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Abstract Stimulation of rat serosal mast cells in vitro with 
compound 48/80, a degranulating agent, resulted in an immedi- 
ate increase in binding of low density lipoproteins (LDL) to the 
stimulated mast cells. The increase in binding was dose-depen- 
dent and closely followed the increase in histamine release, Le., 
the exocytosis of mast cell granules. It could be demonstrated 
that the LDL were bound to exocytosed secretory granules 
which remained cell-associated. During the recovery period the 
granule-bound LDL were internalized by the mast cells along 
with the granules. A single stimulation of mast cells rendered 
their cytoplasm to be filled with granular material showing posi- 
tive staining for both apoB and neutral lipid. This change was 
accompanied by a 30-fold increase in the cellular content of cho- 
lesteryl esters. IIp Thus, rat serosal mast cells possess a specific 
mechanism for uptake of LDL that is activated by stimuli that 
lead to degranulation, the result being massive uptake of LDL 
by stimulated mast cells during recovery from degranulation. - 
Kokkonen, J. O., and P. T. Kovanen. Accumulation of low 
density lipoproteins in stimulated rat serosal mast cells during 
recovery from degranulation. J. Lipid Rex 1989. 30 1341-1348. 
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The cytoplasm of mast cells is filled with specific or- 
ganelles, the secretory granules. On antigen challenge, 
the mast cells are activated, their cytoplasmic granules 
become swollen, and their membranes fuse to produce 
chains of granules lying in so-called cytoplasmic degranu- 
lation channels (1). The degranulation channels eventual- 
ly open to the exterior, whereupon the soluble components 
of the granules (e.g., histamine) are released and diffuse 
away to exert their mediator functions in allergic reactions. 
The remaining components of the granules, consisting of 
neutral proteases and heparin pmteoglycan, remain tightly 
bound to each other, thus forming granule remnants (2). 

The opening of the channels at the cell surface permits 
extrusion of some of the granule remnants into the extra- 
cellular fluid. The ultimate fate of the extruded granules 
is to be phagocytosed by macrophages located in the mi- 
croenvironment of the stimulated mast cells (3). The 

granules that remain in the channels are internalized by 
the mast cells during recovery from degranulation (4). 
During this recovery period, the channel openings close, 
and the granule remnants become bounded by their origi- 
nal membranes and appear again as secretory granules in 
the cytoplasm of the stimulated mast cells. 

We recently observed that the exocytosed granules that 
are extruded from their parent cells bind LDL and carry 
them into the macrophages in vitro (5). In the present 
study we tested whether the granules that remain in the 
degranulation channels and are internalized by the mast 
cells could bind LDL and transport LDL into the recover- 
ing mast cells. We found that binding of LDL to the recy- 
cling granules leads to massive uptake of LDL after a 
single stimulation of the mast cells. 

MATERIALS AND METHODS 

Materials and animals 

NalZ5I (13-17 mCilpg; 1 Ci = 37 GBq) was purchased 
from Amersham International. Avidin, bovine serum al- 
bumin, soybean trypsin inhibitor, cytochalasin B, hepa- 
rin, compound 48/80, n-benzoyl-L-tyrosine ethyl ester 
(BTEE), and 3-amino-9-ethylcarbazole were obtained 
from Sigma. Human serum albumin was purchased from 
Kabi Diagnostica. Dulbecco's phosphate-buffered saline 
(PBS) and RPMI 1640 culture medium with 25 mM 
HEPES were obtained from Gibco. Rabbit antiserum to 
human apoB was purchased from Behringwerke AG. 
Normal swine serum, swine immunoglobulins to rabbit 
immunoglobulins, and soluble complexes of horseradish 

Abbreviations: LDL, low density lipoproteins; BTEE, n-benzoyl-L- 
tyrosine ethyl errter; PBS, Dulbecco's phosphate-buffered saline; apoB, 
apolipoprotein B. 
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peroxidase and rabbit anti-peroxidase (PAP-complexes) 
were obtained from Dakopatts. Male Wistar rats (300- 
500 g) were purchased from Orion (Espoo, Finland). 

