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Abstract Lipid droplets and vesicles can presumably be 
formed directly from lipoproteins in the extracellular space in 
atherosclerosis, but an in vitro demonstration of the phenome- 
non in the absence of cellular pathways has been lacking. Low 
density lipoproteins (LDL) are known to undergo self-aggrega- 
tion after brief vortexing in vitro. In the present study, LDL ag- 
gregates were examined by electron microscopy, using new mor- 
dant techniques for lipid visualization, and by chemical analysis. 
Aggregation of LDL by vortexing is regularly accompanied by 
the formation of comparatively large lipid droplets (up to 
600 nm diameter) and vesicles. Aggregates containing droplets 
and vesicles were formed after as little as 5 sec of vortexing, and 
LDL protein and cholesteryl ester were almost completely (95%) 
incorporated into aggregates after 4 min vortexing. Substantial 
fractions of phospholipid and unesterified cholesterol from the 
original LDL remained in solution even after 4 min vortexing, 
forming large multilamellar vesicles that did not adhere to the 
aggregated material. Spontaneous aggregates retrieved from 
LDL solutions after prolonged storage were also examined by 
electron microscopy, revealing similar lipid droplets and vesicles. 
M The ultrastructural appearance of LDL aggregated in vitro 
is remarkably similar to the appearance of extracellular lipid 
deposits in atherosclerosis, lending credence to the hypothesis of 
direct extracellular formation of these deposits from lipopro- 
teins.-Guyton, J. R., K. E Klemp, and M. P. Mims. Altered 
ultrastructural morphology of self-aggregated low density 
lipoproteins: coalescence of lipid domains forming droplets and 
vesicles. J. Lipid Rw. 1991. 32: 953-962. 
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The lipid-rich core region found in most human 
atherosclerotic fibrous plaques contains abundant extra- 
cellular lipid deposits that may develop via two general 
pathways. The first pathway is accumulation of lipoprotein- 
derived lipid in foam cells, followed by death of the cells. 
A second general mechanism involves direct formation of 
lipid droplets and vesicles from normal or altered lipo- 
proteins in the extracellular space. These two pathways 
are not mutually exclusive; they likely act in concert. 

Recent studies have focused attention on the direct ex- 
tracellular pathway of lipid deposition in atherosclerosis, 
by finding ultrastructural evidence for this pathway in hu- 
man and animal arterial specimens (1-5). New mordant 
techniques, useful for the visualization of lipid deposits by 
thin-section transmission electron microscopy, were ap- 
plied to the core region of mature human aortic fibrous 
plaques, revealing that the predominant lipid ultrastruc- 
tural forms consisted of small droplets and vesicles (1, 6). 
The small sizes of extracellular lipid droplets found in the 
core region favored an origin other than foam cells, which 
contained much larger lipid droplets. This was in accord 
with Smith's early suggestion (7) that an extracellular 
pathway was responsible for most cholesteryl ester deposi- 
tion in the core region, a suggestion based on the patterns 
of fatty acyl groups in the esters. Furthermore, evidence 
suggesting that low density lipoproteins (LDL) may be re- 
tained in the arterial intima via binding to extracellular 
tissue elements has also been reported (8-10). 

Conspicuously lacking from studies related to extracel- 
lular lipid deposition in atherosclerosis is a demonstration 
of in vitro formation of lipid droplets and vesicles from 
LDL particles without cellular uptake and processing. 
Since the sizes of extracellular lipid deposits (droplets of 
30-400 nm diameter, and vesicles somewhat larger) 
greatly exceed the size of LDL (22 nm diameter), their 
formation must involve rearrangement of lipid domains 
and at least partial dissociation of LDL lipids from apo- 
lipoprotein B. Neither of these processes has been demon- 
strated previously to occur in the absence of cellular en- 
zymatic pathways. 

Recently Khoo and colleagues (11) described the self- 
aggregation of LDL subjected to brief vortexing in vitro. 
LDL aggregates formed in this manner were rapidly in- 

Abbreviations: LDL, low density lipoproteins; PBS, phosphate- 
buffered saline. 

Journal of Lipid Research Volume 32, 1991 953 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


gested and degraded by macrophages, resulting in an ac- 
cumulation of neutral lipid within the cells. However, the 
morphology of the LDL aggregates themselves was not 
defined. 

