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Subcutaneous implantation of polyvinyl alcohol
sponge is one technique currently in use to secure
weighable samples of inflammatory tissue for mi-
croscopic and biochemical analyses. Several re-
ports dealing with preliminary characterization of
the lipid constituents have been published (1-4).
Although size of the sponge prosthesis and dura-
tion and site of implantation can affect the lipid
content of the tissue (4-6), when these factors
are carefully controlled, lipids constitute 15%o of
the tissue dry weight. In granulomas 21 to 42
days of age, the phospholipids are high, cholesterol
low, and triglycerides intermediate in concentra-
tion. During the period of inflammatory tissue
organization of the sponge implant, it has been
demonstrated that increasing amounts of lipid ac-
cumulate (1, 4).

The present investigation was done to establish
whether these lipids are derived predominantly
from the blood, synthesized by the inflammatory
cells in situ, or represent progressive accumulation
of debris from cells destroyed during the early
exudative phase of inflammation. A comparative
study of incorporation of P32 and glycerol-1-3-C14
into lipids by the cells of the polyvinyl sponge
granuloma and the liver, under the same experi-
mental conditions, is also included in this report.
After systemic administration of p32 to intact
animals, both tissues incorporate this isotope into
tissue phospholipids. Use of these two isotopes
in vitro has provided additional information on
de novo synthesis of individual phospholipids, and
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glycerol-1-3-C"4 studies have supplied preliminary
information on triglyceride synthesis by inflam-
matory cells.

MATERIALS AND METHODS

Tissues studied. The technique involved in implanta-
tion and removal of polyvinyl sponge granulomas and
the morphologic characteristics of this tissue have been
previously described (5). After in vivo or in vitro ex-
posure to P82 or glycerol-C14, 25- and 42-day sponge im-
plants (0.3 X 1 X 1 cm) from the low dorsolumbar area
of guinea pigs, samples of liver, interscapular brown fat
pad, and brain were removed for study. Microscopic
examination demonstrated complete penetration of the
sponge implants by inflammatory tissue. The tissues
were dried in vacuo over phosphorus pentoxide and frag-
mented into a coarse powder before lipid extraction.

Preparation of lipid extracts. Weighed samples of 50
to 100 mg of tissue powder were subjected to a prelimi-
nary extraction with chloroform: methanol (2: 1, vol/
vol) at room temperature as previously described (4).
In order to reduce contamination of the total lipid ex-
tract by radioactive water-soluble substances, it was
dried in vacuo or under a stream of nitrogen, resus-
pended in 10 ml chloroform, emulsified with 2.00 ml wa-
ter, centrifuged, and the aqueous layer discarded. This
procedure was repeated twice. In the p32 experiments,
the first wash consisted of .01 M sodium phosphate buf-
fer, followed by a second wash with distilled water. The
water-washed organic layer was again evaporated to
dryness in vacuo and extracted three times with 6 ml
diethyl ether or chloroform.' Previous studies have dem-
onstrated that this procedure is required to free the tis-
sue lipids from a fraction of the polyvinyl sponge that
was soluble in chloroform: methanol after implantation
in animals. The final supernatant fluid contained 90 to
95%o' of the tissue lipids and was used in the present in-
vestigation (4).

Lipid chromatography. The lipid extracts containing
3 to 10 /Amoles of phosphorus were separated into neutral
lipid and phospholipid fractions on 5-g silicic acid col-

1 When NaHP32O4 was added directly to dry sponge
granulomas and this extraction procedure carried out,
less than 0.01%o of the radioactivity was recovered in the
final lipid extract.

787



GILES G. BOLE

umns (Mallinckrodt, AR 100 mesh). In the P32 experi-
ments, the elution of neutral lipids by diethyl ether was
followed by gradient elution of phospholipids with diethyl
ether: ethanol: methanol as previously described (7).
In the other experiments, the lipids were applied to the
column and eluted stepwise with chloroform, and metha-
nol: chloroform (7: 1, 4: 1, 7: 3, and 1: 1, vol/vol) and
absolute methanol as described by Nye, Waterhouse, and
Marinetti (8). In some experiments, fractions of 5 to 10
ml were collected, phosphorus was determined on each
tube by the method of Bartlett (9), and other samples
were assayed for radioactivity. Appropriate fractions
were combined, reduced to dryness in vacuo, and fur-
ther characterized as outlined below. In other cases, the
eluates after each solvent change were collected in bulk.

The initial diethyl ether or chloroform eluates from
these columns contained the neutral lipids. Samples
were taken for total ester and sterol analyses (4) and
determination of radioactivity. The remainder was ap-
plied to a 5-g silicic acid column, and neutral lipid was
separated into cholesterol ester, triglycerides, free cho-
lesterol, mono-, and diglycerides by elution with in-
creasing amounts of diethyl ether in n-heptane as de-
scribed by Marinetti, Griffith, and Smith (10).