Preparation and iodination of lipoproteins 

Human LDL (d 1.019-1.050 g/ml) were fractionated by 
sequential ultracentrifugation and iodinated by the iodine 
monochloride method, as described (6). The range of 
specific activities of '251-labeled LDL preparations was 
175 to 400 cpm/ng of protein. At least 98% of the radioac- 
tivity was precipitable with 10% trichloroacetic acid. Ace- 
tyl-LDL were prepared by treatment of LDL with acetic 
anhydride (7). The concentration of each LDL prepara- 
tion is expressed in terms of its protein concentration. For 
experiments, the labeled LDL was diluted with unlabeled 
LDL to give the specific activities indicated in the figure 
legends. 

Isolation of rat mast cells 

For preparation of rat serosal mast cells capable of full 
recovery, a mild method was introduced for isolation of 
the cells. The cells of peritoneal and pleural cavities of 
male Wistar rats were collected by lavage with 10 ml of 
buffer A (PBS supplemented with 0.5 mg/ml of bovine se- 
rum albumin and 5.6 mM glucose, pH 7.3). The pooled 
cells were washed once with buffer A by centrifuging at 
150 g for 5 min at room temperature and resuspended in 
medium A. Medium A contained RPMI 1640 (with 25 
mM HEPES) and was supplemented with 10 mg/ml hu- 
man serum albumin, 5% fresh rat serum, 25 mM NaCl, 
100 international unitdm1 of penicillin, and 2 mM L-glut- 
amine, as suggested by Slutsky et al. (4) for studies with 
recovering rat serosal mast cells. Aliquots of the cells 
(5 x lo6) were seeded into plastic petri dishes (60 x 15 
mm) and incubated in a humidified COP (5% COP in air) 
incubator at 37OC for 1 h. Nonadherent cells, chiefly mast 
cells, were removed, washed twice with buffer A, and re- 
suspended for experiments in buffer B (PBS supple- 
mented with 10 mg/ml of human serum albumin, 1 mg/ 
ml of soybean trypsin inhibitor, and 5.6 mM glucose, pH 
7.3). The purity of the mast cell suspension was judged 
from cytocentrifuge slides stained with May-Griinwald- 
Giemsa. Of the cells examined, 90-95 % were found to be 
mast cells, the contaminating cells being lymphocytes, 
eosinophils, and occasional macrophages. 

Stimulation of mast cells 
The standard incubation was conducted in 200 pl of 

buffer B containing 2.5-5.0 x lo5 mast cells. After prein- 
cubation at 37OC for 15 min, the cells were stimulated by 
addition of the indicated amounts of compound 48/80, 
and incubation was continued for 1 min. Then 4 volumes 
of ice-cold buffer A were added and the cells were sedi- 
mented at 150 g for 5 min at 4OC. The supernatant con- 

taining granules detached from the stimulated mast cells 
was removed. To remove any extracellular granules loose- 
ly associated with the stimulated mast cells, the sediment 
was resuspended in 200 p1 of buffer A and gently delivered 
5 times through the tip of a micropipette (40-200 pl Finn- 
pipette). During the removal of the loosely cell-associated 
granules, the mast cells remained intact, as shown by the 
absence of the intracytoplasmic enzyme lactate dehydro- 
genase in the surrounding medium. The mast cells were 
then sedimented as before, and resuspended in 200 p1 of 
ice-cold buffer A. Finally, the quantity of extracellular 
granules tightly bound to the cells (i.e., in the degranula- 
tion channels) was determined by measuring the activity of 
the granule enzyme chymase. The assay was performed 
using intact mast cells (1 x lo5) in 3 ml of buffer contain- 
ing 100 mM NaCI, 50 mM Tris-HC1, pH 7.4, and 0.5 mM 
n-benzoyl-L-tyrosine ethyl ester (BTEE). The change in 
absorbance at 256 nm was recorded for 2 min at room 
temperature (8). The change in absorbance was linear 
during the first 2 min indicating that no cell-associated 
granules were internalized at room temperature during 
this time interval. 

