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ABSTRACT We have used quantitative electron microscope autoradiography to study uptake 
and distribution of arachidonate in HSDMIC1 murine fibrosarcoma cells and in EPU-1B, a 
mutant HSDMtC1 line defective in high affinity arachidonate uptake. Cells were labeled with 
[3H]arachidonate for 15 min, 40 min, 2 h, or 24 h. Label was found almost exclusively in 
cellular phospholipids; 92-96% of incorporated radioactivity was retained in cells during 
fixation and tissue processing. All incorporated radioactivity was found to be associated with 
cellular membranes. Endoplasmic reticulum (ER) contained the bulk of [3H]arachidonate at all 
time points in both cell types, while mitochondria, which contain a large portion of cellular 
membrane, were labeled slowly and to substantially lower specific activity. Plasma membrane 
(PM) also labeled slowly, achieving a specific activity only one-sixth that of ER at 15 rain in 
HSDM~Ct cells (6% of total label) and one-third of ER in EPU-1B (10% of total label). Nuclear 
membrane (NM) exhibited the highest specific activity of labeling at 15 min in HSDM~C1 cells 
(twice that of ER) but was not preferentially labeled in the mutant. Over 24 h, PM label 
intensity increased to that of ER in both cell lines. However, NM activity diminished in 
HSDM~C1 cells by 24 h to a small fraction of that in ER. In response to agonists, HSDM~C~ 
cells release labeled arachidonate for icosanoid synthesis most readily when they have been 
labeled for short times. Our results therefore suggest that NM and ER, sites of cyclooxygenase 
in murine fibroblasts, are probably sources for release of [3H]arachidonate, whereas PM and 
mitochondria are unlikely to be major sources of icosanoid precursors. 

Arachidonic acid (C20:4~5.8.1 u4) is the major polyunsaturated 
fatty acid of most mammalian cells and occurs primarily 
esterified in the sn-2 position of cellular phospholipids (11). 
In addition to serving as a structural membrane component, 
arachidonate is the primary substrate for the synthesis of 
icosanoids. These oxygenated metabolites, including prosta- 
glandins, leukotrienes, thromboxane, and related compounds, 
modulate important biological processes including inflam- 
mation, allergy, and hemostasis (30). Icosanoid precursor fatty 
acids (chiefly arachidonate) are used by specific metabolic 
pathways, distinct from those used by other fatty acids, in 
cells that make these mediators. These cell types avidly ac- 
cumulate arachidonate from their surroundings and esterify 

it into cellular lipids by virtue of an acyl-CoA synthetase 
specific for icosanoid precursor fatty acids (20, 34). A mutant 
cell line that lacks this enzyme is defective both in high affinity 
arachidonate uptake and its subsequent release in response to 
the agonist bradykinin (19). 

Upon appropriate stimulation, icosanoid synthesis is initi- 
ated by the selective release of arachidonate from phospho- 
lipids, chiefly phosphatidylinositol and phosphatidylcholine. 
In every case studied thus far, the availability of unesterified 
arachidonate, and hence this specific release process, is the 
rate-limiting step for icosanoid production (16). Even in cells 
such as human platelets, which exhibit highly active icosanoid 
production, no more than 10-20% of cellular arachidonate is 
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released in response to maximal stimulation (3). Most cell 
types and tissues release substantially less than 10%. The basis 
for this limitation is not known. The specificity of arachidon- 
ate release is explained in part by the fact that phosphatidyli- 
nositol is highly enriched with arachidonate (~80% of its 
molecules), but not all phosphatidylinositol is degraded upon 
stimulation, and some released arachidonate must be derived 
from phosphatidylcholine, which is not enriched with icosa- 
noid-precursor fatty acids (3). 

One possible explanation for the specificity and limited 
extent of arachidonate release is structural compartmentali- 
zation within cells. We undertook the present study in order 
to better define the pathways of arachidonate metabolism at 
a cellular level. Our goals were to evaluate the kinetics of 
distribution of arachidonate among subceUular compart- 
ments, to determine whether any particular structure became 
enriched in short- or long-term labeling, and to use these 
results to help elucidate the intraceUular pathways for poly- 
unsaturated fatty acid metabolism. 

[3H]Arachidonic acid is well suited to evaluation by electron 
microscope (EM) ~ autoradiography. Commercially available 
tritiated arachidonate contains nearly four 3H atoms per 
molecule, so that high levels of cell radioactivity can be 
achieved using low (nanomolar) concentrations of label. Fur- 
thermore, the polyunsaturated acyl moiety of arachidonoyl 
phospholipids enhances cross-linking by osmium tetroxide, 
thereby providing spatial fixation of radiolabeled molecules 
during tissue processing for electron microscopy. We used 
HSDM~C~ murine fibrosarcoma cells, which, unlike many 
other permanent lines, release arachidonate and produce an 
icosanoid (Prostaglandin E2) in response to stimuli such as 
bradykinin or ionophore A23187 (31). The HSDM~Cj cells 
exhibit high affinity arachidonate uptake and esterification, 
but also are viable in medium devoid of arachidonate and all 
essential fatty acids (15). 