Silicic acid paper chromatography was done on all
fractions obtained by column chromatography and on
samples of the original total lipid extracts. The tech-
nique of qualitative and quantitative silicic acid paper
chromatography of the phospholipids was performed as
recently outlined in detail by Marinetti (11). On each
chromatogram, migration of purified phospholipids was
compared with the unknown constituents.2

Paper chromatography of neutral lipids was carried
out with n-heptane: 2,6-dimethyl-4-heptanone (96: 6,
96: 3), and n-heptane: benzene: glacial acetic acid (91:
9: 1) as described by Marinetti and Stotz (14). The
lipid components were identified by their mobility and
staining reaction with rhodamine 6G. Phospholipids
were further identified by staining with Ninhydrin and
by the choline spot test (11). Radioautograms of the

2 Chromatographically pure preparations of egg leci-
thin, soybean monophosphoinositide, and synthetic and
enzymatically produced phosphatidic acid were kindly
supplied by Dr. Bernard W. Agranoff, The Mental
Health Research Institute, The University of Michigan.
Commercially available phosphatides-inositol phospha-
tide (Nutritional Biochemicals Corporation, Cleveland,
Ohio), phosphatidyl L-serine, synthetic L-a-lecithin di-
palmitoyl, and L-a-cephalin -dipalmitoyl (Mann Research
Laboratories, Inc., New York, N.Y.)-with the excep-
tion of the last compound, were found to be heterogeneous
on initial chromatographic and chemical analysis. The
synthetic cephalin was chromatographically pure phos-
phatidyl ethanolamine. Sphingomyelin was prepared from
brain by the method of Carter, Haines, Ledyard, and
Norris (12) and the procedure of Rapport and Lerner
(13). The latter compounds were further purified by
solvent fractionation and column chromatography and
were used as additional standards.

chromatograms were made to assist in precise localiza-
tion of individual components on the unstained chromato-
grams and to determine which were radioactive.

Phospholipids from the column fractions and samples
of the total lipid extracts were subjected to Dawson's
micromethod of alkaline, mild acid, and strong acid hy-
drolysis (15). The resulting water-soluble phosphorus-
containing compounds were chromatographed on paper
with phenol: water (4: 1), phenol: water: acetic acid:
ethanol (90:10:10:12), and methanol: formic acid: wa-
ter (80: 13: 7). Two-dimensional chromatography with
the last two solvents was also employed. The phos-
phorus-containing compounds were localized by radio-
autography and use of Dawson's modification of the acid
molybdate spray reagent (15). The spots were cut
from the paper, and assayed for radioactivity and phos-
phorus content.

In vitro incubations. Twenty-five-day and 42-day
sponge granulomas and liver were sliced by hand and
incubated at 370 C in 3 ml of Krebs-Ringer bicarbonate
bufter at pH 7.4, containing glucose (200 mg per 100 ml).
Five or occasionally 10 ,ic Na2HP32O4 or glycerol-1-3-C'4
(3 /Ac per /Amole) was added to the flask. The flasks were
shaken with a gas phase of 95%7 oxygen and 5%o CO.2 in
a Dubnoff metabolic incubator for an appropriate time.
At the end of the incubation period, the tissue was re-
moved from the flasks and blotted on filter paper, and
lipid extracts of the tissue were made as outlined above.

Radioactivity determinations. In the P32 experiments,
radioactivity of samples from the whole lipid extract,
column fractions, and incubation media was determined
after drying on metal planchets. Radioactivity of indi-
vidual components on a chromatogram was determined
by cutting out the spot and affixing it to a planchet for
counting. A thin-window gas flow counter was used for
all determinations of P32 radioactivity. Counting effi-
ciency was such that 1 ,uc was equal to 7.5 X 105 cpm.
In the glycerol-C14 experiments, counting was done in a
Packard Tri-Carb liquid scintillation counter, and 1 /Ac
was equivalent to 7.2 X 105 cpm. The scintillation sys-
tem contained 0.1 g 1,4-bis-2(5-phenyloxazolyl)-benzene,
and 4.0 g 2,5-diphenyloxazole per L toluene.

RESULTS

In vivo incorporation of P32-orthophosphate.
Three groups of four animals each were used in
this study; each animal had six low dorsolumbar
sponge implants made 25 days before administra-
tion of isotope. The first group received 50 ,uc
of p32 by intraperitoneal injection, while the sec-
ond group each received 100 uc Of p32 by the same
route of administration. In the third group, 5 uc
of P32-orthophosphate was injected directly into
one of the six implants in each animal. Two other
implants were injected with equivalent amounts
of physiologic saline. The sponge granulomas,
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specimens from liver, interscapular brown fat pad,
and brain were removed, and lipid extracts were
prepared of the tissues 5, 22, 48, and 96 hours
after administration of the isotope.

