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Abstract We have previously reported that fetal rabbit lung 
tissue in organ culture produces a lamellar body material (pul- 
monary surfactant) with a lower percentage of disaturated phos- 
phatidylcholine than is typically found in rabbit lung in vivo 
(Longmuir, K. J., C. Resele-Tiden, and L. Sykes. 1985. Biochim 
Biophys. Acta 833: 135-143). This investigation was conducted to 
identify all fatty acids present in the lamellar body phosphatidyl- 
choline, and to determine whether the low level of disaturated 
phosphatidylcholine is due to excessive unsaturated fatty acid at 
position sn-1, sn-2, or both. Fetal rabbit lung tissue, 23 days 
gestation, was maintained in culture for 7 days in defined 
(serum-free) medium. Phospholipids were labeled in culture 
with [I-"C]acetate or [U-'4C]glycerol (to follow de novo fatty acid 
biosynthesis), or with [1-"Clpalmitic acid (to follow incorporation 
of exogenously supplied fatty acid). Radiolabeled fatty acid 
methyl esters obtained from lamellar body phosphatidylcholine 
were first separated by reverse-phase thin-layer chromatography 
(TLC) into two fractions of I) 14:O + 16:l and 2) 16:O + 18:l. 
Complete separation of the individual saturated and monoenoic 
fatty acids was achieved by silver nitrate TLC of the two frac- 
tions. Monoenoic fatty acid double bond position was deter- 
mined by permanganate-periodate oxidation followed by HPLC 
of the carboxylic acid phenacyl esters. Lamellar body phos- 
phatidylcholine contained four monoenoic fatty acids: I) pal- 
mitoleic acid, 16:l cis-9; 2) oleic acid, 18:l cis-9; 3) cis-vaccenic 
acid, 18:l ck-11; and 4 )  6-hexadecenoic acid, 16:l cis-6. In addi- 
tion, 8-octadecenoic acid, 18:l cis-8, was found in the fatty acids 
of the tissue homogenate. The abnormally low disaturated phos- 
phatidylcholine content in lamellar body material was the result 
of abnormally high levels of monoenoic fatty acid (principally 
16:l cis-9) found at position sn-2. Position sn-1 contained normal 
levels of saturated fatty acid. The biosynthesis of the unusual 
n-10 fatty acids was observed from the start of culture throughout 
the entire 7-day culture period, and was observed in incubations 
of tissue slices of day 23 fetal rabbit lung. M This is the first 
report of the biosynthesis of n-10 fatty acids (16:l cis-6 and 18:l 
cis-8) in a mammalian tissue other than skin, where these fatty 
acids are found in the secretory product (sebum) of sebaceous 
glands. - Longmuir, K. J., C. Resele-Tiden, and M. E. Rossi. 
Fatty acids of pulmonary surfactant phosphatidylcholine from 
fetal rabbit lung tissue in culture. Biosynthesis of n-10 monoenoic 
fatty acids. J.  Lipid Res. 1988. 29: 1065-1077. 

Supplementary key w o r d s  
elongation palmitoleic acid 6 -hdeceno ic  acid 

fatty acid desaturation fatty acid chain 

Pulmonary surfactant is a lipid-protein complex 
formed by the type I1 alveolar epithelial cell in the mam- 
malian lung (1). Following synthesis of the lipid and pro- 
tein components, the product accumulates in cytoplasmic 
structures called lamellar bodies. The contents of the 
lamellar body (lamellar body material) are secret& onto 
the alveolar surface to become the pulmonary surfactant. 
The principal lipid of surfactant is disaturated phos- 
phatidylcholine, which is mostly responsible for lowering 
alveolar surface tension (2). 

In vitro culture of small tissue pieces of mammalian 
fetal lung (organ culture) has been accepted as a valid 
model system for studying type I1 epithelial cell develop- 
ment, and for studying the regulation of the biosynthesis 
of lamellar body material (3-12). In culture in serum-free 
medium, the columnar epithelium of lung tissue differen- 
tiates to type I1 cells, which produce lamellar body 
material and secrete it into fluid-filled spaces within the 
tissue pieces (3, 4). Addition of hormones to the medium 
is not required for differentiation and lamellar body for- 
mation to occur (3, 6). Instead, a variety of pharmaco- 
logic agents, such as corticosteroids, thyroid hormones, 
theophylline, and estrogen, will augment the synthesis 
and accumulation of lamellar body material by several 

In a series of investigations, we have reported that the 
morphology and phospholipid protile of lamellar body 
material, isolated from fetal rabbit lung in culture, is 
virtually identical to Iamellar body material obtained 
from lung in vivo (13-15). Also, it has been recently 
reported that the major 29-36 kDa glycoprotein 
specifically associated with rabbit lung surfactant is ex- 
pressed in the organ culture system (16). However, the 

fold (3, 5-12). 

Abbreviations: TLC, thin-layer chromatography; GLC, gas-liquid 
chromatography; HPLC, high performance liquid chromatography; 
FAME, fatty acid methyl ester. 
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lamellar body material from culture contains a lower per- 
centage of disaturated phosphatidylcholine than is found 
in fetal lung in vivo, due to the abundance of palmitoleic 
acid, 16:l cis-9, in phosphatidylcholine (15). This unusual 
fatty acid profile is a reproducible finding in this culture 
system, making it a useful, comparative laboratory model 
for understanding which metabolic steps are important 
for the regulation of disaturated phosphatidylcholine bio- 
synthesis. 

In this communication, we report the results of radio- 
labeling experiments that were performed to analyze the 
fatty acid content of lamellar body phosphatidylcholine 
from fetal rabbit lung in culture. We determined that the 
low disaturated phosphatidylcholine content was because 
of excessive unsaturated fatty acid at position sn-2 and not 
at position sn-1. Also, we determined that this lung tissue 
carries out the biosynthesis of two unusual monoenoic 
fatty acids, 16:l cis-6 and 18:l cis-8. Previously, this bio- 
synthetic activity has been reported to take place only in 
the sebaceous glands of skin epithelium (17-22). 

MATERIALS AND METHODS 

Materials 

Tissue culture supplies were obtained from Falcon. 
Medium and antibiotics were obtained from Gibco. Radio- 
active materials were purchased from ICN ([l-14C]palmitic 
acid and [U-"Clglycerol) and Amersham ([l-'4C]acetate). 
Supplies and reagents for electron microscopy were pur- 
chased from Ladd Research Industries. Silica gel 60 and 
RP-18 TLC plates were from E. Merck. Solvents (distilled 
in glass) were purchased from American Burdick and 
Jackson. Diethyl ether contained 2 % ethanol preservative 
instead of butylated hydroxytoluene. Perchloric acid 
(70%), double distilled in Vycor, was purchased from 
G. Frederick Smith and used for lipid phosphorus analy- 
ses. Boron trifluoride (12% in methanol) was purchased 
from Supelco. Phospholipase A2 (porcine pancreas) was 
purchased from Sigma. Platinum(1V) oxide catalyst was 
purchased from Aldrich. Reagents for permanganate- 
periodate oxidation, for preparation of phenacyl esters, 
and for HPLC are described separately (23). Other re- 
agents were analytical grade. 

Culture of lung tissue 

Tissue pieces of fetal rabbit lung, 23 days gestation, 
were prepared for culture as described previously (14, 15). 
Tissue was cultured in Waymouth's MB 752/1 medium, 
with antibiotics, without serum, and without added hor- 
mones (15). Cultures were maintained for 7 days. Radio- 
labeling was carried out over the entire 7-day culture 
period with medium containing [l-14C]palmitic acid (10 
pM, 6.4 pcilpmol), [U-"C]glycerol(8.3 pM, 16 pCi/pmol), 

or [l-14C]acetate (4.6 pM, 49 pCi/pmol). Culture medium 
(including radiochemical label) was changed daily. 

