therefore, without further purification. 
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TABLE 2. Phospholipid  composition  and phospholipidprotein ratio of surfactant  from  control  and  experimental dogs 

Phosphatidylcholine 
Disaturated PC 
Phosphatidylglycerol 
Phosphatidylethanolamine 
Sphingomyelin 
Phosphatidylinositol 
Phosphatidylserine 
Lysophosphatidylcholine 
Phospholipid/protein 

(n = 7) 

7 7 . 7  f 3.4 
35.9 f 2.5 
1 1 . 7  f 2.8 
2.5 * 0.9  
2.6  1.4 
2.4 f 0.8 

nd 
4.2 * 2.9 
4.9 f 1.2 

Control Experimental 
(n = 5 )  

78.8 2.7 
38.2 f 3.6 
2.0 f 1.2 
3.7 f 1 . 2  
3.6 f 1.3 
6.6 f 1.9 

nd 
3.3 f 1.9 
4.6 * 0.7 

P 

NS 
NS 

<0.001 
NS 
NS 

<0.001 

NS 
NS 

Values are means f SD and are given as percent of total phospholipids. NS, not significantly different; nd, not 
detectable. Phospholipid/protein ratio was expressed as mg of phospholipid/mg protein. 

RESULTS 

The predicted lung weights of the  experimental dogs 
were not significantly different from those of controls 
(Table 1). The quantities of PC,  DSPC,  PG,  and  PI  and 
of proteins were determined  in  both  the lavage and  sur- 
factant (Table 1). Except for PG  and  PI, none of these 
quantities expressed as  mglg of predicted  lung weight was 
significantly different between the two groups. PG in the 
lavage and  in  the  surfactant from the experimental dogs 
was strikingly decreased and  PI was increased. 

The phospholipid composition and the  ratios of phos- 
pholipid to  protein of the  surfactants are given in Table 2. 
The percentages of PC,  DSPC,  PE,  LPC  and  the ratios 
of phospholipid to  protein were similar  in  the two groups. 
PG was very much lower in  the  experimental dogs than 
in the control dogs ( P  < O.OOl), and  the reverse was true 
for PI (P < 0.001). PS was not  detectable. 

Two subfractions were found  in  the  surfactant from 
each  group. The isopycnic densities and  the phospholipid 
to protein  ratios of these fractions  in  the two groups were 
almost identical (Table 3). 

Surface  adsorption of the  surfactants, expressed as 
surface  pressure increase versus time, were similar be- 
tween groups (Fig. l). Representative surface tension 
versus area  diagrams of the  surfactants from both  groups 
are  demonstrated in Fig. 2. Surface tension decreased  to 
below 5 dyneslcm after  the surface area was compressed 
from 65 cm to 13 cm. The minimum surface tension, 
surface compressibility, stability index,  and  dynamic re- 
spreadability  did not significantly differ between the 
groups (Table 3). 

Surface  properties of the artificial surfactants are shown 
in Table 4. The mixtures DPPC-PG,  DPPC-PI,  and 
DPPC-PS were highly surface-active. They decreased 
surface tension  to 0 dynelcm.  Surface compressibility, 
stability index, and  dynamic respreadability of these mix- 
tures were nearly identical. They  adsorbed  nearly  linearly 
for 20 min (figures not shown) and  the  adsorption  rates of 

DPPC-PI  and  DPPC-PS were significantly higher than 
that of DPPC-PG ( P  < 0.001). 

DISCUSSION 

Subcutaneous injection of NNNMU in dogs induced 
acute alveolar injury closely resembling that described in 
the  adult respiratory distress syndrome in humans (16-17). 
The earliest lesion was injury  to  both types of alveolar 
epithelial cells while the  capillary  endothelium  remained 
intact (16). Epithelial necrosis was accompanied by inter- 
stitial and perivascular edema  and by alveolar collapse. 
These changes coincided with decreased compliance  and 
increased elastic recoil of the  lung (17), a  marked decrease 
in alveolar lavage DSPC (18), and  abnormal surface 
properties of the isolated surfactant (33). During recovery, 