Binding of lZ5I-labeled LDL to mast cells 

Mast cells were stimulated and washed to remove the 
extruded granules and loosely cell-associated granules as 
described above. The standard binding assay (9) was con- 
ducted at 4OC in 200 pl of buffer B containing 250 pglml 
of lZ5I-labeled LDL or lz5I-1abeled acetyl-LDL, the com- 
peting molecules, and 1.5-5.0 x lo5 mast cells. After in- 
cubation for 5 min, the reaction mixture was layered onto 
340 pl of separation medium (0.25 M sucrose, 10 mg/ml 
of bovine serum albumin, 5 mM Tris-HC1, pH 7.4). The 
tubes were then centrifuged at 450 g for 15 min at 4OC. 
The supernatant was removed and lZ5I radioactivity was 
determined in the area of the tube containing the cell pel- 
let. The results are expressed as pg of LDL protein bound 
per IO6 mast cells. 

Uptake of LDL by recovering mast cells 

Mast cells were stimulated and washed to remove the 
extruded granules and loosely cell-associated granules, as 
described above. To initiate the uptake process, the cell 
pellet was resuspended in 200 p1 of warm (37OC) buffer B 
containing 250 pglml of lZ5I-labeled LDL. After incuba- 
tion at 37OC for the indicated times, the reactions were 
stopped by adding 4 volumes of ice-cold buffer A, and the 
cells were sedimented. The supernatant was removed and 
the cells were resuspended in 200 pl of ice-cold buffer B 
supplemented with 5 mg/ml of heparin for removal of any 
extracellular granule-bound LDL. After incubation for 10 
min at 4OC, the reaction mixture was centrifuged through 
the separation medium as described above. The cell pellet 
containing the LDL resistant to heparin treatment was re- 
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suspended in 100 pl of PBS and removed for analysis. An 
aliquot was counted for its 1251 radioactivity. The total 
cholesterol content and free cholesterol content of the 
samples were determined after lipid extraction with chlo- 
roform-methanol 2:l by fluorometry with commercial 
cholesteryl oleate or cholesterol as standards (10). The 
quantity of heparin-resistant cholesteryl esters was ob- 
tained by subtracting the amount of free cholesterol from 
that of total cholesterol. The results are expressed either 
as pg of heparin-resistant LDL protein or as pg of hepa- 
rin-resistant cholesteryl esters per lo6 mast cells. In con- 
trol experiments performed in the cold, it could be shown 
that heparin treatment released more than 95% of the 
LDL bound to the mast cell-associated granules. The 
mast cells remained intact during the heparin treatment, 
as shown by the absence of the intracytoplasmic enzyme 
lactate dehydrogenase in the surrounding medium. 

Immunoperoxidase staining of intracellular LDL 
in recovering mast cells 

Mast cells (2 x lo5) in 200 pl of buffer B were stimu- 
lated with compound 48/80 (1 pg/ml). After incubation 
for 1 min at 37OC, unlabeled LDL were added to make 
a final concentration of 250 pg/ml. Incubation was con- 
tinued for 30 min at 37OC to allow internalization of the 
LDL-containing granules. After incubation the cells were 
sedimented, the supernatant was removed, and the cell 
sediment was resuspended in 1 ml of medium A. The 
mast cells were transferred to plastic petri dishes (35 x 10 
mm) and incubated in a humidified COP (5 % C 0 2  in air) 
incubator at 37OC for 18 h. All subsequent steps were per- 
formed at room temperature. The mast cells were removed 
from the dishes, washed once by centrifugation with 
buffer A, and then resuspended in buffer B. Cytocentri- 
fuge slides were prepared by centrifuging 1.5 x lo4 mast 
cells at 800 rpm for 5 min in a Shandon Cytospin 2 cyto- 
centrifuge. In May-Griinwald-Giemsa stained prepara- 
tions, 90-95% of the cells were found to be mast cells, the 
contaminating cells being lymphocytes, eosinophils, and 
occasional macrophages. The slides were air-dried over- 
night, after which the cells were fixed with 4% (v/v) para- 
formaldehyde for 30 min, treated with 0.8% (+) hydrogen 
peroxide in methanol for 20 min, and rendered perme- 
able with 0.1% (w/v) saponin (6 times, each for 2 min). 
All subsequent treatments (until carbazole) were carried 
out in the presence of 0.1% (w/v) saponin in buffer B. The 
cells were treated for 20 min with normal swine serum 
(final dilution; 1:5), for 40 min with rabbit antisemm to 
human apoB (final dilution; 1:200), for 20 min with swine 
immunoglobulins to rgbbit immunoglobulins (final dilu- 
tion; 1:50), for 20 min with soluble complexes of horsera- 
dish peroxidase and rabbit anti-peroxidase (PAP 
complexes) (final dilution; 1:100), and for 20 min with 
0.27 mg/ml of 3-amino-9-ethylcarbazole in 100 mM so- 
dium acetate buffer, pH 5.2, containing 0.03% (v/v) hy- 

