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palmitoylphosphatidylcholine is synthesized by al- 

veolar macrophages [7-lo]. In addition, several 
investigators have provided evidence for phos- 
pholipase A activity in alveolar macrophages and 
some have suggested a role for these. cells in 

surfactant catabolism [7,9,11]. These processes have 

not been systematically investigated in these cells. 
In particular, their role in surfactant synthesis, 

clearance, and/or reutilization is not known. The 

objectives of this investigation were: (1) to char- 

acterize incorporation of13H]palmitate into dis- 

aturated phosphatidylcholines in alveolar macro- 

phages, (2) to study factors which may affect this 

process, and (3) whenever possible, to compare 
disaturated phosphatidylcholine synthesis in these 

cells with that which occurs in alveolar type II 
cells isolated by centrifugal elutriation. A pre- 

liminary report of these results has appeared previ- 
ously [12]. 

Methods 

Isolation of alveolar macrophages. Alveolar mac- 

rophages were harvested from male Sprague-Daw- 

ley rats (200-300 g) according to the method of 
Myrvik et al. [13]. The animals were anesthetized 

with sodium pentobarbital(O.2 g/kg body weight) 

and exsanguinated by cutting the abdominal aorta. 
Pulmonary lavage was accomplished by washing 

the lungs from each animal 12 times in situ with a 

total volume of 80 ml of ice-cold, Ca2+-free 

buffered medium (145 mM NaCl/S mM KC1/9.35 
mM Na,HP0,/1.9 mM NaH,PO,/and 5 mM 

glucose, pH 7.4). The cells were separated from the 

lavage fluid by centrifugation at 500 X g for 5 min. 
The alveolar macrophages from several animals 

were then pooled and washed twice by alternate 
centrifugation and resuspension in phosphate- 
buffered medium (same medium as above with 1.8 
mM CaClJ1.0 mM MgCl,). After the alveolar 
macrophages were washed, the cells were resus- 

pended in phosphate-buffered medium for use in 

all experiments. The total number of cells in the 

suspension was determined by using a Coulter 
Model Z, electronic cell counter (Coulter Instru- 
ment Co., Hialeah, FL). The cells used in these 
experiments were greater than 98% alveolar mac- 
rophages as identified by light microscopy. The 
contaminating cell types were leukocytes and 

erythrocytes. No alveolar type II cells were present 

in the lavage fluid. 
Incubation of cells and preparation of cells for 

analysis. Incorporation of [ 3H]palmitate into dis- 

aturated phosphatidylcholines was determined by 
incubating alveolar macrophages in medium con- 
taining various concentrations of palmitic acid with 

trace amounts of [ 3 Hlpalmitate and measuring the 

amount of radioactivity in the disaturated phos- 

phatidylcholines which were produced. After isola- 

tion of the alveolar macrophages as described 

above, the cells were suspended in phosphate- 

buffered medium containing an appropriate 

amount of palmitate. The palmitic acid (Sigma 

Chemical Co., St. Louis, MO) was complexed with 

bovine serum albumin in a molar ratio of 5.3 : 1 
(fatty acid/bovine serum albumin) as described by 

Hendry and Possmayer [14] prior to addition to 
the incubation medium. In most experiments the 

number of cells used was 1 . lo6 cells per ml. At 

the start of the experiment, 10W4 pmol of [9,10- 
3H]palmitic acid (specific activity, 11.8 Ci/mmol; 

New England Nuclear Corp.; Boston, MA) was 

added to each sample and the cell suspensions 

were incubated at 37°C for varying lengths of 
time. Following the incubation period, a 0.5 ml 

aliquot of the cell suspension was mixed well with 

10 ml of chloroform/methanol (2 : 1, v/v). 1 mg 

of mixed lipids isolated from rat lungs was added 

to each sample of cell suspension and these sam- 

ples were saved for analysis. In some experiments 
incorporation of choline or glycerol into dis- 

aturated phosphatidylcholines was measured by 
adding 1 p Ci [methyl- 3 HIcholine chloride (specific 

activity, 80 Ci/mmol; New England Nuclear) or 1 

PCi [1,3-‘4C]glycerol, (specific activity, 55.1 
mCi/mmol; New England Nuclear) to the incuba- 
tion medium. 