TABLE 3. Surface properties of surfactant, and densities and 
phospholipid/protein ratios of surfactant subfractions 

from control and experimental dogs 
~~ ~~ 

(n = 5) (n = 5 )  P 
Control  Experimental 

Surface properties 
ymin  (dyne/cm) 3.4 f 0.8 4.1 f 1.6 NS 
SC  (cm/dyne) 
SI 

0.075 f 0.021 0.071 f 0.018 NS 
1.74 -t 0.03 1.73 f 0.05 NS 

DR (cycle 2.1)  0.89 + 0.03 0.90 + 0.07 NS 

Density (g/cm’) 
Subfraction 1 1.05 f 0.01 1.05  0.02  NS 
Subfraction 2 1.09 f 0.01 1.09 f 0.02 NS 

Phospholipid/protein 
Subfraction 1 7.3 f 1 . 7  6.2 f 1 . 1  NS 
Subfraction 2 3.6 f 0.8 3.5 f 1.4 NS 

Subfractions were  separated  by continuous sucrose density gradient. 
Values are means f SD. ymin, minimum surface tension; SC, surface 
compressibility; SI, stability index; DR, dynamic respreadability; NS, 
not significantly different. Phospholipid/protein ratio was expressed as 
mg of phospholipid/mg protein. 
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Fig. 1. Representative surface adsorption rates of surfactant  from 
control (- - -) and experimental dogs (-). Each sample, containing 
100 pg of phospholipids, was added to 50 ml of subphase solution. 
Surface pressure  increase  was measured continuously for 60 min. 

massive regeneration of immature alveolar epithelial cells 
was  followed by their differentiation to mature type I1 
cells, recognizable by their cytoplasmic lamellar bodies. 
This differentiation coincided with improving  lung  me- 
chanics and  a  return toward a  normal  amount of alveolar 
lavage DSPC (19). These findings suggest that,  during this 
period, renewed production of normal surfactant occurred. 

The present studies focus on  characterization of the 
surfactants isolated from alveolar lavages of dogs during 
the  late phase of recovery. Isolation of surfactant was 
carried  out by commonly employed centrifugation proce- 
dures (7, 14, 27,  34). The yields of surfactant phospho- 
lipids accounted for 40% of total alveolar lavage phospho- 
lipids and were not significantly different from those of 
control dogs (Table 1). As shown in Table 1, the  lungs 
during this period produced nearly normal  amounts of 
PC,  DSPC,  and protein,  determined  either  in  the alveolar 
lavages or the isolated surfactants.  Previous studies also 
showed that  the fatty acyl group  distribution of the lavage 
PC was almost identical in the two groups (35). However, 
the  quantities of PG were persistently low and were ac- 
companied by elevated levels of PI (Tables 1 and 2). 
Studies on  the  surfactant of the developing fetus reveal 
that  PI initially increases parallel to DSPC, whereas PG 
appears  later (5, 8). Competitive synthesis of PG  and  PI 
from a  common precursor, CDP-diglyceride, was found 
in the  lung  and presumably takes place in type I1 cells 
(13). These findings suggest that  induction of PI synthesis 
is accompanied by a decrease in PG synthesis and vice 
versa. Our previous study (19) on the  quantities of PG 
and diphosphatidylglycerol (DPG)  and  the biosynthesis of 
DPG in this  experimental model suggest that,  during 
recovery, regenerating epithelial cells are  the  major site of 
the synthesis of PG  and  DPG.  The decreased levels of PG 
in both alveolar lavage and  lung tissue may be due to in- 

creased incorporation of PG into  DPG,  thus  reducing  the 
availability of PG for surfactant. Presumably, the DPG 
thus synthesized in  the  mitochondria is utilized for  mem- 
brane  construction in these new  cells. It  appears  that PG 
deficiency is a  characteristic of immature type 11 cells 
whether they are fetal or regenerating. 