We also examined a mutant variant of HSDM~G cells, 
designated EPU, selected for defective high affinity uptake of 
arachidonate. Six independently selected clones of these cells 
(one of which is EPU-IB) lack the arachidonate specific acyl- 
CoA synthetase. Formation of acyl-CoA is the first step in 
incorporation of fatty acid into cellular lipids. Thus EPU-1B 
cells take up and esterify arachidonate at one-half to one-third 
the normal rate. Furthermore, EPU-1B cells are defective in 
arachidonate release, although their phospholipase C and A2 
activities are apparently normal (19). We analyzed uptake of 
[3H]arachidonate in the mutants to determine whether the 
lack of arachidonoyl-CoA synthetase might affect the ob- 
served subcellular distribution of arachidonate, and whether 
differences in distribution might account for the defective 
EPU arachidonate release. 

MATERIALS AND METHODS 

Cell Culture: HSDM~C~ murine fibrosarcoma cells (American Type 
Culture Collection, Rockville, MD) and EPU-IB mutants (variants of 
HSDMzC~ with defective high affinity uptake of arachidonate) were grown in 
continuous culture as previously described ( 15, 19). Cells were plated 2 d before 
labeling in 35-ram polystyrene dishes (Coming Glass Works, Coming, NY) at 
densities of 0.5-1.0 x l05 per dish. 

Abbreviations used in this paper: EM, electron microscope;  ER, 
endoplasmic  ret iculum; NM,  nuclear  membrane ;  PM, p lasma m e m -  
brane;  CMS, other  cytoplasmic m e m b r a n e  structures.  
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Labeling: [5,6,8,9,11,12,14,15-3H]Arachidonic acid (88 Ci/mmol) was 
obtained from New England Nuclear (Boston, MA). Growth medium was 
removed from each dish and the cells were washed with 1 ml serum-free Fl0 
medium (KC Biologicals, Kansas City, MO)+ 5 uCi of tritiated arachidonate 
was then added in 1.0 mt of FI0 medium containing 4.2% delipidated horse 
serum (9). The final arachidonate concentration was 60 nM. At the end of the 
labeling time course, the medium was removed, each dish was washed twice 
with 0.5 mg/ml fatty acid-free albumin (Sigma Chemical Co., St. Louis, MO) 
in buffer (15+4 mM Tris-CI, pH 7.4, 140 mM NaCI, 2.6 mM KC1. 5.6 mM 
glucose, 0.5 mM MgCIE, 0.9 mM CaCI2), and fixative was added. 

Tissue Processing for EM: During processing, cells remain attached 
to the culture dishes. Cells were fixed in 2% glataraldehyde plus 1.5% tannic 
acid, postfixed with 2% osmium tetroxide, stained en bloc with 0.5% uranyl 
magnesium acetate, dehydrated in ethanol, and infiltrated with Epon resin as 
previously described (13). In selected experiments, the amount of radioactivity 
removed from cells during each processing step and retained by cells at the 
completion of processing was assessed with liquid scintillation spectrometry, as 
previously reported (13). 

Preparation of Autoradiographs: Autoradiographs were prepared 
according to a modification of the flat-substrate method of Salpeter and 
Bachmann (28) as previously described (27). Polymerized Epon resin containing 
processed cells was separated from each polystyrene culture dish and cut into 
small fragments. For cross-sectioning, fragments were fiat-embedded in Epon 
and the blocks sectioned in a plane perpendicular to the plane of the culture 
dish. For enJace sectioning, fragments were glued to acrylic stubs and sectioned 
in a plane parallel to the plane of the culture dish. In each experimental 
condition, at least five randomly selected fragments of embedded cells were 
sectioned for autoradiographic analysis. Background control sections were 
prepared from unlabeled cultures of HSDM~Cj cells which were processed for 
electron microscopy and placed on the same slides as the radiolabeled tissue 
sections. Previous studies have demonstrated no significant artifacts due to 
positive or negative chemography or latent image fading in the autoradiography 
procedures used in these studies (26). 

Exposure intervals ranged from 7 to 23 d. The emulsions were developed in 
1.1% p-phenylenediamine and 12.6% sodium sulfite and fixed in 30% sodium 
thiosulfate. Sections were collected on 200 mesh copper grids and examined 
with a JEOL 100C electron microscope at 60 keV. Tissue processing with 
tannic acid and uranyl magnesium acetate provided adequate contrast so that 
further staining of the sections was unnecessary. Thus, possible removal of 
developed silver grains due to alkaline lead citrate stains (24) was avoided. 

The physical developer p-phenylenediamine yielded developed grains which 
were compact rather than filamentous, thus minimizing obstruction of under- 
lying fine structure of the specimen by the grains (4). This developer has a 
measured efficiency of approximately I grain per 15 disintegrations (1). The 
half-distance for the autoradiographic system used in these studies is ~1,500 
A., measured by Salpeter et al (29) using tritium, monolayers of llford L-4 
emulsion, 100-nm thick sections, andp-phenylenediamine development. 