In the present study, we have examined LDL aggre- 
gates by electron microscopy using recently described 
mordant techniques (6) and chemical analysis. The re- 
sults suggested that LDL structure was profoundly dis- 
rupted by brief vortexing, leading to the formation of lipid 
droplets and vesicles. Spontaneous aggregates found in 
LDL after prolonged storage have also been examined, 
revealing a similar morphology. The process of LDL ag- 
gregation may provide a clue to the mechanism of extra- 
cellular lipid deposition in atherosclerosis. 

METHODS 

Materials 

(SDS) solution and 100 pl of PBS were added to the origi- 
nal flint culture tube used for aggregation. The tube was 
rinsed vigorously with the SDS-PBS solution and this so- 
lution was then transferred, using the same pipet, to the 
cuvette for further vigorous rinsing to dissolve adhering 
aggregates. Precipitated material in the microcentrifuge 
tube was vortexed briefly to disperse it. SDS-PBS solution 
from the cuvette was transferred to the microcentrifuge 
tube, and the tube was vortexed vigorously to dissolve the 
pellet completely. This material was then diluted to 0.5 ml 
with PBS prior to assay. All vortexing and analytical pro- 
cedures were performed in duplicate for each experimen- 
tal condition. 

Chemical assays 

The total cholesterol content of each sample was deter- 
mined using a kit supplied by Boehringer Mannheim, 
which incorporated both cholesteryl esterase and choles- 
terol oxidase. To provide optimal validation of results, a 
nationally supplied pooled serum standard was used Ethylenediamine tetraacetic acid (EDTA) was obtained 
(Sercal, Center for Disease Control, Atlanta, GA). The from F i e r  Scientific (Pittsburgh, PA), D-phenylalanyl- 
content of free cholesterol in each sample was determined L-prolyl-L-arginine chioromethyl ketone (PPACK) from 

C&Mem (Sari Diega, phenylmethylsdfonyl flue- in the following manner. An aliquot of the sample was 

ride (pMsp) hm Boehringer (Indianapolis, combined with an equal volume of isopropanol and in- 
IN), hydroxytoluene (Bw from (st. cubated with shaking overnight at 4OoC, to assure com- 
Louis, and egg from Polar Lipids plete availability of lipids for the assay. An enzymatic 

cholesterol analysis kit from Boehringer Mannheim, lack- (Pelham, AL). 
ing cholesteryl esterase, was then used with free choles- 

Lipoprotein isolation terol (Sigma) dissolved in isopropanol as a standard. To 

Fresh human plasma for isolation of LDL was tneated compare the two methods, both were used to assay the 

with o.l% EDTA, pM ppAcK, lo pM PMSF, and cholehterol content of vesicles prepared by sonicating egg 
lecithin with cholesterol, mixed at a mass ratio of 1O:l. On 20 pM BHT to inhibit proteolysis and lipid oxidation. 
the basis of these assays, performed in conjunction with LDL was isolated by sequential ultracentrifugation be- 

tween d 1.019 and 1.063 g,ml. Isolated LDL were each experiment, a correction factor ranging from 0.88 to 
0.97 was applied to the free cholesterol assay. extensively against phosphate-buffered saline (PBS) or 

against mM diethylmdonic acid, 150 mM Nacl (DEM Protein concentrations were determined by the assay of 
Lowry et al. (12), using bovine serum albumin as a stan- buffer) at pH 7.4. Both buffers contained 0.01% EDTA. 
d a d .  In experiments performed with DEM buffer, phos- 

Vortexing procedure and aggregate separation 

Lipoproteins (0.5 mg proteidml) were pipetted into 
12 x 75 mm standard flint glass tubes or polystyrene 
tubes, 1.2 ml per tube, and vortexed with a Vortex-Genie 
mixer (American Scientific Products, McGaw Park, IL) 
for periods from 5 sec to 4 min. As a measure of aggrega- 
tion, the absorbance of aliquots of vortexed LDL, trans- 
ferred into individual cuvettes using a Pasteur pipet, was 
measured at 680 nm using unvortexed LDL as the sample 
blank. 