Figure 1 shows the time course of incorpora-
tion of p32 into the phospholipids for each of the
tissues studied. Comparable results were ob-
tained after intraperitoneal injection of 50 uc and
100 Amc, although the larger dose increased the
specific activity of the phospholipids in each tis-
sue approximately 259%, . The polyvinyl sponge
granuloma and liver appeared to have comparable
capacity for incorporation of p32 orthophosphate,
whereas modest levels of radioactivity were found
in the phospholipids of brown fat and only traces
in the brain.

In Figure 2, the result of direct injection of 5
MAc Of p32 into one sponge granuloma is compared
with that for five adjacent granulomas, liver, and
brown fat pad. For the implants that had not
been injected directly with isotope, the time

course of incorporation was similar to that seen
in the previous two experiments, although the
specific activity of the phospholipids for these
granulomas was one-sixth of that found after
intraperitoneal injection. No difference in ca-
pacity for P32 incorporation was observed for the
implants injected locally with saline and those
that were uninjected. The specific activity of the
phospholipids of the injected implant from each
animal reached an apparent plateau at 48 and 96
hours. Only trace activity was detected in the
liver and moderate activity in the phospholipids
of the interscapular brown fat pad. The low level
of radioactivity found in the liver indicates that
systemic distribution of p32 was minimal, and
that alterations in blood supply known to occur
as a result of subcutaneous implantation of the
sponge may have allowed more direct local cir-
culation of isotope to the uninjected implants and
the adjacent interscapular brown fat pad.

The phospholipids from the polyvinyl granu-

IMPLANTS

LIVER

BROWNFAT

- BRAIN

5 22 48 96
HOURSAFTER INJECTION

FIG. 1. IN VIVO P32 INCORPORATION. Specific activity of 25-day sponge granuloma phospho-
lipids (implants) compared to liver, interscapular brown fat, and whole brain phospholipids
after ip injection of guinea pigs with 50 /sc NaHP'O4. Tissue samples and sponge implants
were removed at the times indicated on the abscissa.
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FIG. 2. IN VIVO P32 INCORPORATION. Comparison of specific activity of 25-day sponge granuloma
phospholipids after direct injection of 5 /Ac NaHPO2, into one of six sponge implants. The sponge
granulomas and specimens from liver and brown fat pad were removed from each animal at the
times indicated for determination of phospholipid specific activity.

lomas were subjected to silicic acid column chro-
matography using a diethyl ether, ether: ethanol:
methanol gradient. Ninety per cent or more of
the total radioactivity in the whole lipid extract
was recovered from the column in the phospho-
lipid fractions. There was no evidence that the
phospholipid column fractions were contami-
nated by inorganic p32.

In vitro incorporation of P32-orthophosphate.
In these experiments, 25-day granuloma slices
were incubated in vitro for 0 and 40 minutes, and
14, 2, 31, and 5 hours. Radioautograms of the
silicic acid chromatograms of the whole ether-solu-
ble lipid fraction (Figure 3A) showed that phos-
phatidyl ethanolamine, phosphatidyl choline,
sphingomyelin, and monophosphoinositide had
been labeled. These radioactive components were
identified by direct comparison of their Rf values
with the standard compounds applied in spots on
each chromatogram. All components stained with

rhodamine 6G and gave typical color reactions
when the wet chromatograms were viewed under
ultraviolet light ( 11 ). Component g (Figure 3A)
was Ninhydrin-positive. Weak reactivity oc-
curred at the origin on some chromatograms.
Components f and e gave positive choline spot
tests. The low-mobility component near the
origin may represent diphosphoinositide (11), but
it has not been possible to characterize this com-
ponent adequately. Equivocal or faint spots with
the Rf of authentic phosphatidic acid were observed
on a few of the radioautograms. Inorganic p32
remained at the origin when it was chromato-
graphed in 2,6-dimethyl-4-heptanone: acetic acid:
water (40:20:3).

Three samples of the whole lipid extract from
triplicate incubation at each period were chro-
matographed on silicic acid-impregnated paper.
After chromatography and radioautography, the
spots were cut out and the radioactivity deter-
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mined, followed by elution and quantitative esti-
mation of the phosphorus in each component. In
Figure 4 are presented the specific activities of
each of the major phospholipids after.40 minutes
to 5 hours of incubation in vitro. At each period
studied, phosphatidyl choline had the highest spe-
cific activity. Increase in specific activity for
monophosphoinositide, phosphatidyl ethanolamine,
and sphingomyelin also occurred with time, but
was less marked in each instance.