Analysis of Autoradiographs: Autoradiographs were analyzed ac- 
cording to the mask overlay method of Salpeter el al. (29), using the computer 
program of Land and Salpeter (14), (generously supplied by Dr. M. Salpeter, 
Comell University). A final print magnification of 40,000 was chosen for 
analysis. To avoid potential biases in selecting only certain regions of cells for 
analysis, composite photomicrographs were constructed to permit analysis of 
sections of entire cells or large portions of entire cells. For each condition 
analyzed, composites produced from at least 10 separate cells were analyzed. 
More than 4,000 individual electron micrographs were prepared. Most of the 
blocks were sectioned en face, roughly parallel to the original plane of the tissue 
culture dish, in order to maximize the sectional area of the cells. Mask data for 
all HSDM~C~ or EPU-IB cells sectioned in this plane were pooled for the 
source-grain matrix and area analyses. In conditions where ceils were sectioned 
perpendicular to the dish, unique sets of mask data were used. A total of 297 
to 1621 autoradiographic grains were tabulated for each condition in the 
arachidonate labeling experiments. 

Potential sources, encompassing the entire photographic surface area, in- 
cluded membranous organelles, nonmembranous cellular structures (cytoplasm 
and nucleus), and extracellular areas of the photographs. Sources of radioactiv- 
ity were expected to reside in cell membranes since most radioactivity was 
incorporated into phospholipids. Therefore, we analyzed mainly membrane 
sources including the plasma membrane (PM), endoplasmic reticulum (ER), 
nuclear membrane (NM), mitochondria, and other cytoplasmic membrane 
structures (CMS). The '+CMS" compartment was a heterogeneous source in- 
cluding lysosome and phagosome membranes (but not their contents), coated 
vesicles (but not coated pits clearly attached to plasma membrane), and any 
other membranous structures that did not resemble other organelles. Because 
of the manner in which this compartment was defined, CMS could have 
included atypical portions of ER. 



RESULTS 

Incorporation and Preservation of [31-1]- 
Arachidonate in Cell Lipids 

[3H]Arachidonate was rapidly incorporated into lipids of 
HSDM~C~ and EPU-IB cells. More than 70% of the added 
label was removed from the labeling medium by cells at 2 h 
of incubation. The bulk of [3H]arachidonate was incorporated 
into phospholipids. For example, in HSDM~Ct cells after 2 h 
of incubation, ~94% of radioactivity taken up was incorpo- 
rated into phospholipids and 4% was found in neutral lipids 
as determined by thin layer chromatography (13). These 
results for arachidonate incorporation into HSDM~Cj and 
EPU-1B cells are consistent with those previously reported 
(15, 19, 31). Extraction of cell radioactivity during tissue 
processing was minimal. As shown in Table I, 92-96% of 
incorporated radioactivity was retained in cells during fixation 
and tissue processing. Nearly half of the radioactivity ex- 
tracted during processing was neutral lipid; no single species 
of phospholipid was selectively extracted (13). 

Analysis of Autoradiographs 
Table lI lists the source compartments and their relative 

areas as determined by mask analysis of the autoradiographs. 
More than 85% of the photographic surface area comprised 

TABLE I. Preservation of [3H]Arachidonic Acid in Cellular Lipids 

Percent of  
total cell 

Total radioact iv-  radio- 
Label ing ity before  proc- act ivi ty 

Cells interval essing retained 

dpmldish 

HSDM)CT 15 min 1.10 x 106 92.2 
HSDM~C) 2 h 6.33 x 106* 93.4* 
EPU-1B 2 h 2.29 x 106* 94.6* 
HSDM~C) 24 h 5.12 x 106 96.4 
EPU-1B 24 h 4.85 × 106 96.1 

Duplicate dishes for each condition shown were analyzed for preservation 
of label during processing for autoradiography. Radioactivity extracted at 
each step in fixation and dehydration was measured and compared to the 
amount retained in tissue at the completion of processing (13). 

* Determined in a separate experiment. 

TABLE II. Photographic Surface Area of Source Compartments 

Compar tments  Percent total area 

HSDM~ C1 [PU- 1B 

Extracellular areas 12.5 11.3 
Cytoplasm 54.9 41.9 
PM 1.20 1.30 
M i tochondr ia  4.90 4.50 
Golgi  apparatus 0.25 0.27 
ER 4.00 3.11 
N M  0.83 0.95 
Nuc leus 21.0 35.9 
CMS 0.52 0.65 

Source-grain pair mask data from en face sections of each cell type were 
pooled to give greater accuracy in surface area determination. Total photo- 
graphic area analyzed for HSDMIC1 cells was ~10 m 2 of photos (16,100 
source-grain pairs, 6,500 ~m 2 cell area). For EPU-18 cells, 14 m 2 of photo- 
graphs were analyzed (18,700 source-grain pairs, 8,700 ,um 2 cell area). Grain 
compartments included the source compartments listed here, plus ~rim" 
compartments, one half-distance wide, for PM, mitochondria, Golgi appara- 
tus, ER, NM, and CMS. 

the nonmembranous structures, cytoplasm, extracellular area, 
and nucleus. Golgi apparatus was encountered too infre- 
quently to be adequately analyzed by the computer method. 