Isolation of lamellar body material 

Lamellar body material was isolated after 7 days of cul- 
ture using methods described previously (15). Two lamellar 
body fractions were recovered after the final sucrose density 
gradient centrifugation: I) a fraction at the interface 
between buffer (0.15 M NaC1, 0.1 mM EGTA, 0.01 M 
diethylmalonic acid, pH 7.4) and buffer + 0.41 M sucrose, 
and 2) a fraction at the interface between buffer + 0.41 M 
sucrose and buffer + 0.65 M sucrose. Only the material 
recovered at the interface between buffer and buffer + 0.41 
M sucrose was used for the analyses reported here. This 
material has been shown by electron microscopy, analysis 
of lipid/protein ratio, and analysis of lipid composition to 
be the more characteristic of lamellar body material (13). 

Lipids from the lamellar body material were extracted 
into chloroform-methanol using modifications (24) of the 
procedures of Bligh and Dyer (25), and stored at -2OOC 
in chloroform-methanol 2:l until further use. Quantities 
of lipid were measured by phosphorus analysis (26). 

The yields of lamellar body material we obtained can 
be summarized as follows. Each 100-mm culture dish of 
tissue pieces contained the equivalent of one or two fetal 
lungs (mean 1.4 * 0.1 lungs (SEM, n = 8)). For each ex- 
periment, lamellar body material was isolated from two 
dishes. The yield of lamellar body material recovered at 
the interface between buffer and buffer + 0.41 M sucrose 
ranged from 0.9 to 3.9 pmol lipid P (mean 2.2 f 0.2 pmol 
lipid P (SEM, n = 16)) per two dishes of tissue. 

The specific radioactivities found in the lamellar body 
materials were as follows: [l-14C]acetate label (49 pCi/pmol 
in medium): 0.29 * 0.04 pCi/pmol lipid P (SEM, n = 8) 
in lamellar body material; [U-14C]glycerol label (16 
pCi/pmol in medium): 0.067 * 0.006 pCi/pmol lipid P 
(SEM, n = 4) in lamellar body material; [l-"C]palmitate 
label (6.4 pCi/pmol in medium): 0.0061 * 0.0016 pCi/pmol 
lipid P (SEM, n = 4) in lamellar body material. 

Electron microscopy 

Tissue pieces of fetal lung were prepared for electron 
microscopy by fixing in a freshly prepared mixture of 
0.7% glutaraldehyde and 0.7% osmium tetroxide in 0.1 
M phosphate buffer (pH 7) for 1 hr on ice (27). Tissue 
pieces were postfixed in 0.25% uranyl acetate in 0.1 M 
acetate buffer (pH 7) for 30 min on ice. 

Lamellar body material was prepared for electron 
microscopy by centrifugation at 75,000 g for 20 min. The 
pellet was fixed in glutaraldehyde-osmium tetroxide for 
1 hr on ice, then fixed in 1.5% tannic acid in 0.1 M phos- 
phate buffer (pH 7) for 30 min at room temperature (28). 

Both the tissue pieces and the lamellar body pellets 
were dehydrated with cold acetone, then with propylene 
oxide, and then embedded in LX-112 resin (Ladd Research 
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Industries). Silver-thin sections were obtained with a 
diamond knife, stained with uranyl acetate and lead 
citrate, and examined on a Phillips 300 electron micro- 
scope. 

Preparation of phosphatidylcholine fatty acid 
methyl esters 

Lamellar body phosphatidylcholine (1-2 pmol per experi- 
ment) was isolated by preparative TLC on 20 cm x 20 cm 
silica gel 60 plates, 250 pm thickness, using a solvent system 
of chloroform-methanol-ammonia 26:14:2. Phosphatidyl- 
choline was extracted from the gel using modifications of 
the procedures of Bligh and Dyer (24). Fatty acid methyl 
esters (FAMEs) were prepared by transesterification in 
boron trifluoride (12% in methanol) (29), extracted into 
hexane, and stored at - 2 O O C  prior to analysis. 

Fatty acids at positions sn-1 and sn-2 of lamellar body 
phosphatidylcholine were isolated by treatment with 
phospholipase A2 as follows. Approximately 1 pmol of 
phosphatidylcholine was stirred for 2 hr at room tempera- 
ture in 5 ml of diethyl ether plus 0.5 ml of a solution of 
0.1 M sodium borate (pH 7), 20 mM CaC12, and 0.5 mg 
of porcine pancreas phospholipase A2 (30). Lipids were 
extracted into ethyl acetate-acetone (24) and the reaction 
products were separated by TLC on 5 cm x 20 cm silica 
gel 60 plates (250 pm thickness) using a solvent system of 
chloroform-methanol-ammonia 26:14:2. The fatty acid 
region (from position sn-2) and the lysophosphatidylcho- 
line region (containing fatty acid at position sn-1) were 
scraped from the plate, then treated with boron trifluoride 
(12% in methanol) (29) to obtain FAMEs. 

Gas-liquid chromatography 
FAMEs were dissolved in a small volume of carbon 

disulfide and analyzed by GLC on a 6 ft x YE in column 
of 10% DEGS-PS (Supelco) at 185OC using a Varian 
model 3700 gas chromatograph. Chromatographic peaks 
corresponding to fatty acids 14:0, 16:0, 16:1, 18:0, 18:1, 
18:2, 18:3 + 20:1, and 20:4 were integrated and used for 
the calculation of phosphatidylcholine fatty acid profiles. 

Catalytic hydrogenation 

Depending on the amount of FAME recovered after 
silver nitrate TLC, from 5 to 300 pg of monoenoic fatty 
acid methyl ester was stirred with 0.5 mg platinum(1V) 
oxide for 2 hr in 1.0 ml methanol under a positive pressure 
of H2 gas (31). The methanol was evaporated and the 
FAMEs were separated from catalyst by extraction into 
hexane. FAMEs were dissolved in a small volume of carbon 
disulfide and analyzed by GLC. 

Reverse-phase thin-layer chromatography 
RP-18 TLC plates (250 pm thickness, 10 cm x 20 cm) 

were pre-run in hexane and in acetonitrile, then acti- 
vated at 7OoC for 1 hr. FAMEs in methanol were streaked 

onto the plate, and the plate was developed twice in 
acetonitrile at room temperature. Bands of fatty acid 
methyl ester were visualized by autoradiography (Kodak 
X-Omat AR film). Two regions of the plate were scraped 
for recovery of product (see Fig. 4): I) a region containing 
the 14:O + 16:l fatty acids, and 2) a region containing the 
16:O + 18:l fatty acids. The products were separated from 
the gel by extracting three times with 2 ml hexane. 

Silver nitrate thin-layer chromatography 

Silica gel 60 plates (5 cm x 20 cm, 250 pm thickness) 
were impregnated with silver by dipping in 15% AgN03 
in acetonitrile and activating at 70°C for 1 hr. Samples 
were applied with hexane and separated by developing 
twice in toluene at -2OOC (32). FAMEs were visualized 
by autoradiography. Mobilities of the monoenoic FAMEs 
are reported relative to the mobility of the saturated 
FAMEs (Rx) .  For determination of radioactivity, the 
individual bands were scraped into scintillation vials and 
counted using Triton-toluene scintillation fluid (33). 
FAMEs were recovered by extracting the gel scrapings 
three times with 2 ml diethyl ether and washing the ether 
extracts twice with 1 M NaCl. The ether extract was dried 
by passing through a column of anhydrous Na2S04. 

