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Summary. The fine structure of intracellular and
extracellular lipids in the atherosclerotic aorta of
Watanabe-heritable hyperlipidemic (WHHL) rab-
bits was demonstrated by a quick-freeze etching
technique. Many lipid droplets, with and without
a membrane, were observed in the foam cells.
Membrane-free droplets were observed as onion-
like structure with a concentric lamellar structure
surrounded by 10 nm filaments. Droplets sur-
rounded by a limited membrane probably corre-
spond to lipid-laden lysosomes.

In the extracellular connective tissue space,
marked accumulation of lipids with a vesicular
structure was seen among collagen fibers. The ap-
pearance of these lipids was similar to that of lipids
in lysosomes of foam cells.
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Introduction

A prominent feature of atherosclerosis is marked
accumulation of lipids, especially cholesterol es-
ters, in the arterial wall (Portman 1970). These lip-
ids are observed as small droplets with intense an-
isotropy by polarized microscopy (Ghidoni and
O’Neal 1976). They have been isolated (Lang and
Insull 1970; Takano et al., 1982), and their bio-
chemical (Lang and Insull 1970; Takano et al.
1982) and morphological characteristics (Hata
ctal. 1974; Insull etal. 1974; Lang and Insull
1970) have been examined. They consist mainly
of cholesterol ester (about 95%) and have been
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called cholesterol ester-rich lipid inclusions (Hata
et al. 1974). Models for organization of cholesterol
ester were proposed from their optical characteris-
tics (Hata et al. 1974) and their X-ray diffraction
pattern (Engelman and Hillman 1976).

Histochemical studies, for example using oil-
red O staining (Geer and Haust 1972), have dem-
onstrated that in early lesions lipids accumulate
mainly in the cytoplasm of cells, but in more ad-
vanced lesions they are also found in the extracellu-
lar matrix. Cytochemical studies by the thin section
method of electron microscopy have shown that
the intracellular lipids are stored in two forms in
the cytoplasm of foam cells: membrane-bound va-
cuoles, which probably correspond to lysosomes,
and vacuoles without a peripheral membrane (Col-
toff-Schiller et al. 1976; Goldfischer et al. 1975;
Shio etal. 1974; Shio et al. 1979). However, by
thin section electron microscopy, lipid droplets are
recognized only as vacuoles in which the lipids had
been present since neutral lipids are extracted in
the dehydration process. For this reason, the struc-
tural characteristics of lipids in foam cells have
not yet been well elucidated.

In this work, we examined the fine structure
of advanced lesions of fatty streak in the athero-
sclerotic aorta of WHHL rabbits (Watanabe 1980)
by a quick-freeze, etching technique (Heuser 1981)
to preserve lipid structures in foam cells and in
extracellular spaces.

Materials and methods

Male homozygous WHHL rabbits about 12 months old were
anesthesized, and advanced lesions of the white fatty streak
type were removed from thoracic aortas. The tissues were im-
mediately quick-frozen by slamming them against a liquid-he-
lium cooled copper block according to Heuser’s cryotechnique
(Heuser 1981). Frozen samples were fractured by a Balsers’
BAF 300 freeze-fracture machine. Fractured samples were
deep-etched by warming them to —95°C at a vacuum of
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2 x 1079 torr for 15 min, They were rotary replicated with plati-
num-carbon at an angle of 25°. Tissues less than 20 nm depth
from the endothelial surface was examined. For thin section
¢lectron microscopy, similar portion of the lesions from WHHL
rabbits, were fixed with Karnovsky’s fixative (Karnovsky 1965)
for 1 h followed by phosphate buffered 1% OsO,. Replicas
and thin sections were examined at 200 KV in JEOL 200 B
and JEOL 200 CX electron microscopes.