The subcellular distribution of arachidonoyl phospholipids 
was determined by analyzing EM autoradiographs (see Fig. 
1) of HSDM~C, and EPU-IB cells labeled with arachidonate 
for 15 min, 40 min, 2 h, and 24 h as described in Materials 
and Methods. The computer-generated source distributions 
from this experiment, expressed as grains per/zm 2 structure 
area, are shown in Table III for HSDM~C~ cells and in Table 
IV for the EPU-1B mutant. In the best-fit distribution of 
sources, cytoplasm, nucleus, and extracellular areas contained 
no radioactivity in either cell line. This result is a validation 
of the analysis method, since virtually all cellular phospholipid 
is expected to be in membranes, and >90% of [3H]arachidon- 
ate was incorporated into phospholipids at all times in the 
labeling experiment. Unlabeled cells demonstrated negligible 
background grain density (~0.1 grains/100 um 2) at the longest 
exposure time. 

The amount of radioactivity per unit area of each structure 
represents a relative "specific activity," reflecting the avidity 
or rapidity with which a structure accumulated arachidonate. 
Thus, for example, at 15 min, NM and CMS were most 
intensely labeled in HSDMtCt cells, ER was intermediate in 
specific activity, and PM and mitochondria were considerably 
less radioactive (Table III). To determine total radioactivity 
per compartment, we multiplied specific activity per unit area 
by the fractional area of each compartment. The result for 
each time point in the labeling time course of both cell lines 
is shown in Fig. 2. The combined information from Tables 
III and IV and Fig. 2 provides information about the uptake 
and distribution of the label among membrane compart- 
ments. 

P M: PM was notable for its very low activity early in the 
labeling time course for both cell lines. Although the radio- 
active arachidonate in the medium must traverse the plasma 
membrane en route to internal structures, it apparently was 
not sequestered there. At 15 min after labeling, PM contained 
only 6% of incorporated arachidonate in the parental cells 
and 10% in the mutants (Fig. 2) and the intensity of labeling 
was a small fraction of that in ER (Tables III and IV). Thus, 
although EPU-1B cells exhibited overall lower levels of up- 
take, labeling intensity in PM was equivalent at the earliest 
time point. The apparent low label intensity at 40 rain in 
Table IV was associated with a large standard error from the 
computer analysis, and thus may not represent a trough in 
PM labeling. By 24 h in both cell types, PM had attained a 
specific activity similar to that of ER, suggesting that these 
pools equilibrated by slow movement of arachidonate-con- 
taining lipids to PM from more highly labeled pools (ER and 
NM) after the bulk of label had been incorporated (i.e., after 
2 h). 

E R: ER contained more than half of the cell-associated 
[3H]arachidonate at all times in the HSDM~CE labeling time 
course, and exhibited the highest intensity of all compart- 
ments at 24 h (approximately steady state). Thus, ER is a 
major site for both incorporation and storage ofarachidonate. 
Over the course of labeling in HSDM~Ct cells, it was relatively 
enriched at the expense of label intensity in NM and CMS. 
These pools did not appear to transfer label to ER in the 
EPU- 1B cells, so that at 24 h, ER contained slightly less than 
half of incorporated arachidonate. However, ER labeling was 
qualitatively similar in control and mutant cells. 
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FIGURE 1 Representative autoradiographs of HSDM1C1 and EPU-1B cells. Cells were labeled with [3H]arachidonate and 
processed as described in Materials and Methods. (A) HSDM1C1 cells cross-sectioned in a plane perpendicular to the tissue 
culture dish. (B) EPU-1B and (C) HSDM~Cl cells sectioned en face in a plane parallel to the culture dish. The intensity of labeling 
is low in the nucleus, structure-flee peripheral cytoplasm, and extracellular areas. Bar, 1 #m. (a) x 8,400; (b) x 5,400; (c) x 6,500. 

5 7 6  



TABLE III. Time Course of []H]Arachidonate Labeling Intensity In Source Compartments of HSDM1C1 Cells 

Compar tments  Grain density (grains per #m 2) 

15 rain 40 min 120 rain 24 h 

Extracellular areas 0.0 0.0 0.0 0.0 
Cytoplasm 0.016 _ 0.0S* 0.0 0.0 0.0 
PM 1.25 _ 0.9 1.74 - 1.0 4.70 + 3.0 40.4 _ 6.3 
M i tochondr ia  0.69 __- 0.2 0.40 _ 0.2 4.80 + 1.1 12.5 ± 1.3 
ER 6.20 ± 0.6 13.0 ± 0.8 24.1 ± 2.7 50.0 ± 3.6 
Nucleus 0.02 + 0.03 0.0 ± 0.03 0.0 ± 0.09 0.0 ± 0.09 
N M  11.7 ± 1.6 10.2 ± 1.7 19.3 ± 3.4 4.10 ± 3.0 
CMS 13.9 ± 2.6 14.7 ± 3.1 4.7 ± 4.3 36.2 ± 10 

Source intensity at each labeling time point, as calculated by the Chi-square minimization routine of Land and Salpeter (14), was converted to grains per vm 2 
by correcting for the photographic surface area in each condition. The 120-rain results are the means from two separate culture dishes. Data are normalized 
to an emulsion exposure time of 545 h. 