In one series of experiments we studied the 
effects of foreign particles and chemical mediators 

on disaturated phosphatidylcholine synthesis. 
Zymosan, an extract from the cell walls of Sac- 

charomyces cerevisiae yeast (Sigma), was used as 

the foreign particle. It was prepared by boiling 50 
mg in 3 ml of phosphate-buffered medium for 15 
min. Then the zymosan was separated from the 
medium by centrifugation, and a stock suspension 
was prepared by resuspending the pellet in fresh 
phosphate-buffered medium. This procedure 
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Fig. 1. Time-courses for incorporation of [3H]palmitate into 
disatuiated phosphatidylcholines (DSPC) in alveolar mecro- 

phages suspended in phosphate-buffered medium and two dif- 

ferent concentrations of pahitate (aa mM paimi:ate 
); 0.1 mM pahiaare (O--O). %ncorporation was 

measured in samples (0.5 ml total vohme~ which contained 

5. IQ5 celPs. The points are mean vahles for five cxpetiIEze?ts 
and the bars represent the standard errors of the mezm. 



increases more slowly. After 2-3 h of incubation, 

incorporation seems to be maximal. These results 
differ from those obtained with isolated alveolar 
type II cells [19] in which incorporation occurs to 

a greater extent but where the time required for 

maximal incorporation is longer. For example, at 

1.0 mM extracellular palmitate, the process is not 

complete for 4-5 hours in type II cells. 

The dependence of incorporation of 

[ 3H]palmitate into disaturated phosphatidylcho- 
lines on the external palmitate concentration is 

shown in Fig. 2. The measurements were made 
following an incubation period of 2 h. The rela- 

tionship between extracellular palmitate and incor- 
poration displays saturation kinetics. Maximal 

incorporation and the K1,* value (the external 
palmitate level at which one-half maximal incorpo- 

ration occurs), obtained from a double-reciprocal 

plot, are 1.53 nmol/5 .105 cells per 2 h and 0.19 
mM, respectively. When these experiments were 

performed with type II cells [19], the curve was the 

same general shape but the Kl,z value was less, 
i.e.. 0.10 mM. 
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Fig. 2. Incorporation of [3H]palmitate into disaturated phos- 
phatidylcholines (DSPC) in alveolar macrophages as a function 
of the extracellular palm&ate concentration. The extracellular 
fluid consisted of phosphate-buffered medium and varying 
amounts of palmitate. The measurements were made from 
samples of cell suspension (0.5 ml total volume) which con- 
tained 5. lo5 cells after an incubation period of 2 h. The points 
are mean values for six experiments and the bars represent the 
standard errors of the means. 

Magnitude of incorporation 

The amount of palmitate incorporated into dis- 
aturated phosphatidylcholines in alveolar macro- 
phages was measured at various times and com- 
pared with that which occurs in type II cells 

isolated by centrifugal elutriation [19]. The results 

are shown in Table I. These experiments were 

done with an extracellular concentration of 1 mM 

palmitate, i.e., a level which produces maximal 

incorporation in both cell types. There is not much 

difference between the two cell types in the amount 

of incorporation which occurs during the first 30 

min of incubation; i.e., the initial rates of incorpo- 

ration are similar in the two cell types. However, 

in type II cells incorporation is maintained for a 

longer period of time. Therefore, over longer 

incubation periods, the type II cells incorporate 

more palmitate into disaturated phosphatidylcho- 
lines. After 5 h of incubation, a time during which 

maximal synthesis occurs in both cell types, the 

amount of incorporation in type II cells is 2-3- 

times greater than that in alveolar macrophages on 
a per cell basis. 