The saturated fatty acid fraction isolated by sllver 
nitrate TLC was separated into individual fatty acid 
classes by HPLC as follows. Methyl esters were hydro- 
lyzed by boiling in 0.6 ml methanol-1 N NaOH 5:l for 
3 hr. The reaction mixture was acidified with HC1 and 
the fatty acids were extracted into diethyl ether. Phenacyl 
esters were prepared following the procedures of Borch 
(34) and extracted into hexane. Radiolabeled phenacyl 
esters were mixed with 10 pg each of unlabeled phenacyl 
esters of myristate (14:0), palmitate (16:0), and stearate 
(18:O). These three saturated fatty acid esters were sepa- 
rated by reverse-phase HPLC on an Ultrasphere-ODS 
(C18) column (Altex) using a 40-ml linear solvent gradient 
beginning with acetonitrile-water 70:30 and ending with 
100% acetonitrile (flow rate 1 ml/min). Elution of phenacyl 
esters w a s  monitored by UV detection (254 nm). Frac- 
tions corresponding to chromatographic peaks 14:0, 16:0, 
and 18:O were collected and the radioactivity was deter- 
mined. Other fractions accounted for less than 1% of the 
total radioactivity. 

Double bond analysis 

Methods for determining double bond position are 
described in a separate publication (23). Briefly, '4C-labeled 
FAMEs were treated with a mixture of potassium per- 
manganate and sodium periodate, and the resulting 
monocarboxylic acid and dicarboxylic acid monomethyl 
ester were converted to phenacyl esters by reaction with 
2-bromoacetophenone (phenacyl bromide). The phenacyl 
ester reaction mixture was injected directly onto the 
HPLC for analysis. The HPLC was programmed for 10 
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min of acetonitrile-water 50:50,  followed  by a 40-min 
linear  gradient to 100% acetonitrile, followed  by 10 min 
of 100% acetonitrile (flow rate 1 ml/min).  Fractions  of 1.0 
ml  were  collected over most  of the  chromatogram, with 
0.5-ml fractions collected over regions where mono- and 
dicarboxylic acids were expected to appear. Column frac- 
tions were prepared for scintillation counting by adding 
3.0 ml CP scintillant (Beckman)  per ml of eluant. Regions 
of the  chromatogram  containing radioactivity were com- 
pared  to  a  standard  chromatogram of dicarboxylic acid 
monomethyl, monophenacyl esters (C6-Cll) plus mono- 
carboxylic acid phenacyl esters (C5-Cl2)  obtained  on  the 
day of the analysis. 

RESULTS 

Culture of fetal  lung  tissue  and  isolation of 
lamellar  body  material 

Tissue pieces of fetal rabbit  lung were placed into cul- 
ture  at day 23 of gestation. During the  culture  period,  the 

epithelial cells differentiated to type I1 cells, which synthe- 
sized and secreted lamellar body material.  An electron 
micrograph of a section of tissue after 7 days of culture is 
shown in Fig. 1. The type I1 cells contained  numerous 
lamellar bodies in the cytoplasm, and considerable lamel- 
lar body material w a s  found in the fluid-filled  spaces within 
the tissue pieces. The development and  the morphology of 
the tissue in culture  did not differ from that described in 
detail by other investigators (3, 4). 

Lamellar body material was isolated and examined by 
electron microscopy. Excellent preservation of the  multi- 
lamellar  structure of the  material was seen throughout  the 
entire  lamellar body pellet. Little evidence of contamina- 
tion by other subcellular fractions was observed. Fig. 2 is 
a  micrograph of material located near  the  center of the 
pellet. 

The phospholipid profile of the  lamellar body material 
from culture  has been reported in detail elsewhere (15).  To 
summarize,  approximately 80% of the lipid was phos- 
phatidylcholine and 3-5% was phosphatidylglycerol. The 
disaturated phosphatidylcholine content of the  lamellar 

Fig. 1. Electron micrograph of fetal  rabbit lung tissue after a 7-day culture period. 
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body material was approximately 28% of the total lamellar 
body phospholipid. This value is substantially less than 
the  disaturated phosphatidylcholine content of 48% found 
in lamellar body material from adult  rabbit  lung (15). 

Isolation of fatty acids from tissue and from 
lamellar body phosphatidylcholine 

Fig. 3 is a schematic diagram of the methods used to 
isolate and identify the fatty acid methyl esters (FAMEs) 
from either  the tissue homogenate or from the  lamellar 
body phosphatidylcholine. Following lipid extraction and 
preparative TLC of the  lamellar body phosphatidylcho- 
line, the FAMEs  were obtained by transesterification 
using boron trifluoride in methanol. The first chromato- 
graphic separation was carried  out  on reverse-phase TLC 
plates (RP-18), which separated  the FAMEs into  three 
groups as seen in Fig. 4. These were I )  14:O + 16:l 
FAMEs, 2) 16:O + 18:l FAMEs, and 3)  18:O FAME. Two 
groups, 14:O + 16:l and 16:O + 18:1, were scraped from 
the plate and extracted into diethyl ether. 

Silver nitrate TLC of the above fractions completely 

resolved the  saturated and monoenoic fatty acids from 
both  the  lamellar body phosphatidylcholine (Fig. 5A) and 
from the tissue homogenate lipid extract (Fig. 5B). The 
lamellar body phosphatidylcholine contained three  satu- 
rated fatty acids: myristic acid (14:0), palmitic acid (16:0), 
and stearic acid (18:0, not scraped from the reverse phase 
plate). The lamellar body phosphatidylcholine also con- 
tained four monoenoic fatty acids: 6-hexadecenoic acid 
(16:l cisd), palmitoleic acid (16:l cis-g), oleic acid (18:l 
cis-9), and cis-vacennic acid (18:l cis-11). (Assignment of 
double  bond position is described below.) The fatty acid 
methyl esters from the tissue homogenate lipid extract 
contained all of the above saturated  and monoenoic 
FAMEs, plus an additional monoenoic FAME, 8-octa- 
decenoic acid (18:l  cis-8) (Fig. 5B). 

Confirmation  of chain length and determination of 
double bond position 

All  FAMEs  resolved by silver nitrate TLC (Figs. 5A 
and 5B) were eluted from silica gel and  further  character- 
ized. Analysis by GLC indicated that  the assignments of 

Fig. 2. Electron micrograph of a pellet of isolated lamellar body material from  fetal  rabbit lung tissue after a 7-day culture period. 
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Lamellar Body Material or Tissue Homogenate small quantities of FAME (< 100 pg) often results in the 

1 
1 
1 

Bllgh-Dymr Extmctlon 

Pmpamtlvm N C  of Lammllor Body 
Phosphotldylchollnm 

Tmnsutdflcatlon 

Fatty Acid Methyl Esters 
Rmvmnm Phose N C  

14:o + 161's  16:O + 18:l's 

1 1 AgNO, TLC AgNO, TLC 

140 16:1(6)  16:1(9) 160 11:1(8) lEl(9) 18:1(11) 
I I I I I 

2) GLC after Cotolytlc Hydmgmnatlon 
1) GLC 

3) Pmrmongonatm-Pmriodatm Oxldatlon: HPLC 

Fig. 3. Outline  of methods used to isolate and identify the various 
saturated and monoenoic fatty acids from lung tissue homogenate and 
from lamellar body phosphatidylcholine. Cultures were labeled with 
[1-"Cjacetate for 7 days prior to harvest and analysis. 