* Error values shown represent the standard error of the Chi-square minimization routine (14). 

TABLE IV. Time Course of [3H]Arachidonate Labeling Intensity In Source Compartments of EPU- 1B Cells 

Compar tments  Grain density (grains per #m 2) 

15 min 40 rain 120 min 24 h 

Extracellular areas 0.0 0.0 0.0 0.0 
Cytoplasm 0.0 0.0 0.0 0.0 
PM 1.28 _ 0.3* 0.08 ± 0.9 9.90 - 3.6 31.6 + 3.4 
M i tochondr ia  0.33 _ 0.09 0.40 - 0.2 4.10 + 1.1 15.6 + 1.3 
ER 3.40 +_ 0.3 26.5 - 2.7 27.1 + 2.8 39.3 ± 2.1 
Nucleus 0.0 - 0.01 0.01 ± 0.03 0.0 ± 0.09 0.0 ± 0.08 
N M  3.30 + 0.8 4.70 __- 1.5 37.5 + 6.5 31.1 _ 6.5 
CMS 2.81 _ 0.5 0.64 - 0.8 13.3 - 3.8 50.5 _ 5.9 

Source intensities for interval in the EPU-1B labeling experiment were calculated as described in the legend of Table 111. The 120-min results represent the 
means of data from two separate dishes. The results are corrected to an emulsion exposure time of 545 h. 

t Standard errors of the Chi-square minimization routine. 

a. HSDM1C1 

~ IO0 ~ i 

~ 75 

N 50 

o 25 

Calculated total 
radioactivity 
(drum/cell) 

Labeling time 

b. EPU-1B 

2.3 3.4 7.2 16 1.0 1.9 7.5 15 

15rain 40rain 2h 24h 15min 40min 2h 24h 

] PM 

] CMS 

] Mito 

[ ]  NM 
[ ]  ER 

FIGURE 2 Time course o f  d ist r ibut ion of  [3H]ar- 
ach idonate among cel lular compartments.  Cells 
were  labeled for var ious times, and autoradi-  
ographs prepared and analyzed as descr ibed in 
Materials and Methods.  The intensity o f  label ing in 
each compar tment  was mul t ip l ied by the fract ional 
area of  each compar tment  and is expressed as 
percentage o f  total cel l-associated radioact iv i ty at 
each t ime point.  Total cel lular radioact iv i ty was 
calculated by adding act ivi ty in all compartments,  
and correct ing for durat ion o f  exposure,  est imated 
cell vo lume,  and repor ted photograph ic  eff ic iency. 
Totals for 2- and 24-h points are not d i rect ly com- 
parable due to d i f ferent  numbers o f  cells in di f fer-  
ent condi t ions. (a) HSDM1C1 cells. (b) EPU-1B cells. 
PM, plasma membrane;  Mito,  mi tochondr ia ;  /:R, 
endoplasmic ret iculum; NM, nuclear membrane;  
CMS, other  cytoplasmic membrane structures. 

N M: NM was labeled to a high specific activity at the 
earliest time point in HSDMIC, cells, suggesting a kinetic 
advantage in arachidonate esterification. As label was con- 
sumed in the first two hours of  incorporation, however, other 
pools caught up with and surpassed the NM labeling intensity; 
despite a kinetic preference for arachidonate, the level is 
relatively excluded from this pool at steady state. Although 
the 24-h NM value in Table III is associated with a large error 
because of the relatively small number of  grains encountered, 
the qualitative conclusion would be unchanged even if actual 
NM labeling were at the upper limit of  the error range. EPU- 
I B cells did not preferentially label NM. The pool was equal 
to ER in intensity at 15 min. NM also did not become 
relatively unlabeled at 24 h in the mutant as it did in 
HSDM,C~ cells. 

MITOCHONDRIA: Mitochondria were labeled less in- 
tensely than other membranes at all times, but this deficit was 

more pronounced in short-term labeling (_<2 h), when this 
pool had specific activity <20% of that in ER. At 24 h, the 
mitochondria had not equilibrated with the other pools, and 
contained only a small fraction of  total cellular label. (Some 
portion of  the difference in specific activity may have been 
due to the manner in which mitochondrial surface area was 
calculated. 2) 