We also measured the incorporation of choline 
(0.05 nM) and glycerol (0.1 mM) into disaturated 
phosphatidylcholines. These data are not pre- 

sented. In alveolar macrophages the amount of 

palmitate incorporated into disaturated phos- 

phatidylcholines is approx. lo-fold and 500-fold 

greater than the incorporation of choline and 

TABLE I 

INCORPORATION OF [3H]PALMITATE INTO DIS- 
ATURATED PHOSPHATIDYLCHOLINES (DSPC) IN AL- 
VEOLAR MACROPHAGES AND TYPE II CELLS 

Experiments were performed with the cells suspended in phos- 
phate-buffered medium containing 1.0 mM pahnitate. Type II 
cells were isolated via centrifugal elutriation [19]. Measure- 
ments were made from samples of cell suspension (0.5 ml total 
volume) which contained 5.105 cells. The numbers shown are 
mean values for five experiments f S.E. 

Time (h) 

0.5 
1.0 
2.0 
5.0 

Palmitate incorporated into DSPC 
(nmol/5. lo5 cells) 

Alveolar macrophages Type II cells 

0.71 (* 0.07) 1.00 (iO.13) 
0.92 (+ 0.08) 1.54 (kO.15) 
1.16 (+ 0.16) 2.32 (i 0.27) 
1.33 (f 0.18) 3.50 ( f 0.33) 
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the effects of exposure to fore- 
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Experiments were performed with the cells suspended in phos- 

phate-buffered medium containing 5.1 mM phitate. The 

amounts of materials listed in the left hand column, are: zymo- 

san, 5 mg/mP; methachohe, terbutaline and dibutyryi cyclic 

AMP, 0.1 mM. Measurements were made from samples of ceil 

suspension (0.5 ml total volume) which contained 5’105 cells 

after an incubation period of 2 A. The contro$ vahe is 0.53 

(I 0.08) nmol of palmitate incorporated into disaturated phos- 

phatidylchohes. The numbers shown are mean values for five 

experiments 5 SE. 

Treatment Palmitate incorporated into DWC 

(% control) 

Fig. 3. Time-course for the disappearailce of iiltraceklar labded 

&saturated ~~os~~at~dy~c~o~~~es (DSPC). AIveolar macro- 

phages were ir,cubated in ~~~s~~a~~-~~~~~~~~ medium coim.ia?- 

ing [3Wjpalmitate (t5Pi-d pahitate 1 _mM) for 2. h. C&s were 

then spun down, washed three times and hescspede~ ie 

palmitate-free medium. The amounts of labeled disaturated 

~~os~~at~~y~c~o~~es in the ictra- and extracellular comperi- 

ments were measured oveh a 3-h incubation period The labeled 

disaturated ~~os~~at~dy~c~o~i~es in the medium were 15% of 

the total at zero time and declined during the incubation 

period. The intracellular &saturated ~~o~~~at~dy~c~o~~~~s 

shown above are expressed as a percent of tlaa~ present at zero 

time. Measurements were made from samples of cell sos?en- 

sion (0.5 ml) containing 5. IO5 c&s. I% poir;ts *re mean values 

for five experiments and the bars represent the stan&wd errws 

of the means. 
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nal levels of paimitate (1 mM) inco~oration is not 

complete for 2-3 h. The following experiments 
were performed in order to determine the fate of 
[3H]palmitate-labeled disaturated phosphati- 
dylcholines after 2 h of inco~oratio~ in vitro. The 

results are shown in Fig. 3. Alveolar macrophages 

were incubated with [3M]palmitate for 2 h, centri- 

fuged, washed free of palmitate, and resuspended 

in palmitate-free medium. The amount of 

~3H]pal~tate in disaturated phosphatidylcholines 

was measured in the intra- and extracellular com- 

partments over an additional 3-h period. The 

labeled disaturated phosphatidylcholines in the 

medium were 15% of the total at zero time and 

declined during the incubation period. The in- 
tracellular labeled disaturated phosphatidylcho- 
lines diminish in an almost linear fashion with 

time, such that only 5040% of the initial amount 
is present after 3 h of incubation in palm&ate-free 

medium. The disappearance of disaturated phos- 
phatidylcholines is greatly slowed if the cells are 
maintained at 2°C (Table III), suggesting that an 

enzymatic process(es) is involved. 