14:0,  16:0, 16:1, and 18:l were correct. Also, the  individual 
16:l and 18:l monoenoic FAMEs were reduced to  the 
saturated  compound by catalytic hydrogenation. By GLC 
analysis, we confirmed that  the two  16:l FAMEs were 
reduced to 16:O.  All three 18:l FAMEs were reduced to 
18:O. 

Double  bond position was determined by perman- 
ganate-periodate  oxidation followed  by HPLC of the 
carboxylic acid phenacyl esters as described in a  separate 
publication (23). Fig. 6 is an  HPLC chromatogram of a 
mixture of possible phenacyl esters that would be expected 
from a  permanganate-periodate  oxidation of monoenoic 
FAMEs. Dicarboxylic acid monomethyl monophenacyl 
esters, C6 through C11, and monocarboxylic acid phenacyl 
esters, C5 through C12, were all  resolved on  a single chro- 
matogram. 

Fig. 7 contains  the HPLC chromatograms from the 
permanganate-periodate  oxidations of the "C-labeled 
16:l and 18:l FAMEs found in lamellar body phosphatidyl- 
choline and the tissue homogenate lipid extract. The double 
bond position of palmitoleic acid, 16:l tis-9,  was confirmed 
by the presence of the  9-carbon dicarboxylic acid 
(monomethyl, monophenacyl ester) and  the 7-carbon 
monocarboxylic acid phenacyl ester (Fig. 7A). Oleic acid 
was confirmed by the presence of the 9-carbon dicarboxylic 
acid and  the  9-carbon monocarboxylic acid. cis-Vacennic 
acid, 18:l cis-11, was confirmed by the presence of the 
11-carbon dicarboxylic acid. The 7-carbon monocarboxylic 
acid was present in only small amounts,  as it was appar- 
ently lost during the workup following the  oxidation re- 
action. The reasons for the loss  of product are not clear, 
although we have consistently noted that oxidation of 

preferential loss of the monocarboxylic acid fragment. In 
any case, determining  the  chain  length of the  original 
fatty acid (18 carbons), and the  chain  length of the  dicar- 
boxylic acid oxidation  fragment (11 carbons) was  sufficient 
to assign double  bond position. Also, 163 cis-9,  18:l  cis-9, 
and 18:l  cis-11 chromatographed  on silver nitrate TLC 
identically with the commercially available compounds. 

The permanganate-periodate  oxidation  products of the 
two n-10 FAMEs are shown in Figs. 7D  and 7E. The 16:l 
fatty acid that  on silver nitrate TLC  ran below  16:l  cis-9 
was oxidized to  a  6-carbon dicarboxylic acid and a 
10-carbon monocarboxylic acid, which assigned the double 
bond  to position 6. The 18:l fatty acid that  chromato- 
graphed slightly below 18:l  cis-9  was oxidized to  an 
8-carbon dicarboxylic acid and  a 10-carbon monocarbox- 
ylic acid,  assigning  the  double bond to position 8. Because 
this 18:1(8) chromatographed  immediately below  18:l 
cis-9, some oleic acid was apparently  scraped from the 
TLC plate as well, and was found in the analysis of the 
oxidation  products (Fig. 7E). 

The position of the 16:1(6) and 18:1(8) fatty acids on 
silver nitrate TLC establishes the  double bond configura- 
tion as cis and not tram.  As has been carefully documented 
by other investigators (35), a tram monoenoic  fatty acid 
exhibits  considerably  more mobility on silver nitrate TLC 
than  the cis- isomer. Hence, 16:l  tram-6 and 18:l  tram-8 
would  have run considerably ahead of palmitoleic or oleic 
acids, which was not observed. 

Fatty acid profile of lamellar body 
phosphatidylcholine 

When reverse phase TLC (on RP-18 plates) was not 
performed,  the  monoenoic FAMEs were separated  into 
four  components by silver nitrate  TLC: I )  18:l  cis-11, 
2) 18:l  cis-9, 3) 16:l  cis-9 + 18:l  cis-8, and 4 )  16:l  cis-6. 
Since 18:l cis8 was absent from lamellar body phos- 
phatidylcholine (and was a  minor  component of the tissue 
homogenate), silver nitrate TLC without prior  separation 
by reverse-phase TLC was sufficient to  obtain  a profile of 

1410 - 
1620 - 
1880- 

- origin 

Fig. 4. Reverse-phase thin-layer chromatography of [''Clacetate- 
labeled fatty acid methyl esters from the lipid extract of the tissue 
homogenate. '%-Labeled FAMEs were  streaked onto a 10 x 20 RP-18 
plate (250 pm thickness), developed twice in acetonitrile, and visualized 
by autoradiography. 
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A 

l4:O - 0 

16:l cis-9- 
16:l cis-6.- 

B 

I4:O- - 
16:l cis-9- 
16:l cis-6- - 

0 - 16:O 

- 16:O - - 18:I cis-ll = - cis-9 - 1 8 x 1  cis-8 

- - . .. . .. 

Fig. 5. Silver nitrate TLC of  FAMEs from lung tissue homogenate 
and lamellar body phosphatidylcholine. FAMEs  were  first separated into 
fractions of I )  14:O x 16:l's and 2) 16:O + 18:l's by reverse phase TLC 
(Fig. 4). Each fraction was steaked onto  a 5 x 20 silica gel 60 TLC plate 
treated with 15% AgNO, in acetonitrile. Plates were developed twice  in 
toluene at -20°C and the individual FAMEs  were visualized by auto- 
radiography. A: Fatty  acid  methyl esters from lamellar body  phos- 
phatidylcholine. B: Fatty  acid  methyl esters from the tissue homogenate 
lipid extract. Mobilities relative to saturated fatty acid (RJ: 16:l cu-6, 
0.34; 16:l  cU-9, 0.46; 18:l C~S-8, 0.41; 18:l  ci(-9,  0.49; 18:1  C~S-11,  0.56. 

profiles  of freshly isolated lamellar body phosphatidylcho- 
line from adult  lung were determined by GLC. 

Saturated  fatty acids accounted for approximately 90% 
of the total fatty acid at position sn-1 in the  lamellar body 
phosphatidylcholine from both  cultured fetal lung  and 
adult  lung (Table 2). Palmitic acid was the principal satu- 
rated  fatty acid. The low disaturated phosphatidylcholine 
content of fetal lung lamellar body material from culture 
was explained by the fatty acids found at position sn-2. In 
the fetal lung sample, approximately  30% of the fatty acid 
at sn-2  was saturated. The principal fatty acid at sn-2  was 
16:l (55% of total). In  adult  lung lamellar body phos- 
phatidyl, the principal fatty acid at position sn-2  was 
palmitic acid (54%). 

Time course of synthesis and accumulation of 
fatty acids 

Fig. 8 contains  the  fatty acid profile of fetal rabbit lung 
tissue with respect to  time in culture (0, 2,  4, and  6 days). 
The striking  feature of the profile  is the  accumulation of 
16:l fatty acids as culture progresses. The level  of  16:l 
rises from a level  of < 5%  to more  than 20% by day 6. 