CMS: In both cell lines, this small, heterogeneous pool 

2 The mitochondrial source compartment included both inner and 

outer membranes and their contents (unlike other membrane com- 
partments, defined to exclude all nonmembrane surface), because it 
wa s  not possible to distinguish folds of inner membrane sectioned in 
the plane of the membrane from membrane-free matrix and because 
of the many, closely spaced cristae. This inclusion of matrix may 
have exaggerated the area of the source somewhat, and therefore 
underestimated true specific activity in mitochondriai membranes, 
without affecting the calculation of total compartment radioactivity. 
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FIGURE 3 Phagosome-like bodies in EPU-1B cells labeled for 24 h with [3H]arachidonate. Structures of this type were more 
common in EPU-1B cells than HSDMlCl. This autoradiograph shows a region where they were particularly numerous. The 
membranes of these structures were included in the heterogeneous CMS pool. Bar, 1 urn. x 29,000. 

contained few grains at early time points, and thus exhibited 
relatively large standard errors (Tables |II and IV). In 
HSDM~C~ cells, CMS was highly labeled at the 15-min time 
point, despite the fact that, because of its small area, it 
accounted for little of  total cellular label. In EPU-IB cells, 
labeling intensity was highly variable: similar to ER at 15 
min, very low at 40 min, and the most intensely labeled pool 
at 24 h (Table IV). At least part of  the high intensity labeling 
in this pool at later time points was caused by the presence of 
[aH]arachidonate in phagosome-like structures which were 
much more frequent in the mutant than in HSDM~C~ cells 
(Fig. 3). 

GOLG1 APPARATUS: Golgi apparatus was not encoun- 
tered often enough to yield consistent results with the mask- 
overlay method. Our impression from the micrographs was 
that stacks of Golgi cisternae were not highly labeled at any 
time, but that peri-Golgi membranes (many of which were 
vesicular or lamellar structures designated "ER" on the basis 
of appearance) were more intensely labeled (Fig. 4). 

Labeling Intensity of Coated Pits vs. PM 

Large numbers of coated pits were observed in the plasma 
membranes of both HSDMjC~ and EPU-1B cells. In the 
analyses reported in Tables III and IV, coated pits clearly 
attached to the cell surface were included in the PM pool, 
whereas coated vesicles not attached to PM were assigned to 
CMS. We compared the labeling intensity of the pits to that 
of PM in the 24-h autoradiographs from both cell lines in 
order to determine whether these structures were in equilib- 
rium with each other at steady state, or whether the pits, 
which turn over rapidly in the process of  receptor-mediated 
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endocytosis (22) had distinct arachidonate content. The la- 
beling densities were estimated by the number of  grains within 
one half-distance of the membrane per linear centimeter of 
PM or pit membrane. No significant difference in labeling 
intensity was detected (Table V). PM morphometry was not 
performed for autoradiographs at other time points. However, 
at 2 h after labeling, the fraction of  total PM grains in or near 
coated pits was equivalent to that at 24 h. Thus, the rapid 
movement of  membrane regions reflected by coated pits and 
vesicles does not result in differential rates of  incorporation 
or turnover of icosanoid precursor fatty acids. 

Calculation of Total Label Incorporation per Cell 
from Grain Densities 

One method to determine whether the autoradiographic 
results obtained accurately reflect actual cellular labeling is to 
calculate total radioactivity per cell based on the observed 
grain density. Each pale gold microtome section was assumed 
to be 0.1 ~m thick; the efficiency of  the photographic process 
was estimated to be l grain per 15 disintegrations (1), and the 
exposure time 545 h. The volume of a typical cell was esti- 
mated to be -900  ~m 3 based on an average thickness deter- 
mined from electron micrographs of  sections cut perpendic- 
ular to the culture dish (Fig. 1) and cell surface area calculated 
from light photomicrographs of subconfluent cells in culture. 
(An equivalent size estimate was obtained by measuring the 
diameter of round, trypsinized cells by light microscopy.) 

The estimates of  total reactivity per cell are shown in Fig. 
2 for HSDMIC~ and EPU-1B cells at each time point. Totals 
for the short-term and 24-h points are not directly comparable 



FIGURE 4 [3H]Arachidonate labeling of peri-Golgi regions. Autoradiographs of HSDMIC~ cells labeled for 2 h. Grains are 
prevalent in regions surrounding stacks of Golgi cisternae (arrows), which are relatively less labeled. One-half distance = 0.15 
/~m. Bar, (a and b) 1/zm; (cand cO 0.5 ~m. (a) x 14,000; (b) x 22,000; (c) x 29,000; (CO x 29,000. 

TABLE V. Label Intensity of Coated Pits vs. PM 

PM Coated PM Pit Grain density 
length pits grains grains (grains/cm) 

cm PM pits 

HSDM1C~ 1,600 66 116 6 0.075 0.091 
EPU-1B 2,500 170 147 13 0.063 0.076 

Total length in centimeters of PM in the photomicrographs from 24-h labeling 
of EPU-1B and HSDM1C~ cells was determined by computer-assisted planim- 
etry. The length of an average coated pit was estimated by measuring the 
diameter of several from different cells. Grains within one half-distance of 
pits and PM were tallied and labeling intensity estimated as grains per unit 
length of membrane. Exposure time was 162 h. 

because of differences in cell number per dish. The values 
(maximum labeling, ~ 16 dpm per cell) agree well with the 
estimate of uptake per cell obtained by counting the labeling 
medium before and after 24 h culture with the cells (25-40 
dpm per cell). 