drogen peroxide. Finally, the cells were counterstained 
with Harris hematoxylin. In control experiments, rabbit 
antiserum to apoB was replaced with rabbit nonimmune 
serum (final dilution; 1:200) or buffer B-saponin. No posi- 
tive staining was observed. The cell-associated extracellu- 
lar apoB was stained as described above, except that 
saponin was omitted from the treatments and treatment 
with hydrogen peroxide was performed after incubation of 
the cells with the primary antibody. 

Oil Red 0 staining of recovering mast cells 

Cytocentrifuge slides of mast cells incubated with LDL 
were prepared and the cells were fixed with paraformalde- 
hyde as described above. The cells were postfixed for 60 
min with 2.5% (w/v) potassium dichromate and 1% (dv) 
osmium tetroxide in water. After staining with Oil Red 0 
(ll), the cells were counterstained with Harris hematox- 
ylin. 

Other assays 
Histamine was determined by fluorometry (6).  Protein 

was determined by the procedure of Lowry et al. (12), 
with bovine serum albumin as standard. 

RESULTS 

To confirm that a fraction of exocytosed mast cell gran- 
ules remains associated with the mast cells, we performed 
an experiment in which the activity of cell-surface-asso- 
ciated chymase was determined in stimulated mast cells. 
Chymase, the major proteolytic enzyme of the granules, 
remains tightly bound to exocytosed granules, and can 
therefore be used as a granule marker (2). The mast cells 
were stimulated with compound 48/80, an agent known to 
cause specific and noncytotoxic degranulation of mast 
cells. After stimulation, the mast cells were sedimented 
and the supernatant containing granules detached from 
the cells into the free extracellular medium was removed. 
The stimulated mast cells were then washed to remove 
any loosely cell-associated granules and the activity of 
chymase was measured on intact cells and in the extracel- 
lular medium (see Materials and Methods). We could 
show that, irrespective of the degree of mast cell stimula- 
tion, approximately 25% of the total quantity of exocytosed 
granules was extruded into the free extracellular medium 
by the exocytotic process itself. Another 25% of the exocy- 
tosed granules could be removed by the washing proce- 
dure (loosely cell-associated granules). After washing, 
about 50% of the exocytosed granules remained cell-asso- 
ciated (tightly cell-associated granules). In all experi- 
ments mast cells containing only tightly cell-associated 
granules were used. 
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As shown in Fig 1A (inset), addition of increasing 
amounts of 48/80 to the incubation medium caused release 
of increasing amounts of histamine into the medium, reflec- 
ting a dose-dependent exocytosis of mast cell granules. The 
activity of cell-surface-associated chymase, i.e., the quantity 
of tightly cell-associated granules, also increased in a dose- 
dependent fashion (Fig. 1A). Next, mast cells were stimu- 
lated, washed, and incubated in the cold in an LDL-con- 
taining medium to determine the binding of LDL to the 

In- 

0 0 

A. Degranulation 

I 
c i' 

0 0.1 0.2 0.5 1.0 

Compound 48/80 (pg/ml) 