Results

A low magnification view of an advanced lesion
of fatty streaks of WHHL rabbits is shown in
Fig. 1. These lesions were observed by the quick-
freeze, etching method. The cytoplasm of foam
cells was found to be filled with onion-like granules
(0.7-1.7 pm in diameter) with a lamellar structure
(Fig. 2). A small convex or concave part (about
0.05 um) is seen in the center of cross-fractured
granules, the profiles of which looks like cymbals.
No limiting membrane is seen around each onion-
like granule. In the cytoplasm, smaller granules
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Fig. 1. Low magnification view ( x 5,900)
of the atherosclerotic aorta of a WHHL
rabbit. Typical foam cells (FC) and a
smooth muscle cell (SMC) containing
vacuoles are seen in the subendothelial
area. Vesicles (EV) are also seen in the
extracellular space filled with collagen
fibers. (EC), endothelial cell

(0.1-0.6 um) (arrowheads) which must be lyso-
somes were surrounded by a membrane. Mito-
chondria and elements of endoplasmic reticulum
were rarely seen in these foam cells.

Examination of these foam cells by the thin
section method clearly shows that electron-lucent
vacuoles (Fig. 3) corresponded to the granules with
onion-like lamellae seen in quick-freeze replicas.
These findings indicate that the components of on-
ion-like granules are alcohol extractable materials,
such as lipids. Many 10 nm filaments are seen at
the boundaries of electron-lucent vacuoles (Fig. 3,
arrowheads). Filamentous structure is also seen ar-
ound these lipid droplets by the quick-freeze etch-
ing technique (Fig. 3, inset). Vacuoles with a limit-
ing membrane in section (Fig. 3) correspond to the
smaller granules surrounded by a membrane in
replicas (Fig. 2, arrowheads). These observations
indicate that the organelles, probably lipid-laden
lysosomes, contain small granules.

Figure 4 shows an grape-like organelle contain-
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ing various sized granules in a foam cell. The or-
ganelle is surrounded by a single membrane, and
part of the membrane shows an E-fracture face,
on which many membrane particles are seen. The
grape-like organelle contained a number of lipid
droplets surrounded by a membrane, suggesting
that this organelle is a lysosome containing lipid
droplets which corresponds to a “multivesicular
body” by thin section electron microscopy.

In the cell containing a few lipid droplets, the
various kinds of organelles, such as lysosomes, mi-
tochondria, endoplasmic reticulum, ribosomes and
cytoplasmic filaments are observed (Fig. 5).

Smooth muscle cells containing large electron-
lucent vacuoles were also seen in the subendothe-
lial layer of the lesions (Fig. 6). The correspon-
dence of these electron-lucent vacuoles with the
onion-like droplets is clearly seen by comparison
with quick-freeze replicas (Fig. 6, inset). Although
the cell shown in Fig. 6 seems entirely different
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Fig. 2. Quick-freeze replica of two
adjacent typical foam cells. The
cytoplasm is filled with numerous
granules with an onion-like lamellar
structure. Smaller granules surrounded
by a membrane (arrowheads) are seen
among these onion-like granules. A few
plate crystals (Cr) are also seen. (N),
nucleus; (INS), intercellular space.

(% 13,700)

from those shown in Fig. 2, these cells contain the
similar onion-shaped lipid droplets.

In the extracellular connective tissue space, a
large number of irregular vesicles (Fig. 7, arrow)
are seen among what appear to be collagen fibers
from their characteristic repeating pattern. The
surface appearance of these vesicles looks like
freeze-fractured biomembrane faces, and concave
fracture faces were observed, suggesting that some
vesicles are covered by a membrane. These vesicu-
lar structures clearly correspond to vesicles rimmed
with an unit membrane structure (Fig. 7, inset, ar-
row) and electron-lucent regions among collagen
fibers in thin sections. These observations suggest
that these vesicles consist mainly of lipids, and that
some of them are covered by a membrane.

On thin section electron microscopy, the cyto-
plasm of some lipid-filled foam cells was seen ab-
normally concentrated and their cytoplasmic mem-
brane was broken. These cells often contained
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large crystal plates like that in the quick-freeze rep-
lica shown in Fig. 8. The extracellular space shown
in Fig. 9 contains plate crystals and numerous ir-
regular vesicles. Some vesicles are clustered and
aggregated together (Fig. 9), and clustered vesicles
are similar in size to the cells and seem to be cov-
ered by a membrane.