DISCUSSION 

Pathways of Arachidonate Incorporation 
Details of the specific metabolic pathways and cellular 

compartments involved in formation of arachidonate-con- 
raining phospholipids have not been well defined. Fatty acids 
presumably gain access to internal compartments by diffusion 
through membranes because of their lipophilic nature. Hoak 
et al. (10) demonstrated by EM autoradiography that [3H]- 

palmitate could readily diffuse into and out of platelet PM, 
depending on the presence of fat-free albumin, a fatty acid 
"trap" in the incubation medium. The cellular trap for arach- 
idonate, and the enzyme responsible for high affinity cellular 
arachidonate uptake is the arachidonate-specific acyl-CoA 
synthetase (19, 20). The subcellular localization of this mem- 
brane-bound enzyme is unknown. The nonspecific long chain 
acyl-CoA synthetase has been located on the cytoplasmic face 
of rat liver microsomes (6). 

Acyl-CoA esters are converted to phospholipids either by 
transfer of fatty acids to glycerol phosphate forming phos- 
phatic acid (de novo synthesis) or by transfer to a pre-existing 
lysophospholipid ("Lands' pathway"). Arachidonate probably 
enters largely by the latter route (for review see reference 11 ). 
The site of arachidonate incorporation thus depends both on 
the distribution of synthetic enzymes and the availability of 
lysolipid precursors. The enzymes of de novo phospholipid 
synthesis are all found in "microsomes" of rat liver; some of 
the activities are also found in mitochondria. Lysophospho- 
lipid acyltransferases have been variousl3~ claimed to be local- 
ized to mitochondrial and microsomal fractions (reviewed by 
Bell and Coleman [2]). 

Localization of Cellular Phospholipids 
The subcellular distribution of newly synthesized lipids has 

been examined by EM autoradiography of [3H]glycerol and 
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[3H]choline incorporation in frog retina (17). Rough ER of 
rod inner segment was found to contain the bulk of incorpo- 
rated label as well as the highest specific activity with short 
labeling pulses (10 min). NM was also relatively enriched with 
label, while smooth ER, Golgi apparatus, mitochondria, and 
PM were less intensely labeled. These results therefore dem- 
onstrate label distribution similar to our short-term arachi- 
donate labeling. Nuclear membrane has also been implicated 
as an early source of lipid precursor incorporation in myeloma 
cells, in which pulses of radiolabeled acetate first label a 
rapidly sedimenting pool whose radioactivity is subsequently 
chased to other membrane fractions (23). 

Measurement of endogenous fatty acid distribution has 
proven problematic because of difficulties obtaining purified 
membrane fractions with good yields and the tendency of 
lipids to migrate from membrane to membrane. Despite these 
difficulties, the phospholipid and fatty acid compositions of 
major membrane pools have been determined for rat liver 
cells. Colbeau et al. (5) found that PM was relatively deficient 
in arachidonate compared to ER and mitochondria. In an- 
other study, ER was found to be relatively enriched in arach- 
idonate compared to PM and the Golgi apparatus (12). These 
results differ from ours in that we found PM equal in intensity 
to ER at steady state. 

Struck and Pagano (32) and Sleight and Pagano (33) have 
demonstrated apparent organelle preference for certain types 
of lipids in live cells by tracing the transfer of lipid analogs 
from liposomes to Chinese hamster fibroblasts by fluorescence 
microscopy. They have found that fluorescent derivatives of 
phosphatidylethanolamine and phosphatidylcholine are ini- 
tially restricted to PM (32) and subsequently move via endo- 
cytosis to Golgi apparatus (33). These studies probably mea- 
sure bulk membrane flow, a different process from fatty acid 
incorporation described here. However, a derivative of phos- 
phatidic acid caused fluorescence primarily in NM, ER, and 
mitochondria under conditions where bulk flow would not 
occur (21). 

The distribution of [3H]arachidonate in mast cells and 
macrophages has been evaluated with EM autoradiography 
by Dvorak et al. (8). These workers found that the majority 
of autoradiographic grains in cells labeled overnight occurred 
over cytoplasmic "lipid bodies." These structures were highly 
labeled not only with arachidonate, but also with [3H]palmi- 
tate, methyl choline, and myoinositol (7). Because all lipid 
precursors preferentially accumulated in these structures, con- 
clusions about the avidity of lipid bodies for arachidonate, 
and about their role in icosanoid metabolism, will depend on 
results of more detailed metabolic studies of these organelles. 

Our laboratories have begun to examine the subeellular 
distribution of [3H]arachidonate in human platelets. In the 
process of this work, we have noted that leukocytes in the 
platelet preparations rapidly and preferentially accumulate 
labeled arachidonate in their nuclear membrane (Saffitz, J. 
E., M. Laposata, and P. W. Majerus, unpublished results). 
Although we have not further quantified this observation, it 
lends support to the concept that NM is a kinetically preferred 
pool for arachidonate incorporation. 