After the absorbance was measured, the vortexed LDL 
was transferred to individual 1.5 ml capacity microcen- 
trifuge tubes, using the original pipet, and centrifuged for 
10 min at 10,000 g. The supernatant was transferred to a 
separate microcentrifuge tube and diluted to 1.2 ml with 
PBS. Meanwhile, 30 p1 of a 10% sodium dodecyl sulfate 

phorus content was assayed by the method of Bartlett with 
inorganic phosphate as a standard (13). Phospholipid 
mass was assumed to be 25 times phosphorus mass. 

In order to judge the recoveries, the lipid and protein 
contents of the precipitate and supernatant were summed 
and compared with the original contents of LDL before 
vortexing. Recoveries of protein and each lipid class 
ranged between 95% and 103% in every experiment. 

Electron microscopy 

For negative staining, unaggregated LDL or small por- 
tions of aggregated LDL were stained with 2 %  uranyl 
acetate on Formvar-coated copper grids. 

For thin-section transmission electron microscopy, na- 
tive and aggregated LDL samples at a protein concentra- 
tion of 500 pg/ml were combined with an equal volume 
of 0.7% OsOI in PBS or DEM buffer. Native LDL parti- 

954 Journal of Lipid Research Volume 32, 1991 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


cles, even after fixation, did not form visible clumps. 
However, sufficient fixed native LDL could be retained on 
the surface of a 0.22 pm filter (Millipore GS) to provide 
material for EM. LDL aggregates and the filters carrying 
native LDL were embedded in agar and chopped into 
small pieces for further processing. Specimens were pro- 
cessed by two alternative techniques: the osmium-tannic 
acid-paraphenylenediamine (TA-PDA) and osmium-thio- 
carbohydrazide-osmium (OTO) techniques as described 
previously (6). In the TA-PDA technique, specimens were 
treated with 1% tannic acid in half-strength buffer for 
30 min, followed by a 5-min wash in 1% Na2S04 in half- 
strength buffer. After three changes of 70% ethanol for 
5 min each, the specimens were treated with 1% para- 
phenylenediamine in 70% ethanol for 30 min. The de- 
hydration schedule was as follows: 70% ethanol 3 x 5 
min; 95% ethanol 1 x 15 min, 100% ethanol 3 x 5 min. 
This was followed by 1:l ethano1:Epon for 1 h, 100% Epon 
overnight, Epon for two changes of 2 h each, and embed- 
ding in Epon. In the OTO method, specimens were 
rinsed four times for 3 min each in buffer, then briefly in 
H20, and then treated with 1.5 % thiocarbohydrazide for 
5 min. This was followed by four changes of buffer for 
3 min each, another brief rinse in water, and fixation in 
2 %  buffered Os04. Dehydration was as follows: 50% 
ethanol 1 x 10 min, 70% ethanol 1 x 10 min, 95% 
ethanol 1 x 15 min, 100% ethanol 3 x 5 min. Infiltration 
and embedding in epoxy resin were the same as above, 

Thin sections of Epon-embedded material were cut on 
an LKB I11 Ultrotome. A JEOL 200CX electron micro- 
scope was used for ultrastructural observations. The 
profile diameters of 100 particles of native LDL were 
measured to assess their size after processing by the 
TA-PDA technique. 

RESULTS 

Turbidity 

The turbidity of LDL solutions as documented by ab- 
sorbance at 680 nm increased rapidly with brief vortexing 
(Fig. 1, top panel). Aggregates formed visible clumps, 
which increased in size as vortexing continued up to 
4 min. 

tact LDL particles could be found, occupied spaces adja- 
cent to the larger lipid structures. All of these structural 
forms were arranged in broad, irregular chains usually 
50-200 nm wide. The ultrastructural appearance of ag- 
gregated LDL did not vary appreciably with the macro- 
scopic size of aggregates or the time of vortexing. As little 
as 5 sec of vortexing at low power produced aggregates 
containing lipid droplets and vesicles. As expected, elec- 
tron microscopy of OTO-stained material (not shown), 
did not demonstrate vesicles well (6), but otherwise 
confirmed the results of TA-PDA-processed material. 