During the  late phase of recovery, the  in vitro surface 
properties, the densities of the subfractions, and  the  ratios 
of phospholipid to protein of the isolated surfactant, 
which is apparently deficient only in  PG, were not differ- 
ent from those of control dogs (Figs. 1 and 2, Tables 2 and 
3). Therefore, PG is apparently not a critical determinant 
for normal in vitro  surfactant  function.  These findings 
agree with recent observations that PG-deficient surfac- 
tant isolated from inositol-fed adult  rabbits possesses 
normal surface properties (14, 15). In  order to determine 
whether  the  functional role of PG in  surfactant  can be 
assumed by PI, artificial surfactant  containing  either  PG, 
PI, or another acidic phospholipid, phosphatidylserine 
(PS), in  equal  molar  amounts were prepared. As shown 
in Table 4, surface properties (ymin, SC, SI,  and DR) of 
both PI-  and PS-containing artificial surfactants (DPPC- 
PI  and  DPPC-PS) were similar  to those of PG-containing 
artificial surfactants  (DPPC-PG). Surface adsorption 
rates of the two former artificial surfactants were much 
higher  than those of PG-containing artificial surfactant. 
However, in comparison with natural  surfactant  (Fig. l), 
their  adsorption  rates were low (0.65-0.75 dyneskm per 
min vs. 1.8 dyneskm per  min). Metcalfe, Enhorning,  and 
Possmayer (34) have demonstrated  that artificial surfac- 
tant  containing PI  rather  than  PG was as effective as 
natural  surfactant in prolonging survival of rabbit fetuses 

701 

% A R E A  

Fig. 2. Representative surface tension versus  area diagrams of surfac- 
tant  from  control (- - -) and experimental dogs (-). Each sample, 
containing 60 pg of phospholipids, was applied to the  surface  in 50 p1 of 
isopropanol-water-chloroform. Diagrams shown  were  recorded during 
the second cycle of compression and expansion of the surface. 
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TABLE 4. Surface  DroDerties  of artificial surfactant 

DPPC-PG DPPC-PI DPPC-PS 
(9: 1) (9: 1) (9:l) P 

ymin  (dyne/cm) 0 0 0 NS 
sc (cm/dyne) 0.035 f 0.003 0.028 f 0.008 0.046 ~t 0.004 NS 
SI 1.60 f 0.15 1.81 f 0.11 1.81 * 0.12 NS 
DR  (cycle 2:  1) 0.95 f 0.04 0.96 * 0.03 0.95 * 0.02 NS 
Adr (dynelcm per min) 0.11 f 0.03 0.75 f 0.07 0.65 f 0.05 <0.001 

See Tables 2 and 3 for abbreviations of phospholipids  and of surface  properties,  respectively. The mixture was 
dispersed  in T N  buffer by shaking  in  the  presence of glass  spheres and  the  dispersion was spread  on  the  surface 
of the trough. Adu, adsorption rate, was expressed as increment  in  surface  pressure  (dyne/cm  per  min) at 10 min. 
Values  are  means * SD of four  preparations.  Pvalues given are for  the  differences  between  DPPC-PI  and  DPPC-PG 
and between DPPC-PS  and DPPC-PG. Surface  properties of DPPC-PI and  DPPC-PS are not  significantly  dif- 
ferent. Adr of DPPC-PI or DPPC-PS was higher  than  that of DPPC-PG (P < 0,001). NS, not  significantly  different. 

delivered before term. In contrast,  Ikegami,  Silverman, 
and Adams (36) and  Obladen,  Klatt,  and Bartholome 
(29) showed that  a  mixture of lipids containing PG was 
most  efficient in  restoring  normal pressure-volume charac- 
teristics of surfactant-depleted  animals when compared 
with mixtures  containing  other phospholipids. 

Our results suggest that  the presence of PG in  the 
natural or the artificial surfactant is not essential for 
normal  in  vitro  surfactant  function  and  that  its specific 
role may be assumed by other acidic phospholipids, e.g., 
PI or PS.  However, the  rapid  turnover of PG in alveolar 
surfactant (37) and  the  speculations  that PG might serve 
as  a  structural  component of lamellar bodies (5) and  as a 
precursor to DPG for membrane  construction of lung 
cells (19) suggest additional roles for PG in lipid metabo- 
lism, or in  the storage, secretion, or clearance of lung 
surfactant (14). 

The  authors gratefully acknowledge the excellent technical assis- 
tance of Giselle Cernansky  and  Luba Pustilnik. This work was 
supported by grants  from  the  National  Heart,  Lung,  and Blood 
Institute (HL-16592) and by a grant from  the  Stony Wold- 
Herbert  Fund,  Inc. of New York. 
Mantlscript received 18 April 1985. 

REFERENCES 

1. Pfleger, R.  C.,  and H. G.  Thomas. 1971. Beagle dog pul- 
monary  surfactant lipids. Lipid composition of pulmonary 
tissue, exfoliated lining cells and  surfactant. Arch. Intern. 
Med. 127: 863-872. 