Comparison of Uptake and Distribution of 
Arachidonic Acid in EPU-1B and HSDM1C1 Cells 

In the present studies we have examined the time course of 
uptake and subcellular distribution of arachidonic acid into 

5 8 0  THE JOURNAL OF CELL BIOLOGY . VOLUME 101, 1985 

the membranes of an icosanoid-producing fibrosarcoma cell 
line and a variant line defective in arachidonoyl-CoA synthe- 
tase. We found that ER is the major cellular repository of 
arachidonate at all times in the labeling period (from 15 min 
to 24 h), while mitochondria, which contain a large fraction 
of cellular membrane, are labeled to substantially lower activ- 
ity. In both cell lines, PM is labeled to a much lower intensity 
than ER at early labeling times, eventually equilibrating with 
ER at 24 h. No preferential early labeling of CMS was 
observed in the mutant. One major difference between mu- 
tant and control cells was the overall lower level of labeling 
per cell at 15 and 40 min after labeling, before a large portion 
of the label had been removed from the medium (Fig. 2). 
This lower rate of uptake was manifest in all pools except 
PM, and was most notable in NM. At 15 min, the fraction of 
total label in NM of EPU-I B was less than that in HSDMtC~, 
and total uptake was 40% of control values (Fig. 2), so that 
the absolute difference in NM labeling intensity was a factor 
of 4 (Table III vs. IV). Differences in labeling between control 
and mutant in most pools were relatively small at later times 
and did not suggest large differences in arachidonate distri- 
bution among compartments between the two cell lines. 

Two possible mechanisms could account for the early pref- 
erential labeling of NM and its subsequent loss of label. One 
possibility is that NM is a true precursor pool, responsible for 
synthesis of lipids which subsequently move to other com- 
partments. Another possibility is that NM phospholipids are 
more rapidly "remodeled" than other membranes, so that the 
NM is labeled most rapidly because of the availability of 
lysolipid acceptors in this compartment, but label is lost due 
to the "editing" phospholipases once the cellular [3H]arachi- 
donoyl-CoA pool is depleted. Similar reasoning can be used 
for the CMS compartment, which was highly labeled at early 
time points but lost label relative to other pools over time. In 
general, the initially observed distribution of label favors 
kinetically preferred pools (either membranes that are actively 
synthesizing new lipid, or rapidly remodifying old phospho- 
lipids with sn-2 fatty acids), whereas the 24-h distribution 
represents the steady state of incorporation into various mem- 
branes, akin to the endogenous fatty acid distribution. A 
plausible explanation for the mutant's inability to label rapidly 
remodeling pools is that EPU-1B cells, by virtue of lacking 
arachidonoyl-CoA synthetase, are deficient in [3H]arachidon- 
oyl-CoA relative to unlabeled, endogenous pools of acyl- 
CoA's which compete for incorporation into lysolipid precur- 
sors. We cannot distinguish from these experiments whether 
the observed differences between EPU-1B and HSDM~Cj are 
due solely to absent arachidonoyl-CoA synthetase. Further- 
more, we do not know if the observed fatty acid distribution 
is unique to arachidonate or typical of non-icosanoid precur- 
sors as well. 

Nevertheless, the present data help to answer the question 
of which cellular compartments contribute arachidonate re- 
leased for icosanoid synthesis upon cellular stimulation. Al- 
though HSDM~C~ cells release <5% of endogenous arachi- 
donate for prostaglandin synthesis in response to an agonist 
such as bradykinin, they release a substantially larger fraction 
of labeled arachidonate when the label is added for short 
times. At short incubation times (15 min), as much as 15- 
20% of label can be released from HSDM~Cj cells depleted 
of essential fatty acids (15). In short incubations in the present 
experiments, label is found predominantly in the ER of 
HSDM~C~ cells, with high labeling intensity in NM and CMS. 



The decrease in release efficiency over time suggests that these 
smaller pools might be responsible as they lose their specific 
activity relatively quickly. Of these two pools, NM seems a 
more likely source; it is difficult to imagine that lysosomes 
and coated vesicles should have the machinery of  release. 
Interestingly, the cyclooxygenase of  murine fibroblasts has 
been localized by EM immunohistochemistry to the ER and 
NM (25). It may be that EPU-IB cells, which lack early high 
intensity labeling of  NM, are defective in arachidonate release 
because of  their inability to label this pool, although a causal 
relationship between these facts remains to be established. 
The very low early labeling intensity and total label concen- 
tration in PM and mitochondria makes these compartments 
unlikely sources for release of  radiolabeled arachidonate. If 
PM were the source, it would have to be entirely depleted of 
label during stimulation at early times, but contribute only a 
small fraction of  its label at later times in labeling time courses. 
Because of  these results, we speculate that the substrate for 
icosanoid synthesis is released at the site of  synthesis. If 
receptor-mediated arachidonate release occurs from internal 
membranes, a second messenger (such as calcium mobiliza- 
tion) must be responsible for transmitting a signal for hydrol- 
ysis to the ER and NM from the receptor at the PM. 
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