Negative stain electron microscopy of LDL aggregated, 
by vortexing, confirmed the presence of lipid droplets, 
vesicles, and intact LDL particles (Fig. 3). In addition, 
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Electron microscopy of aggregates after vortexing 

Fig. 2 shows the appearance of native LDL and LDL 
aggregates, as revealed by the TA-PDA mordant tech- 
nique. Native LDL visualized by this technique had 
profile diameters of 20.4 k 2.0 nm (mean k standard 
deviation). Micrographs of aggregated LDL always showed 
numerous droplets of neutral lipid ranging up to 600 nm 
in profile diameter. A lesser number of lipid vesicles were 
interspersed with the droplets. Nondescript granular 
material, within which round shapes consistent with in- 

1 2 3 4 

TIME (min) 

Fig. 1. Time course of LDL aggregation during vortexing of a solution 
containing LDL at a concentration of 0.5 mg protein/ml. Physical altera- 
tion of LDL is shown by changes in absorbance (top panel) and by incor- 
poration of chemical components into precipitable aggregates (bottom 
two panels). Cholesteryl ester (CE) tends to be incorporated with protein 
(PROT) into precipitable aggregates, while a substantial portion of free 
cholesterol (FC) remains in solution in the supernatant even in exten- 
sively aggregated specimens. Full power refers to the control setting on 
a routine test tube vortexing device. Low power is 3/10 of the full power 
setting. 
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Fig. 2. Ultrastructural appearance of LDL aggregates after vortexing. Lipid droplets of sizes ranging up to 350 nm diameter (arrow) are present 
along with granular material, particles the size of LDL (arrowheads), and lipid vesicles (asterisk). The aggregated material is arranged in broad 
strands. Thin-section transmission electron microscropy of material fixed with OsO, and stained with tannic acid and paraphenylenediamine 
(TA-PDA) mordant technique. Inset: native LDL processed similarly. Both figures ~96,000; bar= 100 nm. 

Fig. 3. Negative stain electron microscopy of LDL aggregates. Both lipid droplets (arrow) and vesicles (asterisk) are seen. Normal LDL are found 
attached to aggregates and unattached. Granular material with particle dimensions less than the size of LDL is seen (arrowhead), suggesting the 
present of apoB partially dissociated from LDL lipids. Inset: unvortexed LDL. Both figures ~96,000; bar=100 nm. 
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Fig. 4. Analysis of protein content and three major lipid classes in unvortexed LDL (left, time zero) and in 
precipitable aggregates and soluble supernatant fraction after 2 and 4 min of vortexing; protein (PROT), cholesteryl 
ester (CE), free cholesterol (C), and phospholipid (PL). Compositions expressed as decimal fractions surround each 
pie graph. The most marked compositional changes are found in the soluble supernatant fraction after 4 min vortex- 
ing. The total lipid + protein masses found in supernatant and precipitate fractions, divided by initial total mass, 
are designated as fractions of initial mass and expressed as percentages. 

areas of granular material with particle sizes much less 
than that of intact LDL were seen. This material was in- 
terpreted as representing denatured apolipoprotein B and 
remaining associated lipids after disruption of LDL par- 
ticles. 

Chemistry of LDL aggregation 

LDL aggregates formed by vortexing were separated 
from remaining soluble material by brief centrifugation at 
approximately 10,000 g. The mean fractions of protein 

__ _. ..- 

Fig. 5. Ultrastructural appearance of material concentrated from the soluble supernatant fraction after vonexing LDL for 4 min. Lipid droplets, 
multilamellar vesicles (asterisk), and particles of LDL size are seen. One lipid droplet has a pitted morphology (arrow) and another droplet has a 
lamellar cap (arrowhead). Thin-section TEM, TA-PDA technique. ~96,000; bar- 100 nm. 
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and lipids incorporated into aggregates and subsequently 
precipitated by centrifugation are shown in Fig. 1, lower 
panels. After 4 min vortexing at full power, 95% of pro- 
tein and cholesteryl ester initially present in the LDL so- 
lution were incorporated into aggregates. The fraction of 
cholesteryl ester incorporated into aggregates closely 
paralleled the fraction of protein. However, only 59% of 
free cholesterol was found in aggregates after 4 min. Simi- 
lar results were obtained for low power vortexing. Fig. 1 
also shows that turbidity measurements did not accur- 
ately reflect the mass of material incorporated into aggre- 
gates, since mass measurements continued to increase 
well after the development of maximum turbidity. 