2. Hallman,  M.,  and L. Gluck. 1974. Phosphatidylglycerol in 
lung  surfactant.  I. Synthesis in  rat  lung microsomes. 
Biochem. Biophys. Res. Commun. 60: 1-7. 

3. Rooney, S. A., P. M.  Canavan,  and E. K.  Motoyama. 1974. 
The identification of phosphatidylglycerol in  the  rat,  rabbit, 
monkey and  human  lung. Biochim. Biophys. Acta. 360: 56-67. 

4. Hallman,  M.,  and  L. Gluck. 1975. Phosphatidylglycerol  in 
lung  surfactant. 11. Subcellular distribution  and  mecha- 
nism of biosynthesis  in  vitro. Biochim.  Biophys.  Acta. 409: 
172-191. 

5. Hallman,  M.,  and L.  Gluck. 1976. Phosphatidylglycerol  in 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

lung surfactant. 111. Possible modifier of surfactant function. 
J. Lipid Res. 17: 257-262. 
Hallman,  M., H. B. Feidman, E. Kirkpatrick,  and L. 
Gluck. 1977. Absence of phosphatidylglycerol (PG) in 
respiratory distress syndrome in the  newborn. Pediatr Res. 

Hallman,  M.,  R. Spragg, J. H.  Harrell,  K.  M. Moser, and 
L. Gluck. 1982. Evidence of lung  surfactant  abnormality in 
respiratory  failure. J.  Clin.  Invest. 70: 673-683. 
Hallman, M., M. Kulovich, E. Kirkpatrick,  G.  R.  Sugar- 
man,  and L. Gluck. 1976. Phosphatidylinositol and phos- 
phatidylglycerol  in amniotic fluid: indices of lung maturity. 
Am. J.  Obstet. Gynecol. 125: 613-617. 
Robertson, B. 1980. Surfactant  substitution:  experimental 
models and clinical applications. Lung. 158: 57-68. 
Notter, R. H., and D. L. Shapiro. 1981. Lung surface  in an 
era of replacement therapy. Pediatrics. 68: 781-789. 
King,  R. J., and  M. C. MacBeth. 1981. Interaction of the 
lipid and  protein  components of pulmonary  surfactant. 
Role of phosphatidylglycerol and calcium. Biochim.  Biophys. 

Suzuki, Y. 1982. Effect of protein, cholesterol, and phos- 
phatidylglycerol  on the surface  activity of the lipid-protein 
complex  reconstituted from pig pulmonary  surfactant. J.  
Lipid Res. 23: 62-69. 
Hallman, M., and B. L. Epstein. 1980. Role of myo-inositol 
in the synthesis of phosphatidylglycerol and phosphatidyl- 
inositol in the  lung. Biochem. Biophys.  Res.  Commun. 92: 

Beppu, 0. S., J. A. Clements,  and J. Goerke. 1983. Phos- 
phatidylglycerol-deficient lung surfactant  has  normal  proper- 
ties. J.  Appl. Physiol. 55: 496-502. 
Hallman, M., G.  Enhorning,  and F. Possmayer. 1985. 
Composition  and  surface activity of normal  and phospha- 
tidylglycerol-deficient lung  surfactant. Pediatt: Res. 19: 

Ryan, S. F., A. L. L. Bell, and  C.  R.  Barrett. 1976. Experi- 
mental  acute alveolar injury in the.dog. Am.  J.  Pathol. 82: 

Barrett, C. R., A. L. L. Bell, and S. F. Rvan. 1979. Alveolar 

11: 714-720. 

Acta. 647: 159-168. 

1151-1159. 

286-292. 

353-372. 

epithelial injury causing  respiratory diskess in  dogs. Chest. 
75: 705-711. 

18. Ryan, S. E,  D. E Liau, A. L. L. Bell, S. A. Hashim,  and 
C.  R.  Barrett. 1981. Correlation of lung compliance and 
quantities of surfactant phospholipids  after acute alveolar 
injury  from N-nitroso-N-methylurethane in the dog. Am. 
Rev.  Respir Dis. 123: 200-204. 