In vitro incorporation of glycerol-1-3-C14.
Granuloma slices 25 and 42 days of age were in-
cubated in vitro from 0 time to 8 hours. Radio-
autogram of one of the silicic acid paper chromato-
grams is shown in Figure 3B. The Rf of stand-
ard compounds chromatographed simultaneously
is indicated by letters at the left of the figure.
Chromatography of the phospholipids from whole
lipid extracts demonstrated labeling of phospha-
tidyl ethanolamine, phosphatidyl choline, and
monophosphoinositide. The radioactivity near
the solvent front indicated isotope incorporation
into neutral lipids. The prominent radioactive
component with low mobility noted at 0 time and
in the other lipid extracts was glycerol-1-3-C'4.
In these studies, contamination of the whole lipid
extracts by free glycerol constituted 5 to 15%o of
the total detected radioactivity. This was estab-
lished for each lipid extract by combined use of
silicic acid column and paper chromatography fol-
lowed by radioautography and determination of
radioactivity in each component on a chromato-

FIG. 3. RADIOAUTOGRAMSOF PAPER CHROMATOGRAMS
OF WHOLELIPID EXTRACTSOF 25-DAY SPONGEGRANULOMA
SLICES EXPOSED TO P'2 (A) AND GLYCEROL-1-3-C" (B)
IN VITRO. For each extract, 0.25 /mole of P was applied
to the chromatograms, which were developed in 2,6-
dimethyl-4-heptanone: acetic acid: water (40: 20: 3) at
room temperature before radioautography. Identity of
components: a = diphosphoinositide (tentatively), b =

free glycerol-1-3-C', c = lysophosphatidyl choline, d =

monophosphoinositide, e = sphingomyelin, f = phospha-
tidylcholine, g = phosphatidyl ethanolamine, h = phospha-
tidic acid, and i = neutral lipids. A. Results obtained af-
ter in vitro incubation with NaHP"04. 0= zero time,
1 =40 minutes, 2 = 1A hours, 3 = 2 hours, 4 = 3 hours,
and 5 = 5 hours. Letters at the left of the figure identify
labeled components and indicate Rf values of phospho-

4 lipid standards run simultaneously on the same chromato-
gram. B. Results obtained following in vitro incubation
with glycerol-1-3-C'. 0 = zero time, 1 = 1A hours, 2=
3 hours, 3 = 5 hours, and 4 = 8 hours.
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gram. Radioactivity in neutral lipids present in
the initial chloroform eluate from the columns was
identified in mono-, di-, and triglycerides by paper
chromatography using three solvent systems.
The glycerol-C14 present in the total lipid extracts
was eluted from the columns by chloroform:
methanol, 7: 3 (vol/vol), during fractionation of
the phospholipids. This was demonstrated by
paper chromatography of samples from the phos-
pholipid column fractionations, and was quanti-
tated by measurement of radioactivity in each
component. In this study, radioactivity contrib-
uted by presence of free glycerol-C'4 has been de-
termined individually for each lipid extract, and
substracted from that reported for glycerol-C14
incorporation into total lipids and total phospho-
lipids. Since the specific activity of the several
phospholipids has been calculated from triplicate
analysis of radioactivity and phosphorus content
for each individual component on a chromato-
gram, it was unaffected by this contamination.

In Figure 5, the specific activity for monophos-
phoinositide, phosphatidyl choline, and phospha-
tidyl ethanolamine at 11, 3, and 5 hours are given
for 25-day granuloma slices. In these experi-
ments, monophosphoinositide had the highest

801
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specific activity at each period studied. This is in
contrast to the in vitro P32 studies where phospha-
tidyl choline was the most highly labeled phospho-
lipid. When the difference in observed specific ac-
tivity for inorganic P32 (8.6 x 105 cpm per
Mmole) and glycerol-1-3-C14 (1.6 x 106 cpm per
/Amole) of the initial incubation media was taken
into consideration, incorporation of P32 into phos-
phatidyl choline was 100 times, phosphatidyl
ethanolamine 33 times, and monophosphoinositide
10 times that achieved with glycerol-C14.