Discussion

In this work we demonstrated the structure of lipid
droplets in foam cells by a quick-freeze etching
technique. We also demonstrated, for the first
time, ultrastructural characteristics of extracellular
vesicles containing lipids, which have previously
been shown to exist by lipid staining of sections
and their examination by light microscopy (Geer
and Haust 1972).

Several groups have observed by thin section
electron microscopy that lipid droplets in foam
cells are present both as membrane-bound va-
cuoles, which may correspond to lysosomes, and
membrane-free droplets (Coltoff-Schiller et al.
1976; Goldfischer etal. 1975; Shio ectal. 1974;
Shio et al. 1979). In the present work, these lipid
droplets with and without membranes were also
observed in quick-freeze replicas of foam cells
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Fig. 3. Thin section of the cytoplasm of
a foam cell. Lipid droplets are observed
as vacuoles with (Ly) and without (L)
membranes. Some membrane-free
droplets are observed surrounded by

10 nm filaments (arrows). These
filaments (arrowheads) are also seen
associated with onion-like droplets in
quick-freeze replicas (inset). ( x 29,000;
inset, x 47,000)

which may be derived from macrophages (Figs. 2,
4) and smooth muscle cells (Fig. 6). Membrane-
free droplets were more numerous than membrane-
bound droplets. The membrane-free droplets ap-
peared to consist of onion-like concentric lamellae.
Similar onion-like lamellae were previously ob-
served by the conventional freeze-fracture method
(Ruska et al. 1972). These findings suggest that the
constituent lipids of the droplets are in an orderly
arrangement as lamellae. This molecular arrange-
ment of lipids is consistent with the model pro-
posed by Hata and Insull (1973) and Engelman
and Hillman (1976) from the anisotropic nature
and X-ray diffraction pattern of cholesterol ester-
rich inclusions. Onion-like lamellae were observed
in anisotropic cholesterol ester droplets prepared
in vitro (Lundberg 1975). These results suggest that
onion-like droplets consist mainly of cholesterol
ester and correspond to the cholesterol ester-rich
lipid inclusions isolated by Lang and Insull {1970)
and by us (Takano et al. 1982).

More detailed examination of the membrane-
free droplets by the thin section and the quick-
freeze etching method showed that these onion-like
lipid droplets were surrounded by 10 nm filaments
(Fig. 3). Existence of similar filaments was ob-
served in lipid droplets of cholesterol-loaded mac-
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Fig. 4. Quick-freeze replica of the perinuclear area of a foam
cell. An organelle containing various sized granules is seen
among onion-like droplets. Part of the membrane of this organ-
ella shows an E-fracture face (EF). The fractured face of some
granular contents are smooth and that of others contains mem-
brane particles (arrows). (N), nucleus ( x 20,000)
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rophages (McGookey and Anderson 1983) and in
triglyceride droplets in adipocytes (Luckenbill and
Cohen 1966; Wood 1967).

The other type of lipid droplets in foam cells
is membrane-bound (Figs. 2, 4) observed in lyso-
somes. These lipid-laden organelles may corre-
spond to low-density lysosomes, papered by flota-
tion sucrose density gradient centrifugation (Peters
et al. 1973; Takano et al. 1981). Lipid droplets in
lysosomes vary in size.

In early stage of foam cell transformation,
membrane-free droplets may accumulate by re-es-
terification of free cholesterol in the endoplasmic
reticulum (ER) after their hydrolysis in lysosomes
as shown to be the case in cholesterol-loaded mac-
rophages (Brown et al. 1979). However, elements
of the ER are rarely found in highly lipid-filled
foam celis (Fig. 2). Another possible explanation
for the accumulation of membrane-free droplets
in these highly lipid-filled foam cells is that these
droplets are produced from lysosomes or multive-
sicular bodies (Fig. 4) (Smith and Farquhar 1966;
Wake 1974). This possibility must be examined by
investigating the transition from membrane-bound
to membrane-free droplets.