Fig. 9 shows the  time course of biosynthesis of the vari- 
ous  unsaturated fatty acids, as  measured by labeling for 
24 hr with [1-I4C]acetate and analyzing  the FAMEs by 
silver nitrate TLC. No significant change was observed in 
the 14C-labeled fatty acid profile throughout  the  culture 
period. A high level  of palmitoleic acid biosynthesis (ca. 
15%  of the total fatty acid) was observed from the start of 
culture.  A  constant level  of synthesis (2-3%) of  n-10 fatty 
acid (16:l  cis-6)  was observed throughout  the  culture 
period. 

the monoenoic FAMEs. Saturated FAMEs were not re- 
solved by silver nitrate  TLC.  When necessary, the  satu- 
rated fatty acids were eluted from the silica gel, converted E 

to phenacyl esters, and analyzed by HPLC. 
Fetal rabbit  lung tissue in culture was labeled for 7 days E 

with [l-14C]acetate, [U-14C]glycerol, and [I-"C]palmitate. * 
The fatty acid profiles obtained are listed in Table 1. C-J 

Similar profiles were found with all three radiochemical w 
labels. The fatty acid content of the  lamellar body phos- o.2 

phatidylcholine was also determined by GLC (Table 1). m 
With the exception of small amounts of  18:2 and 18:3 + 0 
20:1, the profiles obtained by GLC were similar  to those 2 
obtained by silver nitrate TLC. a 0 -  10 20  3 0  4 0  SO 60 

(0 
0 

0.4 - 

v) 

c1: 

Position analysis of the fatty acids of lamellar body 
phosphatidylcholine TIME, min 

phatidylcholine. profiles at each position were determined acetonitrile (40 min), followed  by 100% acetonitrile (10 min). Flow rate, 

by 1 )  silver nitrate TLC Of [i-14Ciacetate labeled fatty carboxylic acid chain, and the type of acid: m, monocarboxylic acid; 
1 ml/min. Abbreviations indicate the number of carbon atoms in the 

acid, and 2) by GLC. For comparison,  the  fatty acid d-me, dicarboxylic acid, monomethyl ester. 
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TABLE 1. Profde of fatty acids of lamellar body phosphatidylcholine from fetal rabbit lung tissue in culture 

Fatty Acid [ 1-'%]Pdmitate [ U-"CJGlycerol [ 1 -"C]Acetate GLC 

Saturated 
14:O 
16:O 
18:O 

16:l cis-6 

18:l cis-9 

18:2 
18:3 

16:l cis-9 

18:l cis-11 

% oftotal 

58.0 f 2.2 52.6 f 1.2 

7.0 f 0.9 3.6 f 0.1 
21.3 f 2.2 25.6 f 1.4 
9.2 f 1.6 13.1 f 1.7 
4.4 f 0.2 5.1 f 0.5 

n.d. n.d. 
n.d. n.d. 

54.8 f 0.6 
1.4 f 0.7 

52.1 f 0.5 
1.3 f 0.2 
4.2 f 0.4 

25.1 f 0.9 
11.4 f 1.1 
4.6 f 0.2 

n.d. 
n.d. 

58.5 f 1.4 
5.2 * 0.7 

52.4 f 0.6 
0.9 f 0.1 

[ 28.3 f 0.9 

1 12.0 f 0.7 
0.5 f 0.5 
0.7 f 0.0 

Fetal rabbit lung tissue pieces were placed in serum-free culture for 7 days in the absence of radiochemical label, 
or in the presence of [l-'4C]palmitic acid, [U-"C]glycerol, or [l-14C]acetate. At the end of the culture period, lamellar 
body phosphatidylcholine was isolated, and the fatty acid methyl esters were prepared. Unlabeled FAMES were 
analyzed by GLC: Radiolabeled FAMEs were analyzed by silver nitrate TLC. The saturated fatty acid component 
obtained by silver nitrate TLC was isolated from the silica gel, converted to phenacyl esters, and analyzed by HPLC. 
Data are expressed as a percentage of the total FAME detected by GLC or recovered after silver nitrate TLC. Values 
are mean f SEM (n = 4); n.d., not detected. 

Observation of 16:l cis-6 biosynthesis from the start of 
culture suggested that this biosynthetic pathway was ex- 
pressed in the fetal lung tissue in vivo. To test this 
hypothesis, tissue slices from a day 23 fetal rabbit lung 
were incubated for 3 hr with 5 pCi [l-"Clacetate in 
HEPES-buffered minimum essential medium. The 16:l 
fatty acids were isolated from the tissue homogenate by 
reverse-phase TLC followed by silver nitrate TLC as 
described above. "C-Labeled 16:l cis-9 and 16:l cis-6 were 
both detected on the TLC plate. 

During these investigations, we tested a variety of com- 
pounds and culture conditions in an attempt to reduce the 
level of 16:l fatty acids that accumulate in the lamellar 

body material (Longmuir, K. J., and C. Resele-Tiden, un- 
published observations). At present, none of these manipu- 
lations has succeeded in reducing the levels of 16:l fatty 
acid from those reported here. These additions included 
hormones and other pharmacologic agents (cortisol, 
thyroxine, insulin, estrogen, isoproterenol, epinephrine), 
fatty acid precursors and cofactors (acetate, malonate, 
biotin), fatty acid-serum albumin complexes (palmitate, 
linoleate, arachidonate), and sera (fetal calf, newborn 
calf, aduIt rabbit). Changes in medium pH were ineffec- 
tive. Tissue from day 29 gestational age (a time when 
lamellar body formation takes place in utero) produced 
the same unusual profile of fatty acids in culture. 

TABLE 2. Position of fatty acids on lamellar body phosphatidylcholine from fetal rabbit lung tissue in culture. Comparison with adult lung 
lamellar body material 

Position sn-2 Position In-1 

Lung Culture Lung Culture Adult Lung Lung Culture Lung Culture Adult Lung 
Fatty Acid [ I-''C]Acetate GLC GLC [ l-"C]Acetate GLC GLC 

76 oftotal 

Saturated 88.4 f 1.5 91.3 + 0.2 92.9 f 1.9 29.5 + 2.7 30.7 f 3.0 56.5 f 5.5 
14:O 7.4 + 0.8 0.7 f 0.7 10.5 f 1.8 2.0 f 0.4 
16:O 83.1 + 0.6 87.8 f 2.5 20.2 f 1.3 54.5 f 5.8 
18:O 0.8 i 0.1 4.4 f 0.5 n.d. n.d. 

16:l cis-6 1.2 f 0.2 5.4 f 0.5 

18:l cis-9 2.1 * 0.2 13.2 f 1.3 
4.0 f 0.7 I4.O f 2.4 [ 19.2 + 1.8 18:l cis-11 1.9 f 0.3 [ 2.2 f 0.3 [ 4.5 f 1.4 

18:2 n.d. n.d. 1.4 f 0.5 n.d. 0.6 * 0.1 13.9 f 2.2 
n.d. 0.4 f 0.1 0.5 f 0.1 n.d. 0.2 f 0.1 1.3 f 0.2 18:3 + 2O:l 

Lamellar body phosphatidylcholine was isolated from fetal rabbit lung in culture and from adult lung in vivo as described in Methods. Phosphatidyl- 
choline was treated with phospholipase Az. The fatty acid (corresponding to position sn-2) and lysophosphatidylcholine (corresponding to position 
sn-1) fractions were separated by TLC, and the fatty acids were converted to methyl esters. Unlabeled FAMEs were analyzed by GLC. Radiolabeled 
FAMEs were analyzed by silver nitrate TLC. Data are expressed as a percentage of the total FAME detected by GLC or recovered after silver nitrate 
TLC. Values are mean f SE (radiolabeling experiments, n = 4; GLC, n = 3); n.d., below the limit of detection. 