Fig. 4 shows the results of the analyses of the three 
major lipid classes in LDL as well as the protein content. 
One LDL specimen was divided and vortexed in both 
plastic and flint glass test tubes, in order to test the effect 
of an altered liquid-solid interface. An LDL specimen 
from another patient was vortexed in glass test tubes. The 
three sets of experimental results were all similar; Fig. 4 
shows average results. After 4 min, 78% of the total mea- 
sured lipid-protein mass was incorporated into precipita- 
ble aggregates, and 22% remained in solution. Composi- 
tional changes were most marked in the supernatant, 
soluble material after 4 min vortexing. The phospholipid 
content of this material was 38%, compared to 25% in the 
original LDL, and the free cholesterol content was 17%, 
compared to 9% in the original LDL. 

Electron microscopy of soluble material after vortexing 

The relative increase in phospholipid and free choles- 
terol content of the soluble fraction suggested that lipid 
structures other than LDL particles might be present. To 
visualize these structures, the soluble fraction was concen- 
trated gently by surrounding a dialysis bag with a hygro- 
scopic gel (Aquacide, Calbiochem), and the concentrated 
material was submitted to electron microscopy. The most 
prominent lipid structures were multilamellar vesicles, 
consistent with the presence of excess phospholipid and 
free cholesterol in the soluble fraction (Fig. 5) .  Lipid 
droplets and particles resembling intact LDL were also 
present. 

Fig. 6. Spontaneous LDL aggregates of variable ultrastructural ap- 
pearance. A. LDL aggregate withdrawn from LDL stored in saline with 
0.05% EM'A. Pitted and blebbed lipid droplets (arrows) are abundant, 
along with masses of gray material suggesting closely aggregated LDL 
particles. B. LDL aggregate taken from LDL stored in phosphate- 
buffered saline with 0.01% EDTA. A large lipid droplet (diameter=425 
nm) is seen at upper left, and several smaller ones are associated with 
aggregated LDL particles at lower right. Unilamellar and multilamellar 
vesicles are also seen. Both figures thin-section TEM, TA-PDA tech- 
nique. ~118,000; bar-150 nm. 

Electron microscopy of spontaneous aggregates 

Three small specimens of LDL aggregates that formed 
spontaneously during storage of LDL at 4°C for 2-3 
months were examined. The LDL samples were stored 
under sterile conditions in 0.9% NaC1, 0.01 M sodium 
phosphate with 0.01% EDTA, and in 0.9% NaCl with 
0.05% EDTA. A limited degree of spontaneous aggrega- 
tion is common in LDL kept in various buffers for this 
period of time, in our experience. Electron microscopy re- 
vealed lipid droplets and vesicles somewhat similar to 
those in induced aggregates, but the morphology of the 
spontaneous aggregates was not as consistent as that of in- 
duced aggregates and, in fact, varied considerably among 
the three specimens (Fig. 6). The spontaneous aggregates 
generally contained larger numbers of apparently intact 
LDL. Lipid droplets in one spontaneously aggregated 
specimen showed pits and blebs (Fig. 6A) identical in ap- 
pearance to those we observed previously in the core 
region of human atherosclerotic plaques (1). 

DISCUSSION 

This study has shown that the self-aggregation of LDL 
that occurs during vortexing and during prolonged 
storage is accompanied by physical changes in lipoprotein 
structure leading to the formation of comparatively large 
lipid droplets and vesicles. The droplets and vesicles are 
remarkably similar to those demonstrated in previous 
work to occur in extracellular locations in human arterial 
specimens (1-3, 6). 

The altered structure of LDL aggregates in this study 
was demonstrated best by new mordant techniques devel- 
oped for thin-section transmission electron microscopy of 
lipid deposits in atherosclerosis (6). Negative stain elec- 
tron microscopy confirmed the presence of droplets and 
vesicles and additionally revealed granular material sug- 
gestive of denatured, partially delipidated apoB. Chemi- 
cal analysis confirmed the disruption of LDL particles, 
since aggregates differed in composition from material re- 
maining in solution. Cholesteryl ester tended to be incor- 
porated into aggregates with apoB, while phospholipid 
and free cholesterol tended to remain in solution. Numer- 
ous droplets of neutral lipid observed by electron micros- 
copy within aggregates were consistent with the enrich- 
ment of cholesteryl ester in this fraction. A distinct ultras- 
tructural appearance was found in the material re- 
maining in solution, which consisted of multilamellar 
vesicles as well as some droplets and morphologically nor- 
mal LDL particles. The presence of numerous vesicles in 
this fraction was consistent with the marked enrichment 
of phospholipid and free cholesterol. 
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Previous studies of LDL aggregation 