Fig. 1. Degranulation of mast cells by compound 48/80 (A) and concomi- 
tant binding of LDL (B) to mast cells. (A) Mast cells (5.0 x 10') were sti- 
mulated for 1 min at 37OC in 200 pl of buffer B containing the indicated 
concentrations of compound 48/80. Incubations were stopped by adding 
ice-cold buffer A, after which the cells were sedimented and washed to 
remove any loosely cell-associated granules (see Materials and Methods). 
The quantity of mast cell granules located in the degranulation channels 
was determined by measuring the chymase activity with BTEE as substrate, 
as described under Materials and Methods. The inset shows the amounts 
of histamine released into the incubation medium, expressed as percentages 
of the amount of histamine contained in the unstimulated mast cells. (B) 
Mast cells (2.0 x lo5) were stimulated and washed as above. The binding 
assay was conducted at 4OC in 200 pl of buffer B containing 250 &ml of 
'"I-labeled LDL (53,900 cpdpg) in the absence (0) or presence (A) of 1 
mg/ml of avidin. After incubation for 5 min, the amount of 1z51-labeled 
LDL bound to the mast cells w a s  determined as described under Materials 
and Methods. 

,NO stimulation 

1 1  I I I 1 

0 2  5 10 20 30 40 60 

Time after stimulation (mid 
Fig. 2. Binding of LDL to stimulated mast cells as a function of time of 
recovery from stimulation. Mast cells (2.0 x lo') in 200 pl of buffer B were 
stimulated with compound 48/80 (1 cLg/ml), and incubated at 37OC for the 
indicated times. Incubations were stopped by adding ice-cold buffer A, after 
which the cells were sedimented and washed to remove the loosely cell-asso- 
ciated granules. T h e  binding assay was conducted at 4% in 200 4 of buffer 
B containing the mast cells and 250 &ml of '251-labeled LDL (27,000 
cpdpg). After incubation for 5 min, the amount of "I-labeled LDL 
bound to the mast cells was determined as described under Materials and 
Methcds. 

stimulated mast cells. Binding of LDL to mast cells closely 
paralleled the increase in cell-surface-associated chymase ac- 
tivity (Fig. 1B). This result strongly suggests that binding of 
LDL to the stimulated mast cells actually represents binding 
of LDL to exocytosed granules which remain cell-asso- 
ciated. This conclusion was confirmed by the finding that 
binding of LDL to the stimulated mast cells was fully inhi- 
bited by avidin, a compound that specifically binds to mast 
cell granules (13) and competitively inhibits binding of LDL 
to isolated mast cell granules (9) (Fig. 1B). Moreover, acety- 
lation of LDL, which renders apoB unable to bind to mast 
cell granules (9), also hlly inhibited binding of LDL to the 
stimulated mast cells (data not shown). 

During recovery from degranulation, the cell-asso- 
ciated exocytosed granules are rapidly (within 40 min) 
taken up by the recovering mast cells (4). Consequently, 
after this period the granules should no longer be avail- 
able for binding of LDL. Fig. 2 shows the results of an 
experiment in which binding of LDL by recovering mast 
cells was measured at various time intervals after stimula- 
tion. It can be seen that after stimulation the quantity of 
LDL bound suddenly increased (by 25-fold at 2 min), and 
thereafter rapidly ceased. Accordingly, 1 h after stimula- 
tion, the ability of mast cells to bind LDL had declined 
to a value that was only 18% of the maximal binding ca- 
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pacity. The above results (Figs. 1 and 2) demonstrated 
that, upon stimulation of rat serosal mast cells, LDL 
binds to those cell-associated exocytosed granules that are 
destined to be taken up by the recovering mast cell. 