In a separate set of experiments we followed the 
disappearance of disaturated phosphatidylcholines 

TABLE III 

CATABOLISM OF INTRACELLULAR LABELED DIS- 

ATURATED PHOSPHATIDYLCHOLINES (DSPC) IN AL- 

VEOLAR MACROPHAGES 

Cells were incubated in phosphate-buffered medium containing 

1 mM palm&ate and 0.05 mM choline for 2 h. In one group of 

cells, the radioactive label was [ 3H]palmitate and in the other 

the label was [‘4C]choline. Alveolar macrophages were then 

spun down, washed three times and resuspended in phosphate- 

buffered medium with and without pal&ate and choline (no 

radioactive label was present). The intracellular Iabeled dis- 

aturated phosphatidylcholines which were present after a 3 h 

incubation are shown above as a percent of that present at zero 

time. The numbers shown are mean values for five experiments 

+ S.E. 

Treatment Intracellular labeled DSPC after 

3-h incubation (S zero time) 

Palmitate label Choline label 

Palmitate-free medium (37OC) 52 (+ 5) 55 (kl) 
1 mM palmitate (37°C) 21 (i2) 22 (k2) 
0.05 mM choline (37°C) 55 (*5) 34(+2) 
Palmitate-free medium (2’C) 92 ( f 3) _ 

labeled with both ~3HJpalmitate and ~14C]choline. 

The labeling occurred during a 2-h period of incor- 

poration and the results are shown in Table III. 
The choline-labeled disaturated phosphatidylcho- 

lines become di~nished to the same extent as that 

labeled with palmitate. Addition of unlabeled 
palmitate to he medium enhances the disap- 

pearance of both palmitate- and choline-labeled 

disaturated phosphatidylcholines, ‘probably due to 
enhanced exchange (deacylation-reacylation~. A 
similar result is obtained if oleate is included in 

the incubation medium (data not presented). Ad- 

dition of unlabeled choline to the medium pro- 

duces a slight increase in the rate of disappearance 

of choline-labeled disaturated phosphatidylcho- 

lines but has no effect on the palmitate-labeled 
phospholipid. 

Experiments were performed to identify the 

products of catabolism of disaturated phosphati- 

dylcholines and the results are shown in Table IV. 

Virtually all of the [3H]palmitate label in dis- 

aturated phosphatidylcholines appears as free 

TABLE IV 

PRODUCTS OF CATABOLISM OF INTRACELLULAR 

LABELED DISATU~TED PHOSPHATIDYLCHOLINES 

(DSPC) IN ALVEOLAR MACROPHAGES 

Cells were incubated in phosphate-buffered medium containing 

1 mM palmitate and 0.05 mM choline for 2 h. In one group of 

cells, the radioactive label was [3H]palmitate and in the other 

the label was [i4Cjcholine. Alveolar macrophages were then 

spun down, washed three times, resuspended in phosphate- 

buffered medium and incubated at 37’C for 3 h. During the 3 

h incubation, intracellular labeled disaturated phosphati- 

dylcholines disappeared; 46( + 2)s and 51( + 3)% of the palmi- 

tate and choline label disappeared, respectively. Possible prod- 

ucts of catabolism were isolated by thin-layer chromatography. 

The counts appearing in the products are expressed as percent 

of the counts disappearing from disaturated phosphatidylcho- 

lines. LPC, lysophosphatidylcholine. The numbers shown are 

mean vaiues for five experiments i_ SE. 

Product Counts in product 

counts lost from DSPC 
Xl00 

[ 3 Hlpalmitate label: 
Paimitate 100 (k2) 
LPC 0.5 (*0.3) 

[ t4C]choline label: 

Water-soluble products 99 (f2) 
LPC 0.2 (kO.1) 
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rophages. Pahnitate, choline and glycerol are all 

incorporated into disaturated phosphatidylcho- 
lines. Several other investigators have studied dis- 
aturated diphosphatidylcholine synthesis in rabbit 
alveolar macrophages and reported some similar 
results. Mason et al. [9] reported incorporation of 
choline, palmitate and glycerol into disaturated 
phosphatidylcholines in these cells. Kikkawa et al. 
[lo] studied incorporation of choline and glycerol 

into disaturated phosphatidylcholines. These in- 
vestigators concluded that the majority of dis- 
aturated phosphatidylcholine synthesis occurs via 
the cytidine diphosphate-choline pathway. Elsbach 
[7] observed that lysophosphatidylcholine is con- 
verted into disaturated phosphatidylcholines in al- 
veolar macrophages. It has been reported that 
19-29s of the total phosphatidylcholines 
synthesized by these cells is disaturated phos- 
phatidylchol~e [9,10]. All of these data, including 
those reported by us, indicate that synthesis of 
disaturated phosphatidylcholines occurs in al- 
veolar macrophages. 