Khoo and colleagues (11) first delineated the striking 
susceptibility of LDL to aggregation by brief vortexing. 
Our results confirmed the findings of these workers that 
turbidity increased rapidly in a vortexed LDL solution 
and that the majority of LDL protein was incorporated 
into aggregates within 1 to 4 min. Khoo et al. (11) also 
described the uptake of aggregated LDL into mouse peri- 
toneal macrophages leading to foam cell formation. How- 
ever, their studies did not examine aggregated LDL by 
ultrastructural methods. 

Treatment of LDL with phospholipase C was shown by 
Suits et al. (14) to produce aggregates, which were phago- 
cytosed by macrophages via an LDL receptor-dependent 
mechanism. Transmission electron microscopy performed 
in their study revealed aggregated particulate material, 
but extracellular lipid droplets were not described. How- 
ever, the leaching of neutral lipid by solvents during rou- 
tine tissue processing for electron microscopy, especially 
when lipid droplets appear extracellularly, makes it im- 
possible to rule out lipid droplet formation in their study. 
Neither can one exclude the presence of lipid droplets 
within the insoluble complexes formed when LDL is 
mixed with proteoglycans or other extracellular tissue 
components under varying conditions (8, 15). 

Similarity to atherosclerotic lipid deposits 

Of particular interest is the resemblance between the 
lipid droplets and vesicles observed in this study and those 
found in extracellular locations in human arterial speci- 
mens. Of the total area occupied by neutral lipid in the 
core region of mature fibrous plaques in human aorta, ap- 
proximately 90% occurred in droplets with profile diam- 
eters ranging from 30-400 nm (1). Since cholesteryl ester 
accounts for the vast majority of neutral lipid in athero- 
sclerosis, one can conclude that the predominant form of 
cholesteryl ester in the fibrous plaque core region is 
droplets similar in size to those observed in LDL ag- 
gregates. In contrast, foam cell lipid droplets almost al- 
ways have profile diameters considerably greater than 
400 nm (3). Therefore, the small sizes of most extracellu- 
lar lipid droplets in human atherosclerosis are not consis- 
tent with the notion that these droplets are derived from 
foam cell necrosis, unless an additional and as yet un- 
demonstrated process of disruption of large cellular 
droplets occurs. But a process related to LDL aggregation 
might produce small lipid droplets directly in the extracel- 
lular space. Furthermore, small extracellular lipid 
droplets similar in appearance to those demonstrated in 
this study have also been found in the nascent athero- 
sclerotic core region of fibrolipid lesions (progenitor or 
early fibrous plaques) and in intimate relationship to elas- 
tic and collagenous fibers in nonatherosclerotic human 
aorta (2,  3). 

The lipid droplets found in aggregated LDL prepara- 
tions were not always spherical; variant morphologies ap- 
peared in almost every microscopic field. Occasionally the 
altered morphology resembled the pitting and blebbing of 
droplets demonstrated previously in human normal and 
atherosclerotic arteries (1, 2). In particular, one specimen 
of spontaneously aggregated LDL had lipid droplets with 
frequent pitting and blebbing dramatically similar to 
those found in vivo. We speculated previously that the 
phenomenon in vivo might result from cholesteryl ester 
hydrolysis. That possibility seems less likely in view of the 
present results, since the pits and blebs in the spontane- 
ously aggregated LDL presumably arose in the absence of 
cholesteryl ester hydrolysis. 