If the LDL-bearing granules are taken up by the recov- 
ering mast cells, like the granules without bound material 
(see Fig. 2), then uptake of LDL should ensue. In the ex- 
periment shown in Fig. 3A, stimulated cells were incu- 
bated at 37OC in the presence of lz5I-1abeled LDL to allow 
both binding of LDL and the recovery process. We have 
previously observed that binding of LDL to mast cell 
granules is rapid, being completed in less than 1 min, and 

I i  

0 6 

0 5 10 20 30 60 
Incubation time (min) 

Fig. 3. Internalization of LDL by recovering mast cells. Mast cells 
(4.5 x lo5) were stimulated with compound 48/80 (1 pg/ml), and subse- 
quently washed to remove any loosely cell-associated granules as de- 
scribed in the legend to Fig. l. The cells were then resuspended in 200 
f i  of buffer B containing 250 fig/ml of 'z51-labeled LDL (10,500 cpmlpg) 
and incubated either at 37OC (0) or at 4OC (0) for the indicated times. 
In the control experiment (A)  unstimulated mast cells were incubated 
with 'z51-labelcd LDL at 37OC. After incubation, the amount of LDL 
protein (A) or choleateryl esters (B) resistant to heparin treatment was de- 
termined as described under Materials and Methods. A value of cholester- 
yl esters (0.1 pg of cholesteryl estenrll0' mast cells) in mast cells incubated 
without LDL has been subtracted from the values obtained with LDL and 
mast cells. 

that the binding process proceeds equally well at 37OC 
and at 4OC (9). The amount of heparin-resistant LDL, 
i.e., intracellularly located LDL (see Materials and Meth- 
ods), increased rapidly, reaching a maximum at 30 min. 
At that point the amount of intracellular LDL (3.6 pg 
LDL protein/106 mast cells) was %-fold more than that 
observed in unstimulated mast cells, in which no increase 
of the heparin-resistant fraction of LDL was observed. 
Furthermore, when the stimulated cells were kept in the 
cold to prevent the recovery process, no increase in the 
amount of intracellular LDL was observed. On the as- 
sumption that the protein content of LDL (M, 2.5 x lo6) 
is 25%, it could be calculated that, after maximal stimula- 
tion, about 3.5 x IO6 particles of LDL were internalized 
per mast cell. In a parallel experiment, we measured the 
content of cholesteryl esters in the mast cells. It appeared 
that stimulation led to an increase in the cholesteryl ester 
content of the recovering mast cells (Fig. 3B). The content 
of esterified cholesterol increased parallel to the uptake of 
1251-labeled LDL (see Fig. 3A). At its maximum, the con- 
tent of cholesteryl esters was 30-fold more than that ob- 
served in unstimulated control mast cells. 

The recovery of stimulated mast cells can be inhibited 
by agents known to interrupt the function of the cytoskele- 
ton, such as cytochalasin B (4). In the experiment shown 
in Fig. 4, LDL was allowed to bind to recovering mast 
cells at 37W and the initial rates of LDL uptake by mast 
cells at successive time intervals were measured in the ab- 
sence and presence of cytochalasin B (10 pg/ml). In the 
absence of cytochalasin B, the intracellular content of LDL 
increased with time after an initial lag phase of 2 min. 
With cytochalasin B in the incubation medium, the in- 
crease in the cellular content of LDL was f d y  inhibited.' 

To test the importance of binding of lipoproteins to 
granules in the process of lipoprotein uptake by mast cells, 
the following experiment was conducted. Mast cells were 
stimulated and allowed to recover in the presence of 250 
pglml of LDL, or of 250 pg/ml of either acetyl-LDL or 
human HDL3, two classes of lipoprotein particles unable 
to bind to mast cell granules (9). After completion of the 
recovery process (at 30 min), the amount of heparin-resis- 
tant LDL was 3.04 pg/106 mast cells, which was 34-fold 
that observed in unstimulated mast cells (0.09 pg/106 mast 
cells). In contrast, the amounts of heparin-resistant ace- 
tyl-LDL or HDL, were not influenced by stimulation of 
the mast cells and remained at low basal levels of 0.10 and 
0.13 pg/106 mast cells, respectively. Accordingly, lipopro- 
teins unable to bind to mast cell granules were not inter- 
nalized by the recovering mast cells. 