The glycerol-C14-labeled phospholipids were
subjected to mild alkaline hydrolysis (15); over
90% of the total radioactivity in the whole phos-
pholipid fraction was recovered in the aqueous
phase of the hydrolysate. Chromatography of
the organic phase on silicic acid-impregnated pa-
per, before further acid hydrolysis, demonstrated
that residual radioactivity was due to trace
amounts of phosphatidyl choline and lysophospha-
tidyl choline remaining in the organic layer.
Sphingomyelin present in this fraction was found
to be unlabeled. In Figure 6, the results of
radioautography and acid molybdate spray re-
action for phosphorus on a two-dimensional chro-
matogram from a 3-hour incubation are schemati-

HOURS

FIG. 4. SPECIFIC ACTIVITY DETERMINATIONS FOR INDIVIDUAL PHOSPHO-
LIPID COMPONENTSFROM 25-DAY SPONGEGRANULOMASAFTER VARIOUS EX-
POSURESTO NAHP3O. IN VITRO. P-choline = phosphatidyl choline, P-inosi-
tide = monophosphoinositide, and P-ethanolamine = phosphatidyl ethanola-
mine.
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I21 32 HOURS

FIG. 5. SPECIFIC ACTIVITY DETERMINATIONS FOR PHOSPHOLIPID COMPONENTSFROM
25-DAY GRANULOMASAFTER VARIOUS EXPOSURESTO GLYCEROL-1-3-C14 IN VITRO. P-inosi-
tide = monophosphoinositide, P-choline = phosphatidyl choline, and P-ethanolamine =

phosphatidyl ethanolamine.

cally represented. In the two-dimensional sys-

tems employed, free glycerol-C14 was separable
from glycerylphosphoryl ethanolamine and the
water-soluble hydrolysis products of the other al-
kali-labile phospholipids. The analogues of phos-
phatidyl serine and phosphatidic acid and an un-

identified component were also detected. These
three constituted a small fraction of the total phos-
phorus applied to the chromatograms, and allowed
qualitative detection, but not quantitative deter-
minations of specific activity. In Table I, the
specific activities for phosphatidyl choline deter-
mined by each of the methods used in this study
demonstrated good agreement. The values for
phosphatidyl ethanolamine determined by silicic
acid paper, silicic acid column, and paper chro-
matography of intact phospholipids, and two-di-
mensional chromatography of the alkaline hydroly-
sates show somewhat greater variability. Those
given for unidimensional chromatography were

high due to inadequate resolution of glyceryl-
phosphoryl ethanolamine from free glycerol-C14
present in the total phospholipid fraction.

A comparative study of the in vitro capacity to
incorporate glycerol-C14 by 25-day and 42-day

granulomas was carried out. Maximal in vitro
incorporation of glycerol-1-3-C14 into lipids of
25-day granuloma slices reached 5% at 5 hours
of incubation, and was essentially equal for neu-
tral lipids and phospholipids; their values at 1l
hours were 1.58 and 1.46%, at 3 hours, 2.12 and

TABLE I

Variation in phospholipid specific activities as influenced by
the method of analysis (glycerol-1-3-C14, 3-hour incubations)

Silicic acid
Silicic acid column

paper and paper Alkaline Alkaline
chroma- chroma- hydrolysis hydrolysis

Component tography tography El ]* [2 ]*

cpm/ cpm/ cPm/ cpm/
smiolc P Mmole P pmole P tumbe P

Phosphatidyl 9,900 14,100 10.200 7,400t
choline 9,600 17,100 10,300 7,800

10,900 10,700 9,600
11,400
12,300

Phosphatidyl 4,600 10,300 58,800 5,200t
ethanolamine 5,000 21,700 57,300 11,200

5,300 93,300

* [1] and [23 indicate results obtained after uni- and
bidirectional chromatography of the water-soluble phos-
phorus-containing components.

t Replicate analyses on the same lipid extract.
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METHANOL-FORMIC ACID -WATER
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FIG. 6. TRACING OF A TWO-DIMENSIONAL PAPER CHROMATOGRAMOF THE

PHOSPHORUS-CONTAININGPRODUCTSOF MILD ALKALINE HYDROLYSIS OF 2.3
/AMOLES OF 42-DAY SPONGEGRANULOMAPHOSPHOLIPIDS. Three-hour in vitro
exposure to glycerol-1-3-C'4 was carried out before lipid extraction and hy-
drolysis. Encircled areas represent radioactive components demonstrated by
radioautography, and stippled areas identify color development after the acid
molybdate spray for phosphorus (15). The abbreviations indicate the hy-
drolysis product (the parent phospholipid is given in parentheses) P.C.
glycerylphosphoryl choline (phosphatidyl choline); P.E. = glycerylphos-
phoryl ethanolamine (phosphatidyl ethanolamine); P.S. = glycerylphos-
phoryl serine (phosphatidyl serine); PI' = glycerylphosphoryl inositol +
phosphoryl inositol (monophosphoinositide); unlabeled = unidentified, radio-
active, phosphorus-containing component; "P.Ac." = glycerophosphoric acid
(phosphatidic acid?); Cyc. = cyclic products of alkaline hydrolysis, includ-
ing glycerophosphate obscured by alkali-metal present in the hydrolysate;
"P.Ac." and Cyc. reacted faintly with acid molybdate on some chromato-
grams; C14 Gly. = free glycerol-1-3-C".