The formation of lipid vesicles during LDL aggregation 
in vitro may help to explain the presence of vesicles in 
atherosclerotic lesions. Cellular mechanisms for the for- 
mation of cholesterol-rich vesicles have been described 
(16, 17), but the present results suggest the additional pos- 
sibility of a direct extracellular process. We found that 
phospholipid and unesterified Cholesterol dissociated from 
LDL during vortexing and formed vesicles. Multilamellar 
vesicles tended to detach from the aggregated LDL and to 
remain in the supernatant fraction after precipitation of 
the aggregates by centrifugation. This fraction was en- 
riched in phospholipid and unesterified cholesterol. Scat- 
tered unilamellar vesicles remained attached to the aggre- 
gated LDL and droplets. The production of multilamellar 
vesicles was especially interesting, since very similar struc- 
tures are found in extracellular lipid deposits in human 
atherosclerosis (1). Kruth (18, 19) used filipin staining and 
fluorescence microscopy to describe particles rich in un- 
esterified cholesterol commonly found in a variety of hu- 
man and animal atherosclerotic lesions. Isolation of the 
particles revealed that they were unilamellar and multi- 
lamellar vesicles composed predominantly of unesterified 
cholesterol and phospholipid. Some of the particles also 
contained a significant amount of esterified cholesterol, 
comparable to the hybrid lipid droplet-vesicle structures 
that we observed in the present study. 

Extracellular lipid deposition 

By providing an in vitro model for the formation of 
lipid droplets and vesicles from LDL in the absence of 
cells, the present results bolster the hypothesis of direct 
extracellular deposition of lipid in atherosclerosis. This 
hypothesis was proposed 20 years ago by Smith (7)  on the 
basis of light microscopic observations of early “perifibrous” 
lipid deposition associated with elastic and collagen fibers 
and detailed studies of the cholesteryl ester fatty acyl pat- 
terns in atherosclerotic lesions. The early light micro- 
scopic description of perifibrous lipid has been amplified 
by a recent ultrastructural study, which showed that de- 
posits of neutral lipid are often found within the inter- 
stices of elastic fibers, a location inconsistent with direct 
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derivation from necrotic foam cells (2). Smith (7) found 
cholesteryl ester in the core region of fibrous plaques to be 
rich in cholesteryl linoleate, differing from the cholesteryl 
oleate-rich pattern found in early foam cell lesions. The 
cholesteryl ester fatty acyl pattern in the fibrous plaque 
core region was actually close to that found in plasma 
lipoproteins, suggesting a direct pathway of lipid droplet 
formation. 

Ultrastructural evidence for lipoprotein aggregation 
and coalescence of lipid domains occurring in vivo was 
reported recently by Frank and Fogelman (4). Based on 
the work of previous investigators, which showed that ex- 
tracellular lipid deposition was prominent in early rabbit 
atherogenesis (5, 20), these authors used freeze-etching 
electron microscopy to examine the aortic intima from 
Watanabe Heritable Hyperlipidemic (WHHL) rabbits 
and cholesterol-fed rabbits. They demonstrated round 
lipid particles ranging in size from 23 to 169 nm en- 
meshed in the extracellular matrix. The particles com- 
monly appeared in clusters, and within the clusters many 
particles had the appearance of fusing with each other. 
Since freeze-etching electron microscopy does not always 
distinguish lipid droplets from vesicles, the particles ob- 
served by Frank and Fogelman (4) probably comprised 
both types of lipid deposits. Nevertheless, their observa- 
tions suggest strongly that the processes of lipoprotein 
aggregation and lipid coalescence demonstrated in vitro 
in the present study may also occur in vivo. 

While our results suggest that extracellular lipid deposi- 
tion might occur by a process akin to LDL aggregation by 
vortexing in vivo, it remains to be shown exactly what 
stimulus might be responsible for LDL aggregation in the 
arterial wall. Furthermore, the mechanisms of lipid phase 
rearrangement in vortexed LDL and in the arterial wall 
remain unknown. Arterial tissue is mechanically active, 
but the gas-liquid interface presumed responsible for pro- 
tein denaturation in some systems is obviously absent. 
Hydrolysis of cholesteryl ester (21), phospholipid (14), or 
triglycerides (22) and complexation with proteoglycans or 
other extracellular tissue components (8, 15, 23) have 
been observed to cause LDL aggregation in vitro. The 
ultrastructural morphology of such complexes is unknown. 
As confirmed in the present study, simple storage of LDL 
is associated with some formation of aggregates, which 
possess a variable morphology of lipid droplets and vesi- 
cles similar to aggregates produced by vortexing. Recently 
it has been suggested that the process of aggregate forma- 
tion may be accelerated in LDL modified by oxidation, 
glycosylation, desialylation, and treatment with malondi- 
aldehyde or 4-hydroxynonenal (24, 25). All of these are 
candidate stimuli for a process which seems likely to occur 
in the arterial intima, producing extracellular lipid 
deposits. a 
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