Finally, the accumulation of LDL by recovering mast 
cells was demonstrated by light microscopy. The cells 
were stimulated and incubated for 30 min in the presence 

'Cytochalasin B did not affect the binding of LLL to the granules. 
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Fig. 4. Effect of cytochalasin B on internalization of LDL by recovering 
mast cells. Mast cells (3.5 x lo5) were stimulated with compound 48/80 
(lpg/ml), and subsequently washed to remove loosely cell-associated 
granules as described in the legend to Fig. 1. The mast cells were prein- 
cubated at 4OC for 30 min in 200 pl of buffer B in the absence or presence 
of 10 pglml of cytochalasin B. After preincubation the cells were 
sedimented and the supernatant was removed. The sediment was resus- 
pended in buffer B containing 250 pglml of '251-labeled LDL (24,700 
cpm/pg) and incubated for the indicated times at 37°C in the absence 
(0) or presence (0) of cytochalasin B. After incubation the amount of 
1251-labeled LDL resistant to heparin treatment was determined. 

of LDL. The unbound LDL was removed and the recov- 
ery process was allowed to proceed for 18 h. In the control 
experiment the mast cells were left unstimulated. Figs. 
5A and B show the immunoperoxidase staining of apoB 
in stimulated and unstimulated mast cells, respectively. 
During the staining procedure, the cells were rendered 
permeable to antibodies by saponin treatment. Intense 
positive staining for apoB was seen in the stimulated mast 
cells (Fig. 5A; in six experiments 92-94% of mast cells 
showed intracellular apoB - positive material). In the un- 
stimulated cells no staining for apoB was apparent (Fig. 
5B). In a control experiment with stimulated but unper- 
meabilized mast cells, only negligible amounts of cell-as- 
sociated apoB-positive staining were seen as interrupted 
thin rims around the cells (not shown). Figs. 5C and D 
show mast cells stained with the lipid stain Oil Red 0. 
Within the cytoplasm the stimulated mast cells contained 
numerous droplets that stained with Oil Red 0 (Fig. 5C; 
in three experiments 92-95% of mast cells showed intra- 
cellular staining for neutral lipid). In contrast, unstim- 
ulated mast cells were devoid of Oil Red 0-positive 
droplets (Fig. 5D). 

DISCUSSION 

The present studies demonstrate that rat serosal mast 
cells take up LDL by a highly specific process that de- 
pends on binding of LDL to exocytosed granules of stimu- 
lated mast cells. A previous study has shown that binding 
of LDL to the mast cells granules depends on interaction 
between the apoB of LDL and the heparin proteoglycan 
component of the granules (9). Accordingly, the specificity 
of the uptake process is determined by the heparin com- 
ponent of the granules. A variety of proteins in the extra- 
cellular fluid show an affinity for heparin (14), and it is 
likely that, in addition to LDL, other molecules capable 
of interacting with heparin will be internalized by the 
granule-mediated pathway. One protein with high bind- 
ing affinity for heparin is platelet factor 4. Indeed, the 
presence of this basic protein has been demonstrated in 
human mast cells in skin and in breast tissue (15). Using 
immunoelectronmicroscopy, these workers demonstrated 
that the platelet factor 4 was present in the cytoplasmic 
granules of human mast cells. This finding strongly sug- 
gests that the granules of mast cells mediate uptake of 
molecules with affinity for heparin, and that this process 
operates in vivo, as well. 

The cytoplasmic secretory granules of mast cells are 
considered to be modified lysosomes (2). The mechanism 
by which extracellular molecules, such as LDL, gain ac- 
cess to these modified lysosomes differs fundamentally 
from those described for delivery of extracellular mole- 
cules to lysosomes in other cell types (16), in that no prely- 
sosomal vacuolar compartment is involved. Indeed, with 
the opening of the degranulation channels to the exterior, 
the extracellular molecules are exposed directly to these 
modified lysosomes. Schwartz and Austen (2) have implied 
that rat serosal mast cells contain cytoplasmic granules of 
another type, which may function as typical lysosomes. 
However, these granules do not participate in the secretory 
response (17) and, consequently, cannot contribute to the 
uptake mechanism described. 