Until now, the inco~oration of palm&ate into 
disaturated phosphatidylcholines in alveolar mac- 
rophages has not been characterized. Some of our 
results provide such information. Palmitate incor- 
poration becomes maximal after 2-3 h of incuba- 
tion in vitro and the relationship between incorpo- 
ration and extracellular palm&ate displays satura- 
tion kinetics. Cholinergic and P-adrenergic agonists 
have no effect on this process. Palmitate incorpo- 
ration into disaturated phosphatidylchohnes is 
stimulated by exposure of the cells to zymosan 
particles (Table II and ref. 8). One possible ex- 
planation for this is that the disaturated phos- 
phatidyl~holines formed may be used in phagocy- 
totic membranes. 

Incorporation of pahnitate into disaturated 
phosphatidylcholines in alveolar macrophages can 
be compared with that which occurs in type II 
cells isolated via cent~fugal ~lut~ation 1191. The 
time-courses for the incorporation of palmitate 
into disaturated phosphatidylcholines are some- 
what different in the two cell types. For example, 
at 1.0 mM extemaI palmitate, a maximal level, 
alveolar macrophages maintain a maximal rate of 
synthesis for less than 30 min. However, type II 
cells maintain a maximal rate of synthesis for 2-3 
h. Incorporation plateaus in 5 h in type II cells 

and in 2-3 h for alveolar macrophages. Palmitate 
incorporation displays saturation kinetics in both 
cell types with a K1,2 of 0.19 mM in macrophages 
and 0.10 mM in type II cells. On a per cell basis, 
inco~oration of palmitate into disaturat~ phos- 
phatidylcholines in alveolar macrophages is only 
one-third to one-half of the activity which occurs 
in type II cells. A similar result was obtained by 
Kikkawa et al. [la]. They reported three times as 
much incorporation of choline into disaturated 
phosphatidylcholines in rabbit type II cells main- 
tained in primary cell culture than in rabbit al- 
veolar macrophages. Our results also indicate that 
/?-adrenergic and cholinergic agonists do not 
stimulate incorporation of palm&ate in macro- 
phages, a result similar to that reported by us in 
type II cells [19]. 

It would seem that the incorporation of both 
labeled palm&ate and labeled choline into dis- 
aturated phosphatidylcholines is a result of the 
exchange of the labeled for unlabeled substrate. 
The evidence for this is three-fold: (1) both 
pal~tate- and cho~ne-labeled disat~ated phos- 
phatidylcholine appear to be catabolized in al- 
veolar macrophages, (2) the products of catabo- 
lism are pahnitate and water-soluble choline prod- 
ucts, suggesting both phospholipase A, and phos- 
pholipase A, activities, (3) addition of uniabeled 
palmitate and choline to the medium enhances 
catabolism. Some of these results differ from those 
obtained with alveolar type II cells [19]. Although 
catabolism of recently-synthes~ed disaturated 
phosphatidylcholines also occurs in type II cells, 
the destruction of disaturated phosphatidylcho- 
lines is slowed by extracellular palmitate. The 
modification of lecithine in alveolar macrophages 
does not appear to be specific for the saturated 
variety, since addition of oleate to the medium 
also enhances catabolism of palmitate-labeled dis- 
aturated phosphatidylcholines. All of these data 
together suggest that extensive exchange of dis- 
aturated phosphatidylcholine palm&ate and/or 
choline occurs in rat alveolar macrophages. 

Some disaturated phosphatidylcholines appear 
to be released from alveolar macrophages into the 
extracellular space (Fig. 4). There is a steady re- 
lease from the cells after 3 h of incorporation of 
palmitate into disaturated phosphatidylcholines. In 
contrast, we have found that there is no steady 