16:l cis-9 6.5 f 1.0 [ 6.0 f o.2 [ 0.7 f 0.7 47.8 f 2.8 [ 54.7 f o.6 [ 9.1 f 2.2 
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DAY IN CULTURE 
Fig. 8. Time course of accumulation of fatty acids in lung tissue in cul- 
ture. Fetal rabbit lung tissue, 23 days gestation, was homogenized on 
days 0, 2, 4, and 6 of culture. FAMEs were prepared from the lipid ex- 
tract of the tissue homogenate and analyzed by GLC. 

DISCUSSION 

Fetal rabbit lung tissue in organ culture produces and 
secretes a lamellar body material similar in most respects 
to lamellar body material from fetal and adult lung in 
vivo. The material has the characteristic multilamellar 
structure (Fig. 2), and when secreted forms tubular mye- 
lin figures (3). It contains 80% phosphatidylcholine (15), 
phosphatidylglycerol(l4, 15), and has a high lipid to pro- 
tein ratio (13). Biosynthesis of the glycoprotein associated 
with pulmonary surfactant is expressed in organ culture 
(16). These similarities to the material in vivo, plus the 
observations that lamellar body biosynthesis in culture is 
responsive to hormones and other pharmacologic agents, 
have made organ culture a valuable system for studying 
pulmonary surfactant biosynthesis. Surprisingly, the lamel- 
lar body material from culture contains less than the ex- 
pected level of disaturated phosphatidylcholine (15) and 
an abnormally high content of palmitoleic acid (16:l cis-9). 
The present investigation utilized sensitive radiochemical 
labeling methods to identify the various fatty acids 
produced by fetal lung tissue in culture, and to determine 
the position of these fatty acids on phosphatidylcholine. 

Fatty acid content of lamellar body 
phosphatidylcholine 

Lamellar body phosphatidylcholine from culture con- 
tained about 50-60% saturated fatty acid (principally 
palmitic acid), and the monoenoic fatty acids 16:l cis-6, 
163 cis-9, 18:l cis-9, and 18:l cis-11. In addition, 18:l cis-8 
was found in the fatty acids of the tissue homogenate. 
Fatty acid profiles were virtually the same whether they 
were measured by I )  GLC of unlabeled fatty acid, 2) up- 

take and incorporation of radiolabeled precursor into 
fatty acid, or 3) uptake and modification of exogenous, 
radiolabeled palmitic acid. 

The n-7 (16:l cis-9 and 18:l cis-11) and n-9 (18:l cis-9) 
fatty acids presumably result from the typical fatty acid 
elongation and A’ desaturation activities found in most 
tissues: 

E 
1 6 1  cis-9 - 18:l cis-11 

16:O < 1 A’ 
E 18:O -18:1 cis-9 

E, chain elongation; A’, desaturation at position 9. 

Both chain elongation (36) and A’ desaturation (37-39) 
occur in mammalian lung tissue. 

The n-10 fatty acids are a more unusual class of 
monoenes. In skin, 16:l cis-6 and 18:l cis-8 are present in 
the secretory product (sebum) of the sebaceous glands 
(17-20), where they far exceed the levels of palmitoleic 
and oleic acids. They are the most abundant fatty acids 
in some plant seed oils (40). They are present in the wax 
esters of vernix caseosa on the skin of newborn infants (21, 
22). The amounts of n-10 fatty acid on skin are correlated 
with rates of sebum secretion (20,22), providing evidence 
that these fatty acids are produced by the skin epithelium 
rather than acquired from the environment. While it is 
assumed that 16:l cis-6 is the product of a A6 desaturation 
enzyme that utilizes palmitoyl-CoA as a substrate (17), 
this enzyme has not been characterized. (The 18:l cis-8 is 
then the chain elongation product of 16:l cis-6.) The A6 
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DAY IN CULTURE 
Fig. 9. Time coume of biosynthesis of fatty acids in lung tissue in cul- 
ture. Fetal rabbit lung tissue in culture was labeled for 24 hr with 
[l-”C]acetate and harvested on the day indicated. FAMEs were pre- 
pared from the lipid extract of the tissue homogenate, then separated by 
silver nitrate TLC into the five classes indicated in the figure. 
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desaturation enzyme is well characterized in liver tissue, 
but it utilizes only unsaturated fatty acid for substrate 

There are two reports that small quantities of 16:1(6) 
and 18:1(8) are present in brain tissue in rat (42) and pig 
(43). There is one report that small quantities of these 
fatty acids are found in whole rat lung (44). Since those 
investigations consisted of the analysis of tissue in vivo, it 
could not be determined whether the fatty acids were the 
result of de novo fatty acid biosynthesis. Instead, their 
presence could be the result of incorporation of fatty acid 
obtained from other tissues or from dietary uptake. 

This is the first report of a mammalian tissue, other 
than skin, that can produce 16:l cir-6 and 18:l cis-8 by 
de novo biosynthesis. This is also the first report that n-10 
fatty acids are incorporated directly into pulmonary sur- 
factant material. The biosynthesis of n-10 fatty acids was 
observed from the start of culture, and in tissue slices 
from day 23 fetal lung. Lung organ culture should prove 
to be a useful system for characterizing this unusual bio- 
synthetic pathway. 

The role of n-10 fatty acids in sebum is not established, 
although it has been noted that substances on the skin 
surface can retard the growth of microorganisms (17). At 
this time we cannot assign a role for n-10 fatty acids in 
pulmonary surfactant. However, it is interesting to note 
that in mammals these fatty acids are found principally in 
secreted products that are normally exposed to the en- 
vironment. 

Position analysis of lamellar body fatty acids 
Lamellar body phosphatidylcholine from fetal lung in 

culture correctly contained about 90% saturated fatty 
acid at position sn-1. Position sn-2 contained a high level 
of unsaturated fatty acid (principally palmitoleic acid). 
The abundance of unsaturated fatty acid at position sn-2 
reduces the content of disaturated phosphatidylcholine to 
less than 30% of the total lamellar body phospholipid (15). 
In vivo, disaturated phosphatidylcholine is 40-50% of the 
total lamellar body phospholipid in adult rabbit lung (15) 
and in fetal rabbit lung, day 30 of gestation (45). 

Soodsma, Mims, and Harlow (46) have reported that 
the content of 16:l fatty acid (in fetal rabbit lung phos- 
phatidylcholine) increases from 5% of the total fatty acid 
at day 23 of gestation, to 10% at day 30 of gestation. The 
more dramatic accumulation of 16:l fatty acid that takes 
place in culture (from 5% of the total fatty acid at the 
start of culture to 21% after 7 days) seems to represent an 
exaggeration of the normal increase in 16:l fatty acid ob- 
served in vivo. To date, a variety of additions to the cul- 
ture medium, including hormones, fatty acids, and sera, 
have failed to reduce this apparent overproduction of un- 
saturated fatty acid. 

To produce disaturated phosphatidylcholine, lung tissue 
can form disaturated diacylglycerol for phosphatidylcholine 

(41). 

biosynthesis (47-49). Alternatively, phosphatidylcholine 
may be modified by a deacylation-reacylation cycle which 
places a saturated fatty acid at position sn-2 (reviewed by 
Batenburg (50)). Failure to place sufficient saturated fatty 
acid at position sn-2 of phosphatidylcholine could be ex- 
plained by improper regulation of one or a combination 
of several steps in fatty acid and glycerolipid biosynthesis. 
These are I) high fatty acid desaturation activity, resulting 
in excessive cellular levels of unsaturated fatty acid; 2) in- 
ability of the 1-acylglycerophosphate acyltransferase to 
select saturated fatty acid from a pool containing unsatu- 
rated fatty acid; 3) inability of the cholinephosphotrans- 
ferase enzyme to select disaturated diacylglycerol from a 
pool containing unsaturated diacylglycerols; 4 )  low phos- 
phatidylcholine deacylation or reacylation activity; and 
5) inability of the lysophosphatidylcholine acyltransferase 
to select saturated fatty acid from a pool containing un- 
saturated fatty acid. All of these possibilities can be tested 
by experiment, and will be the subject of further inves- 
tigation. 