19. Liau, D. F., C.  R.  Barrett,  A. L. L. Bell, G. Cernansky, and 

Liau et al. Phosphatidylglycerol-deficient lung surfactant 1343 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


S. E Ryan. 1984. Diphosphatidylglycerol in experimental 
acute alveolar injury in the dog. J.  Lipid Res. 25: 678-683. 

20. Ryan, S. E ,  S. A. Hashim, G. Cernansky, C. R. Barrett, 
A.  L. L. Bell, and D.  F. Liau. 1980. Quantification of sur- 
factant phospholipids in the dog lung. J Lipid  Res. 21: 

21. Cernansky, G., D.  F. Liau, S. A. Hashim,  and S. F. Ryan. 
1980. Estimation of phosphatidylglycerol in  fluids contain- 
ing pulmonary surfactant. J.  Lipid  Res. 21: 1128-1131. 

22. Frank, N. R. 1963. A comparison of static volume-pressure 
relations of excised pulmonary lobes of dogs. J Appl. 
Physiol. 18: 274-278. 

23. Folch, J., M. Lees, and G.  H. Sloane Stanley. 1957. A 
simple method for the isolation and purification of total 
lipids from animal tissues. J Biol.  Chem. 226: 497-509. 

24. Beveridge, J. M. R.,  and S. E. Johnson. 1949. The deter- 
mination of phospholipid phosphorus. Can. J. Res. 27: 

25. Mason, R. J., J. Nellenbogen, and J. A. Clements. 1976. 
Isolation of disaturated phosphatidylcholine with osmium 
tetroxide. J.  Lipid Res. 17: 281-284. 

26. Lowry, D. H., N. J. Rosebrough, A. L. Farr, and R. J. 
Randall. 1951. Protein measurement with the Folin phenol 
reagent.J. Biol.  Chem. 193: 265-275. 

27. Petty,  T. L., 0. K. Reiss, G. W. Paul, G. W. Silvers, and 
N. D. Elkins. 1977. Characteristics of pulmonary surfactant 
in adult respiratory distress syndrome associated with 
trauma and shock. Am. Rev. Respir. Dis. 115: 531-536. 

28. Bangham, A. D., M. W. Hill, and N. G. A. Miller. 1974. 
Preparation  and use of liposomes as models of biological 
membranes in Kron. Methods  Membr.  Biol. 1: 1-68. 

1004-1014. 

159-163. 

29. Obladen, M., I.  Klatt,  and M. Bartholome. 1981. Multi- 
lamellar liposome preparation and surface activity of syn- 
thetic phospholipids. Prog.  Rexpir. Res. 15: 177-187. 

30. Hildebran, J. N., J. Gorke, and J. A. Clements. 1979. 
Pulmonary surface film stability and composition. J.  Appl. 
Physiol. 47: 604-611. 

31. Notter, R.  H., S. A. Tabak, and R. D. Mavis. 1980. Surface 
properties of binary mixtures of some pulmonary surfactant 
components. J.  Lipid  Res. 21: 10-22. 

32. Snedecor, G. W., and W. G. Cochran. 1967. Statistical 
Methods. The Iowa State University Press, Ames, Iowa. 

33. Liau, D.  F., C. R. Barrett, A.  L. L. Bell, and S. F. Ryan. 
1983. Functional abnormalities of lung surfactant in experi- 
mental acute alveolar injury in the dog. Am. Rev. Respit: Dis. 
127: 96 (Abstract). 

34. Metcalfe, I. L., G. Enhorning,  and F. Possmayer. 1980. 
Pulmonary surfactant-associated proteins: their role in the 
expression of surface activity. J.  Appl.  Physiol. 49: 34-41. 

35. Liau, D.  F., C. R. Barrett, A.  L. L. Bell, S. A. Hashim,  and 
S. F. Ryan. 1982. Lysolecithin acyltransferase and alveolar 
phosphatidylcholine palmitate in experimental acute alveolar 
injury in the dog lung. Biochim.  Biophys.  Acta. 710: 76-81. 

36. Ikegami, M., J. Silverman, and F. H. Adams. 1979. Restora- 
tion of lung pressure-volume characteristics with various 
phospholipids. Pediatr.  Res. 13: 777-780. 

37. Magoon, M. W., J. R. Wright, A. Baritussio, M. C. 
Williams, J. Goerke, B. J. Benson, R. L. Hal,  and J. A. 
Clements. 1983. Subfractionation of lung  surfactant.  Impli- 
cation for metabolism and surface activity. Biochim.  Biophys. 
Acta. 750: 18-31. 

1344 Journal of Lipid Research Volume 26, 1985 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