In terms of the metabolic fate of LDL, a critical dif- 
ference between typical lysosomes and modified lyso- 
somes, i.e., the cytoplasmic secretory granules, is the 
presence of only one pair of proteolytic enzymes, consist- 
ing of chymase and carboxypeptidase A, in the granules 
(2). Although isolated, proteolytically active granules ef- 
fectively degrade apoB of LDL, they can at most degrade 
only about 40% of the apoB (8). The current finding in 
light microscopic studies of apoB-positive material in the 
mast cells even 18 h after LDL had been internalized sup- 
ports the notion that the intracellular granules, like their 
extruded counterparts, possess only limited proteolytic 
capacity. Thus, degradation of LDL particles taken up by 
stimulated rat serosal mast cells is only partial, a contri- 
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Fig. 5. Immunoperoxidasc  and Oil Red 0 staining  of  recovering  mast  cells  incubated  with  LDL.  Mast  cells (2 x IO’) were stimulated  with  com- 
pound 48/80 (1 pg/ml),  and  subsequently  incubated  with LDL  (250  pg/ml) as described  under  Materials  and  Methods.  In  the  control  experiment 
unstimulated  mast  cells were incubated  with LDL.  Cytocentrifugc  slides were prepaml from  stimulated (A and C) and  unstimulated  (B  and D) mast 
cells,  and  subjected  to  immunoperoxidase  staining (A and  B)  to show the  distribution  of  the  apoB-containing  inclusions or to Oil Red 0 staining 
(C and D) to show the  distribution  of  neutral  lipid-containing  structures, as described  under  Materials  and  Methods.  Original  magnification x 1250. 

buting factor being the complete lack of cholesteryl ester 
hydrolase activity in the secretory granules of these cells 
(data not shown). Whether  the apoB-positive material 
and  the  neutral lipid droplets found in the  stimulated 
mast cells  were surrounded by the  granule  membrane, 
i.e.,  were still granule-bound,  cannot  be  determined from 
the present light microscopic observations. The visual im- 
age is that of relatively large cytoplasmic inclusions of 
apoB-positive material (Fig. 5A) and of much smaller and 
more numerous cytoplasmic globules of Oil Red O-stain- 
ing  neutral lipid (Fig. 5C), suggesting that  the two major 
components of LDL are located in different  mast cell  com- 
partments.  However, a comparison between the sizes  of 
the inclusions composed of apoB-positive material and of 
Oil Red O-positive material may be misleading. This is 
because the methods for apoB detection and for lipid de- 
tection are based on different principles, i.e., the  former 
is an indirect staining method with amplification and for- 
mation of a large precipitate, whereas the  latter  stains  the 

lipid structures directly, thus giving a more  appropriate 
reflection of the  true size and  number of the  structures 
under study. 

If LDL remains  bound  to  the granules, then partially 
proteolyzed LDL may reside in the  granule  compartment 
until  the mast cells are again stimulated. During a second 
exposure to  the extracellular fluid the  granules  can bind 
LDL again. Furthermore,  upon repetitive stimulation of 
mast cells, previously unexposed secretory granules will 
be exposed to  the extracellular fluid (4) and may bind 
LDL. Accordingly, recycling of cytoplasmic secretory 
granules in response to repeated stimulation of mast cells 
could lead to a progressive increase in the content of cho- 
lesteryl esters in the mast cells. 

Mast cells are also present in the  arterial  intima,  the 
site of atherogenesis. Indeed, both in experimentally in- 
duced and in human atherosclerotic lesions,  lipid-filled 
mast cells  have  been found (18,19). Whether the lipid drop- 
lets contained in the  intimal mast cells actually represent 
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sites of cholesteryl ester accumulation is not known. The 
studies described here identify a pathway which, if operat- 
ing in vivo, could lead to retention of LDL in the intimal 
mast cells. Thus, stimulation of mast cells in atherosclero- 
tic lesions, whether immunologic or nonimmunologic, 
could produce lipid-filled mast cells, and so contribute to 
the population of foam cells in these 1esions.a 
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