In the extracellular space of the atherosclerotic
aorta, the deposition of lipids has been shown by
light microscopic studies {Geer and Haust 1972).
By thin section electron microscopy, several inves-
tigators have suggested that the electron dense par-
ticles correspond to extracellular lipids (Geer and
Haust 1972; Marshall et al. 1966). However, the
fine structure of extracellular lipids has not been
shown due to the limitation of the thin section
method; that is that neutral lipids are extracted
during dehydration procedure. By a quick-freeze
and etching technique, we clearly demonstrated the
ultrastructural characteristics of extracellular lip-
ids; they appeared in the form of irregular-shaped
vesicles and some of them were observed to have
a membrane on their surface (Figs. 7, 9). The vesi-
cles and electron-lucent parts among collagen
fibers in thin sections (Fig. 7, inset) corresponded
to these extracellular lipids. Some extracellular ve-
sicles were clustered and the clustered vesicles were
similar in size to the cells (Fig. 9). In the lipid-filled
cells which had been ruptured or were destined
to collapse in the atherosclerotic aorta (Fig. 8),
some of extracellular vesicles containing lipids
were derived from disrupted foam cells. At the

Fig. 5. Cytoplasm of a foam cell containing a few lipid droplets
by the quick-freeze etching technique. Mitochondria (M7) and
endoplasmic reticulum (ER) are seen. ( x 40,000)



Fig. 6. Thin section of a lipid-laden
smooth muscle cell in the subendothelial
space of atherosclerotic aorta.
Myofilaments (Mf), endoplasmic
reticulum, and large electron lucent
vacuoles are seen in the cytoplasm by the
thin section method. These vacuoles
correspond to the onion-like droplets in
smooth muscle cells in quick-freeze
replicas (inset). ( x 15,000; inset, x 18,000)

Fig. 7. Appearance of the extracellular
connective tissue space of atherosclerotic
aorta by the quick-freeze, etching
technique. Large amounts of lipids with

a vesicular structure are observed among
collagen fibers, which show a
characteristic repeating pattern
(arrowheads). Some of these vesicular
structures appear to be covered by a
membrane. Arrows indicate fractured
faces of vesiculated lipids corresponding
to the P-fracture face of biomembrane; see
text. These vesicular structures correspond
to vesicles rimmed with an unit membrane
structure (inset, arrow) among collagen
fibers (inset, arrowhead) in thin sections.

( x 44,000; inset, x 40,000)
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Fig. 8. Appearance of the cytoplasm of a foam cell, which may
be destined to collapse, by the quick-freeze etching technique.
Onion-like droplets and a plate crystal (Cr) are seen. Several
lysosomes are observed (Ly); some were fractured between their
membranes, and some were fractured inside revealing lipid
droplets. ( x 32,000)

same time, lipoprotein or denatured lipoprotein
might be also deposited in the extracellular space
(Geer and Haust 1972).

These extracellular lipids seem to be endocy-
tized and to accumulate in lysosomes, since the
appearance of extracellular lipids (Fig. 8) was very
similar to that of lipids in multivesicular body of
foam cells (Fig. 4). Brown and Goldstein proposed
a scavenger system (1983), and they observed
marked accumulation of cholesterol ester in cul-
tured macrophages using modified low-density li-
poprotein (Brown et al. 1979). Endocytic activity
of foam cells was demonstrated by phase contrast
cinemicrophotography (Takano et al. 1984). The
extracellular lipids observed as vesicles in this work
may correspond to these denatured lipoproteins
endocytized by scavenger cells such as macro-
phages, modified smooth muscle cells and foam
cells, and foam cell transformation may be acceler-
ated.

This is the first report of ultrastructural charac-
terization of lipids accumulated intracellularly and
extracellularly in atherosclerotic aorta by a quick-
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Fig. 9. Appearance of extracellular space of atherosclerotic aor-
ta by the quick-freeze etching technique. A plate crystal (Cr)
and many vesicular structures are observed. Some of these vesi-
cular structures seem to be covered by a membrane (arrows).
In the lower right, an aggregation of vesicles is observed (large
arrowheads). The surface of the aggregate is smooth. Arrow-
heads indicate collagen fibers. ( x 26,000)

freeze etching technique, compared with thin sec-
tion electron microscopy. Investigations on the
role and relationship of intracellular and extracel-
lular lipids are important for elucidating the mech-
anism of foam cell transformation in atherosclero-
8is.
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