2.33%, and at 5 hours, 2.80 and 2.32%, respec-
tively. Total incorporation by 42-day granulo-
mas was half as great at 14 and 3 hours and was

also equally distributed between neutral lipids
and phospholipids. When, however, the decrease
in total tissue solids that occurred in these granu-
lomas between 25 and 42 days (5) was consid-
ered and the data were expressed as millimicro-
moles lipid formed per hour per milligram tissue,
this difference was no longer apparent. The val-
ues for neutral lipids and phospholipids of 25-day
granulomas were: at 14 hours, 0.43 and 0.41; at
3 hours, 0.25 and 0.28; and at 5 hours, 0.24 and
0.20 mumole per hour per mg. For 42-day granu-
lomas they were at 14 hours, 0.27 and 0.41, and at

3 hours, 0.32 and 0.30 mumole per hour per mg,

respectively. In Table II, the mean specific ac-

tivities of phospholipids from these granulomas
are given for 14 and 3 hours of incubation.
The values for monophosphoinositide, phospha-
tidyl choline, and phosphatidyl ethanolamine
were derived from phosphorus and radioactiv-
ity measurements on these components separated
by silicic acid paper and column chromatog-
raphy, and by chromatography after alkaline hy-
drolysis. Tentative identification of phosphatidic
acid or polyglycerol phosphatide in these lipid ex-

tracts has been indirect and is subject to the quali-
fications expressed by other investigators (11, 15,
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TABLE II

Comparison of phospholipid specific activities by tissue age after two periods of in vitro exposure to glycerol-1-3-Cl4*

1 j-hour incubations 3-hour incubations

"P.Ac." PI' P.C. P.E. "P.Ac." PI' P.C. P.E.

cpm/pmole P cpm/mole P
25-Day granulomas 33,400 36,750 9,850 7,450 138,100 58,100 12,500 6,350

[2] [4] [4] [4] [5] [5] [5] [4]
42-Day granulomas t 11,300 9,800 7,700 59,000 9,200 11,400 5,200

[3] [3] [3] [3] [7] [7] [6]

* "P.Ac." = phosphatidic acid, PI' = monophosphoinositide, P.C. = phosphatidyl choline, and P.E. = phos-
phatidyl ethanolamine. Mean values are given. Number of observations are given in brackets.

t Not determined.

16). It was impossible by chromatography of the
whole lipid extract on silicic acid paper to sepa-

rate clearly this component from glycerol-C14-
labeled neutral lipids migrating near the solvent
front. After column chromatography and rechro-
matography of samples eluted by chloroform:
methanol, 7: 1, a discrete component was identified
on radioautograms with the Rf of authentic phos-
phatidic acid. Addition of known amounts of
carrier phosphatidic acid, as described by Hokin
and Hokin (17), resulted on rechromatography
in a decrease in radioactivity of this component.

By two-dimensional chromatography, a radioactive
component with an Rf value similar to glycerol-
phosphate was also observed (Figure 6). Owing
to the low phosphorus values and indirect identifi-
cation, the specific activities included in the table
should be considered only semiquantitative esti-
mates. The specific activity of monophospho-
inositide in 25-day implants was much higher at
1j and 3 hours than those observed at 42 days.
This was a consistent finding, irrespective of the
method of separation and identification of this
component. Between 25 and 42 days, the spe-

TABLE III

In vitro studies on incorporation of P82 and glycerol-1-3-C4 by liver and granuloma slices

P"2-orthophosphate, 2-hour incubations Glycerol-1-3-CI4, 3-hour incubations

Mean values Liver Granuloma Liver Granuloma

Isotope Incorporation
Total cpm:

Zero time 2,070 1,500 2,760 3,840
Total lipid 89,770 61,540 96,800 121,100
Phospholipids 89,770 61,540 65,400 63,500
Neutral lipids 31,400 52,600

Per cent:
Total lipid 3.25 4.45
Phospholipid 1.16 0.82 2.27 2.33
Neutral lipids 1.08 2.12

Incorporation, mjumole per hour per mg tissue
Total lipid 0.12 0.53
Phospholipids 1.1 4.2 0.08 0.28
Neutral lipids 0.04 0.25

Specific activity, cpm per Mmole P
"Phosphatidic acid" 106,000 0 41,600 138,100
Phosphatidyl ethanolamine 9,300 10,700 1,190 6,350
Phosphatidyl choline 7,000 48,600 1,240 12,540
Sphingomyelin 1,750 8,800 0 0
Monophosphoinositide 19,100 19,000 5,800 58,100

Isotope specific activity, observed cpm perpumole 8.6 X 10' 8.6 X 106 1. 7 X 106 1.6 X 106

No. of observations 2 4 4 3
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cific activity of phosphatidyl choline and phospha-
tidyl ethanolamine remained stable within the ex-
perimental error of these methods of analysis.