Abnormal fatty acid profiles in lamellar body and sur- 
factant phosphatidylcholine are seen in experiments with 
animals (51), in human infants with respiratory distress 
syndrome (52-55), and in the adult respiratory distress 
syndrome (56, 57). Some of these abnormalities appear to 
occur because of essential fatty acid deficiencies that result 
in excessive levels of unsaturated fatty acid, including 
palmitoleic acid (51, 52). Others report abnormally high 
levels of 18- and 20-carbon fatty acids in pulmonary sur- 
factant (53-5 5). 

Our studies and those cited above indicate that the con- 
trol of the lamellar body phosphatidylcholine fatty acid 
composition is susceptible to the physiologic state of the 
type I1 cell. Position sn-2 of phosphatidylcholine appears 
more susceptible than position sn-1 to alterations in fatty 
acid metabolism. Use of various laboratory model systems, 
such as the culture of lung tissue, should prove valuable 
for defining the metabolic steps that are most responsible 
for regulating disaturated phosphatidylcholine biosyn- 
thesis. I 

This work was supported by grants from the National Heart, 
Lung, and Blood Institute (HL-34624) and the American Lung 
Association of California. 
Manuscript nccived 7 December 1987 and in nvisedfonn 16 February 1988. 

REFERENCES 

1. Rooney, S. A. 1985. The surfactant system and lung phos- 
pholipid biochemistry. Am. Rev. Respir. Dis. 131: 439-460. 

2. Goerke, J. 1974. Lung surfactant. Biochim. Bioply!. Acta. 

3. Snyder, J. M., C. R. Mendelson, and J. M. JDhnston. 1981. 
The effect of cortisol on rabbit fetal lung maturation in 
vitro. Dcv. Biol. 85: 129-140. 

344: 241-261. 

Longmuir, Resele-Tiden, and Rossi Fatty acids of lamellar body phosphatidylcholine 1075 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


4. 

5. 

6. 

7. 

a. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Snyder, J. M., J. M. Johnston, and C. R. Mendelson. 1981. 
Differentiation of type I1 cells of human fetal lung in vitro. 
Cell Tissuc Res. 220: 17-25. 
Mendelson, C. R., and J. M. Snyder. 1985. Effect of cortisol 
on the synthesis of lamellar body glycerophospholipids in 
fetal rabbit lung tissue in vitro. Biochim. Biophys. Acta. 834: 

Gross, I., P. L. Ballard, R. A. Ballard, C. T. Jones, and 
C. M. Wilson. 1983. Corticosteroid stimulation of phos- 
phatidylcholine synthesis in cultured fetal rabbit lung: evi- 
dence for de novo protein synthesis mediated by glucocorti- 
coid receptors. Endocrinology. 112: 829-837. 
Pysher, T. J., K. D. Konrad, and G. B. Reed. 1977. Effects 
of hydrocortisone and pilocarpine on fetal rat lung explants. 
Lab. Inuest. 37: 588-594. 
Gross, I., C. M. Wilson, L. D. Ingleson, A. Brehier, and 
S. A. Rooney. 1980. Fetal lung in organ culture. 111. Com- 
parison of dexamethasone, thyroxine, and methylxanthines. 

Gross, I., and C. M. Wilson. 1982. Fetal lung in organ cul- 
ture. IV. Supra-additive hormone interactions. J.  Appl. 
Physiol. 52: 1420-1425. 
Adamson, I. Y. R., and D. H. Bowden. 1975. Reaction of 
cultured adult and fetal lung to prednisolone and thyroxine. 
Arch. Pathol. 99: 80-85. 
Ekelund, L., G. Arvidson, and B. Astedt. 1975. Cortisol- 
induced accumulation of phospholipids in organ culture of 
human fetal lung. Scand. J.  Clin. Lab. Invest. 35: 419-423. 
Ekelund, L., G. Arvidson, H. Emanuelsson, H. Myhrberg, 
and B. Astedt. 1975. Effect of cortisol on human fetal lung 
in organ culture. Cell Tissue Res. 163: 263-272. 
Longmuir, K. J., J. M. Snyder, C. R. Mendelson, and 
J. M. Johnston. 1981. Phospholipid compositions of lamel- 
lar bodies formed by fetal rabbit lung type I1 cells in organ 
culture. Arch. Biochem. Biophys. 212: 491-500. 
Longmuir, K. J., J. E. Bleasdale, J. G. Quirk, and J. M. 
Johnston. 1982. Regulation of lamellar body acidic glycero- 
phospholipid biosynthesis in fetal rabbit lung in organ cul- 
ture. Biochim. Biophys. Acta 712: 356-364. 
Longmuir, K. J., C. Resele-Tiden, and L. Sykes. 1985. The 
phospholipids of lamellar body material from fetal rabbit 
lung tissue in culture. Unusual phosphatidylcholine fatty 
acid profile. Biochim. Biophys. Acta. 833: 135-143. 
Mendelson, C. R., C. Chen, V. Boggaram, C. Zacharias, 
and J. M. Snyder. 1986. Regulation of the synthesis of the 
major surfactant apoprotein in fetal rabbit lung tissue. 
J.  Biol. Chem. 261: 9938-9943. 
Nicolaides, N. 1974. Skin lipids: their biochemical unique- 
ness. Science. 186: 19-26. 
Weitkamp, A. W., A. M. Smiljanic, and S. Rothman. 1947. 
The free fatty acids of human hair fat. J.  Am. Chem. SOC. 69: 

Nicolaides, N., R. E. Keflum, and P. V. Wooley. 1964. The 
structures of the free unsaturated fatty acids of human skin 
surface fat. Arch. Biochem. Biophys. 105: 634-639. 
Stewart, M. E., M. 0. Grahek, L. S. Cambier, P. W. Wertz, 
and D. T. Downing. 1986. Dilutional effect of increased 
sebaceous gland activity on the proportion of linoleic acid 
in sebaceous wax esters and in epidermal acylceramides. 
J Invest. Dennatol. 87: 733-736. 
Nicolaides, N., H. C. Fu, M. N. A. Ansari, andG. R. Rice. 
1972. The fatty acids of wax esters and sterol esters from 
vernix caseosa and from human skin surface lipid. Lipidr. 

Stewart, M. E., M. A. Quinn, and D, T. Downing. 1982. 

85-94. 

J. Appl. Physiol. 48: 872-877. 

1936-1939. 

7: 506-517. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

Variability in the fatty acid composition of wax esters from 
vernix caseosa and its possible relation to sebaceous gland 
activity. J Znucst. Dnmotol. 78: 291-295. 
Longmuir, K. J., M. E. Rossi, and C. Resele-Tiden. 1987. 
Determination of monoenoic fatty acid double bond posi- 
tion by permanganate-periodate oxidation followed by 
HPLC of carboxylic acid phenacyl esters. Anal. Biochem. 

Longmuir, K. J., 0. C. Martin, and R. E. Pagano. 1985. 
Synthesis of fluorescent and radiolabeled analogues of 
phosphatidic acid. Chnn. Phys. Lipid. 36: 197-207. 
Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total 
lipid extraction and purification. Can. J.  Biochem. Physiol. 