Comparison of p32 and C`4-glycerol incorpora-
tion by granuloma and liver slices. Simultaneous
in vitro incubations of 25-day granuloma and liver
slices from the same animal were performed. In
Table III, the data are given for incorporation of
these two isotopes into lipids under the in vitro
conditions employed throughout this investigation.

The value for P32-orthophosphate incorporation,
expressed as total radioactivity and as the per-
centage of isotope incorporated after 2 hours of
incubation, was similar for each tissue. Glycerol-
C14 incorporation into neutral lipids and phospho-
lipids was also similar, although labeling of neu-
tral lipids was somewhat greater in the granuloma
slices. Upon these determinations, a direct com-
parison between the two isotopes should not be
made, since duration of incubation and observed
specific activity for the two isotopes were differ-
ent, as indicated in Table III. Although the tis-
sue mass in each incubation flask was judged to
be equivalent, presence of the polyvinyl sponge
prosthesis in the granulomas resulted in net tissue
dry weights per flask that were I to i, those for
liver (8.4 to 48 mg granuloma, 46 to 150 mg liver
slices). When each of these variables was taken
into consideration by expressing the data as mil-
limicromoles of lipid formed per hour per milli-
gram of tissue, both tissues showed greater incor-
poration of P32 than glycerol-C14 into phospho-
lipids, and the granuloma slices demonstrated at
least four times the capacity of liver slices to in-
corporate each isotope. A slightly greater dif-
ference was observed for glycerol-C14 incorpora-
tion into neutral lipids.

Two major differences were found on compari-
son of the specific activities for P32-labeled phos-
pholipids. In the liver slices, "phosphatidic acid"
had the highest activity, whereas in the granu-
loma, labeling was undetected, and in it phos-
phatidyl choline was found to have the highest
specific activity. This difference demonstrable
with P32 was not found with glycerol-C"4. In
each tissue, the glycerol-C14 relative specific ac-
tivities were similar to those found for liver after
exposure to p32, i.e., phosphatidic acid > mono-
phosphoinositide > phosphatidyl choline or phos-
phatidyl ethanolamine > sphingomyelin.

DISCUSSION

These studies demonstrate that cells present
during the proliferative phase of inflammation are
capable of incorporating radioactive inorganic
phosphorus and glycerol into lipids. Systemic and
local administration of P32 resulted in labeling of
phospholipids, providing indirect evidence for
in situ incorporation by inflammatory cells. Con-
firmation of these preliminary findings has been
provided by the in vitro studies. Under identical
conditions in a simple in vitro system, granuloma
and liver slices have shown similar capacity for
p32 incorporation into phospholipids. Since the
purpose of the present investigation was to gain
evidence for local de novo synthesis of phospho-
lipids and triglycerides, the studies with radio-
phosphate have been compared with the in vitro
incorporation of glycerol-C"4. It has been em-
phasized by several investigators (16, 18, 19) that
incorporation of P32-orthophosphate into phospho-
lipids in vivo or in vitro can occur by exchange
of the phosphate moiety of the molecule without
true synthesis of new phospholipid. For glycerol-
C14 to be incorporated into a lipid, formation of
new ester bonds between glycerol and fatty acids
or phosphate must occur. Identification of radio-
activity in phospholipids or triglycerides from this
source, based upon currently established biosyn-
thetic pathways (18, 20), offers more direct evi-
dence that net lipid synthesis has occurred. Al-
though isotope tracer studies have led in many
instances to better understanding of enzymatic
differences existing between tissues (10, 18, 20),
an analysis of the precise reactions involved in
incorporation of this isotope into lipids of the
polyvinyl sponge granuloma is beyond the scope
of the present investigation. Direct phosphoryla-
tion of glycerol catalyzed by glycerokinase has
been specifically demonstrated only in liver, kid-
ney, and heart (20), although incorporation of
this isotope has been reported for several other
tissues (7, 21, 22). In the P32 studies, labeling
of phospholipids of the sponge granuloma may
have occurred through a series of kinase-catalyzed
reactions resulting in the introduction of radio-
phosphate into a phospholipid (phosphatidyl cho-
line) without de novo synthesis of the entire mole-
cule (18).

Boucek and Noble (23, 24) have previously
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reported that polyvinyl sponge granulomas in-
corporate acetate-C14 into cholesterol. In their
studies, incorporation in vitro was only a fraction
of that demonstrated for liver. They emphasized
that the capacity was significant, considering the
relatively cell-poor nature of this inflammatory
tissue compared with that of the liver. These
investigators were concerned with the possible
relationship between their observations and the
problem of atherosclerosis. More recently, New-
man, McCandless, and Zilversmit (25) dem-
onstrated that atheromatous lesions in the aorta
of rabbits apparently synthesize phospholipids and
triglycerides in situ, although they were unable to
demonstrate cholesterol synthesis. A preliminary
report by Jackson and Levin (26) indicates that
cells of the carrageenin granuloma will incor-
porate acetate-C"4 into lipids. Several investiga-
tions (7, 10, 20-22) have shown that individual
tissues incorporate different isotopes at variable
rates into phospholipids and neutral lipids. Ho-
kin, Hokin, and Benfey (21, 22, 27) have dem-
onstrated in several tissues that the pattern of
labeling of phospholipids by p32 and glycerol-C14
in vitro differs for resting cells and after stimula-
tion of the tissue by a variety of agents. Direct
comparison of such isotope data is difficult, since
the presently established biosynthetic schemes for
the synthesis of individual lipids in many in-
stances offer several alternative routes for in-
corporation, depending on the isotope tracer em-
ployed.

Differences in labeling of phospholipids after
in vitro exposure to P32 or glycerol-C14 found in
the present study have been observed in other in-
vestigations (21, 22). Explanation of this dif-
ference by the in vitro conditions employed or the
methods of isolation and identification of the
phospholipids cannot be excluded. In an at-
tempt to establish a basis for comparison between
this study and other investigations, the in vitro
incubations of liver slices were done simultane-
ously under the same experimental conditions,
with each of the isotopes. The inability to de-
tect P32-labeled phosphatidic acid in the granu-
loma has been explained in other tissues by the
demonstrated presence of phosphatidic acid phos-
phatase, by the influence of in vitro conditions,
or by its rapid utilization and low concentration in
vivo (18). "Phosphatidic acid" has been recog-

nized as an important intermediate in phospho-
lipid synthesis, and in the glycerol-C"4 studies,
this compound was tentatively identified. A de-
crease in the specific activity of monophospho-
inositide has been observed between tissue 25
and 42 days of age. The possible physiologic sig-
nificance of this finding remains unknown.

These data, and those of Boucek and Noble
(23, 24) and Jackson and Levin (26) indicate
that inflammatory tissue cells will incorporate
isotopically labeled precursors into lipids. Chem-
ical studies and histochemical observations (1, 4-6,
28) on the lipid constituents of experimentally
induced inflammatory tissue need not be ascribed
in whole or in part to cell degeneration or pas-
sive deposition from the blood. Leukocytes from
peripheral blood have been shown to sequester
lipids in extracellular location (29, 30). Studies
on cell membrane integrity (31, 32), transport
(33), phagocytosis (34), and coagulation (35)
suggest that lipid synthesis is involved in each of
these phenomena. Collateral observations of this
type emphasize that further investigations of lipid
biosynthesis by inflammatory cells should con-
tribute to a better understanding of the complex
intracellular and extracellular events that occur
during the inflammatory response.

SUMMARY

Inflammatory tissue induced by subcutaneous
implantation of polyvinyl sponge will incorporate
P32-orthophosphate and glycerol-1-3-C14 into
phospholipids and neutral lipids in vivo and in
vitro. Under the same experimental conditions.
this capacity was found to be similar to that of
liver.

There was a definite difference observed in
vitro between the labeling pattern of inflamma-
tory tissue phospholipids after exposure to p32
and glycerol-C14. With p32, major incorporation
occurred in phosphatidyl choline, > monophos-
phoinositide > phosphatidyl ethanolamine >
sphingomyelin, whereas with glycerol-C14, mono-
phosphoinositide and a component tentatively
identified as phosphatidic acid were most highly
labeled, > phosphatidyl choline and phosphatidyl
ethanolamine. Approximately half of the glycerol-
C14 incorporated into lipids wag found in the
neutral lipid fraction, i.e., mono-, di-, and tri-
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glycerides. The pattern of incorporation of both
isotopes into liver phospholipids was found to be
similar to that for glycerol-C14 incorporation by
inflammatory tissue.

In vitro incorporation of glycerol-C"4 indicates
that local de novo synthesis can contribute to the
lipid content of the polyvinyl sponge granuloma;
cell degeneration or deposition from the blood does
not alone account for this constituent of inflam-
matory tissue.
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