Rouser, G., A. N. Siakotos, and S. Fleischer. 1966. Quanti- 
tative analysis of phospholipids by thin layer chromatogra- 
phy and phosphorus analysis of spots. Lipidr. 1: 85-86. 
Collet, A. J. 1979. Preservation of alveolar type I1 pneumo- 
cyte lamellar bodies for electron microscopic studies. 
J.  Histochem. Cytochem. 27: 989-996. 
Kalina, M., and D. C. Pease. 1977. The preservation of 
ultrastructure in saturated phosphatidylcholines by tannic 
acid in model systems and type I1 pneum0cytes.J. Cell Biol. 

Metcalfe, L. D., and A. A. Schmitz. 1961. The rapid prepa- 
ration of fatty acid esters for gas chromatographic analysis. 
Anal. Chem. 33: 363-364. 
Kates, M. 1972. Techniques of Lipidology (Laboratory 
Techniques in Biochemistry and Molecular Biology). Vol. 
3, pt. 2. North-Holland, Amsterdam. 568. 
Christie, W. W. 1982. Lipid Analysis. 2nd ed. Pergamon, 
Oxford. 61. 
Gelman, E. P., and J. E. Cronan. 1972. Mutant of Escherichia 
coli deficient in the synthesis of cis-vaccenic acid. J. Bacterial. 

Bleasdale, J. E., P. Wallis, P. C. MacDonald, and J. M. 
Johnston. 1979. Characterization of forward and reverse 
reactions catalyzed by CDP-diacylglycero1:inositol transfer- 
ase in rabbit lung tissue. Biochim. Biophys. Acta. 575: 

Borch, R. F. 1975. Separation of long chain fatty acids as 
phenacyl esters by high pressure liquid chromatography. 
Anal. Chem. 47: 2437-2439. 
Gunstone, F. D., I. A. Ismail, and M. Lie Ken Jie. 1967. 
Fatty acids, part 16. Thin layer and gas-liquid chromato- 
graphic properties of the cis and tram methyl octadecenoates 
and of some acetylenic esters. Chem. Phys. Lipidr. 1: 

Gross, I., and J. B. Warshaw. 1974. Enzyme activities 
related to fatty acid synthesis in developing mammalian 
lung. Pediatl: Rex 8: 193-199. 
Montgomery, M. R. 1976. Characterization of fatty acid 
desaturase activity in rat lung microsomes. J Lipid Res. 17: 

Balint, J. A,, E. C. Kyriakides, and D. A. Beeler. 1980. 
Fatty acid desaturation in lung: inhibition by unsaturated 
fatty acids. J Lipid Res. 21: 868-873. 
Balint, J. A,, E. C. Kyriakides, and D. A. Beeler. 1981. 
Desaturation of endogenous and exogenous palmitate in 
lung tissue in vitro. Lipids. 16: 767-770. 
Spencer, G. F., R. Kleiman, R. W. Miller, and F. R. Earle. 
1971. Occurrence of cis-6-hexadecenoic acid as the major 
component of Thunbergia alata seed oil. Lipia's. 6: 712-714. 
Holloway, P. W. 1983. Fatty acid desaturation. I n  The En- 
zymes, 3rd ed. Vol. 16. Academic Press, New York. 63-83. 

1 6 7  213-221. 

37: 911-917. 

74: 726-741. 

112: 381-387. 

135-147. 

376-385. 

12-15. 

1076 Journal of Lipid Research Volume 29, 1988 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


42. Spence, M. W. 1970. Monoenoic fatty-acid isomers of brain 
in adult and newborn rats. Biochim. Biophys. Acta. 218: 

43. Kishimoto, Y., and N. S. Radin. 1964. Structures of the 
ester-linked mono- and diunsaturated fatty acids of pig 
brain. J. Lipid Res. 5: 98-102. 

44. Lecerf, J., and J. Bezard. 1971. Isomtres de position des 
acides palmitoltique et olCique dans les lipides du poumon 
de rat. C. R. Acad. Sci. [Dj (Park) 272: 2104-2106. 

45. Hallman, M., and L. Gluck. 1980. Formation of acidic 
phospholipids in rabbit lung during perinatal development. 
Pediatr: Res. 14: 1250-1259. 

46. Soodsma, J. F., L. C. Mims, and R. D. Harlow. 1976. The 
analysis of the molecular species of fetal rabbit lung phos- 
phatidylcholine by consecutive chromatographic tech- 
niques. Biochim. Biophys. Acta. 424: 159-167. 

47. Ravinuthala, H. R., J. C. Miller, and P. A. Weinhold. 1978. 
Phosphatidate phosphatase activity and properties in fetal 
and adult rabbit lung. Biochim. Biophys. Acta. 530: 347-356. 

48. Miller, J. C., and P. A. Weinhold. 1981. Cholinephospho- 
transferase in rat lung. The in vitro synthesis of dipalmitoyl- 
phosphatidylcholine from dipalmitoylglycerol. J.  Biol. 

49. Ide, H., and P. A. Weinhold. 1982. Cholinephosphotrans- 
ferase in rat lung. In vitro formation of dipalmitoyl- 
phosphatidylcholine and general lack of selectivity using 
endogenously generated diacylglycerol. J. Biol. Chem. 257: 

50. Batenburg, J. J. 1982. The phosphatidylcholine-lysophos- 

347-356. 

C h .  256: 12662-12665. 

14926-14931. 

phatidylcholine cycle. In Lung Development: Biological 
and Clinical Perspectives. P. M. Farrell, editor. Academic 
Press, New York. 359-390. 

51. Bumell, J. M., E. C. Kyriakides, R. H. Edmonds, and J. A. 
Balint. 1978. The relationship of fatty acid composition and 
surface activity of lung extracts. Respir. Physiol. 32: 195-206. 

52. Friedman, Z., and A. Rosenberg. 1979. Abnormal lung 
surfactant related to essential fatty acid deficiency in a neo- 
nate. Pediatrics. 63: 855-859. 

53. Motoyama, E. K., Y. Namba, and S. A. Rooney. 1976. 
Phosphatidylcholine content and fatty acid composition of 
tracheal and gastric liquids from premature and full-term 
newborn infants. Clin. Chim. Acta. 7 0  449-454. 

54. Shelley, S. A,, M. Kovacevic, J. E. Paciga, and J. U. Balis. 
1979. Sequential changes of surfactant phosphatidylcholine 
in hyaline-membrane disease of the newborn. N. En& J. 
Med. 300  112-116. 

55. Balint, J. A., E. C. Kyriakides, G. D. V. Gunawardhane, 
and H. Risenberg. 1978. Surfactant lecithin fatty acid com- 
position and its relationship to the infantile respiratory dis- 
tress syndrome. Pediatr: Res. 12: 715-719. 

56. Baughman, R. P., E. Stein, J. MacGee, M. Rashkin, and 
H. Sahebjami. 1984. Changes in fatty acids in phospho- 
lipids of the bronchoalveolar fluid in bacterial pneumonia 
and in adult respiratory distress syndrome. Clin. Chem. 3 0  

57. Hallman, M., R. Spragg, J. H. Harrell, and K. M. Moser. 
1982. Evidence of lung surfactant abnormality in respira- 
tory failure. J.  Clin. Invest. 70: 673-683. 

521-523. 

Longmuir, Resele-Tiden, and Rossi Fatty acids of lamellar body phosphatidylcholine 1077 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

