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In a previous publication1 the author and his co-work-
ers demonstrated that atherosclerotic lesion develop-
ment in the aorta of hypercholesterolemic pigs was
preceded by intimal penetration of blood-borne mono-
nuclear cells, and that medial smooth muscle cells were
not involved in the formation of early fatty lesions in
this model. The current study shows that aortic arch le-
sions do not progress beyond the fatty cell lesion stage
for up to 30 weeks of a moderate cholesterol/lard diet,
although they become more extensive in area. Mono-
nuclear celis were found adherent to the endothelium,
in endothelial junctions, and in the intima during this
period, and were ultrastructurally identified as mono-
cytes by the presence of peroxidase-positive granules
(peroxisomes) in their cytoplasm. In addition, lesion

WE RECENTLY' described the morphologic charac-
teristics of the intima at prelesion stages in swine fed
an atherogenic diet. The study demonstrated that the
earliest aortic lesions to develop were of a fatty streak
type and appeared after 12-15 weeks of an athero-
genic diet. Moreover, these earliest lesions were invar-
iably associated with areas of spontaneously enhanced
permeability, as demonstrated by the in vivo uptake of
intravenously injected Evans blue dye.' The results
demonstrated a preferential adherence and intimal
penetration of blood-borne monocytes in lesion-
prone areas at prelesion stages and suggested a more
prominent role of the monocyte in foam cell forma-
tion than has previously been accepted. The present
study was undertaken to examine the subsequent de-
velopment of atherosclerotic lesions in the Evans blue
model in swine, with particular emphasis on further
defining the role of the monocyte in lesion formation.

Monocytes Into Foam
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areas with nonspecific esterase activity correlated well
with Sudan IV staining. Intimal monocytes and altered
intimal monocytes with an enlarged cytoplasm and
containing a few lipid droplets were both shown to be
phagocytic by their uptake of ferritin, which had pene-
trated the intima after intravenous injection. Circulat-
ing monocytes and those adherent to the endothelial
surface did not contain ferritin in these animals. The
results indicate that blood mononuclear cells associated
with lesion formation in this model are, in fact, mono-
cytes, which subsequently undergo transformation into
macrophage foam cells in fatty streak lesions. The ab-
sence of medial cell involvement indicates that mono-
cytes are the major foam cell precursor in these lesions.
(Am J Pathol 1981, 103:181-190)

Materials and Methods

Thirty-three Yorkshire pigs, 6 weeks of age (15-20
kg body weight) were fed a Purina Pig Chow diet con-
taining 1 .5%Wo USP cholesterol and 19.5%0o lard (C/L).I
Fifteen age-matched pigs were fed the Chow diet
alone. The animals were killed 6, 12, 15, and 30 weeks
after initiation of the diet, and tissue samples were ex-
amined by light and electron microscopy. All the ani-
mals were injected with Evans blue (0.1 mg/kg in iso-
tonic saline) 3 hours before killing, exsanguinated,
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and perfusion-fixed with glutaraldehyde as previously
described."2 Samples of the aortic arch, thoracic, and
abdominal aorta from areas of Evans blue uptake
(blue areas) and no dye uptake (white areas) were ex-
cised from standardized sites for electron-microscopic
(EM) studies. Both lesion and nonlesion areas were
sampled. All EM samples were postfixed in osmium
tetroxide and dehydrated in ethanol. Samples for
transmission electron microscopy (TEM) were em-
bedded in Spurr's resin, sectioned, and stained with
5'70 methanolic uranyl acetate and lead citrate3 prior
to being viewed in a Zeiss EM 10 electron microscope.
One-micron plastic-embedded sections were cut and
stained with methylene blue-azure II-basic fuchsin4
for light-microscopic examination. Scanning electron
microscopy (SEM) samples were critical-point-dried
from CO2, sputter-coated with gold, and viewed in an
Etec Autoscan.
For histochemical studies at the light-microscopic

level, buffy coats were examined, as well as blood
mononuclear cells and granulated cells which had
been separated from swine whole blood by centrifuga-
tion on Ficoll-Hypaque as described by Albrecht et
al.5 Smears were stained for nonspecific esterase and
peroxidase by the use of the combined technique of
Yam et al.6 Canine and human blood samples were
similarly treated. In addition, serial frozen sections of
aorta from lesion and adjacent nonlesion areas were
stained either with oil red 0 or for nonspecific esterase
and peroxidase by the use of the techniques of Yam et
a16 and Kaplan,7 respectively. Demonstration of per-
oxidase activity in blood monocytes and arterial sec-
tions at the ultrastructural level was accomplished
with the use of the Graham-Karnovsky8 technique,
modified as described by Blinzinger et al.9 Sections
unstained or stained with uranyl and lead salts were
examined.

Results

Fatty Lesions

As previously described, the earliest lesions de-
tected in this model were small (3-6 mm in diameter),
slightly raised focal lesions, which were seen after 12
weeks of the cholesterol/lard (C/L) diet. Such lesions
were always found within the confines of Evans blue
dye uptake (blue areas) in the arch, at intercostal
orifices, or at and around the abdominal trifurcation.
After 15 weeks on the atherogenic diet, raised fatty
streaks positive for oil red 0 were present in the ab-
dominal aorta, while blue areas in the arch showed
diffuse raised fatty plaques (Figure 1). Up to 15 weeks,
these lesions were always of a foam cell nature, and
confined to the intima, with no evidence of medial cell

involvement in the intima or engorgement of smooth
muscle cells with lipid (Figure 2).

Three distinct cell types were present in early focal
and later fatty streak lesions. Large (30-60, diameter)
foam cells predominated, characterized by a lipid-en-
gorged cytoplasm (Figure 3). Lipid droplets were
large, nonmyelinated, membrane-bound inclusions
which showed variable lipid saturation, as judged by
their osmiophilia (Figure 3). Foam cells had no base-
ment membrane and contained no organized cytoplas-
mic filaments. The Golgi apparatus was extremely
well developed. Foam cells in fatty streaks up to 20
weeks appeared as healthy, metabolically active cells,
as judged by their ultrastructure. Little cellular degen-
eration was observed in lesions before 30 weeks.
The second lesion cell type observed was identical to

those previously described by us in the intima of blue
areas in normal and prelesion swine, and in 12-week
lesions.1 These elongated cells, with numerous cyto-
plasmic extensions, were scattered throughout the
thickened intima of the lesion. Their cytoplasm was
largely undifferentiated, although a few contained
myofilament tracts and occasional dense bodies, sug-
gesting a smooth muscle cell origin. They did not accu-
mulate extensive lipid, and frequently appeared de-
generated (Figure 3).
The third type of cell present in fatty streak lesions

were seen adherent to the luminal surface of the over-
lying endothelium (Figure 4), passing between endo-
thelial cells (Figure 5) and in the intima, usually just
below the endothelium (Figures 4 and 6), but occa-
sionally deeper. A similar distribution of these cells
was also observed at prelesion stages, predominantly
in blue areas. Adherent cells frequently displayed cy-
toplasmic extensions that indented the plasma mem-
brane of the underlying endothelial cells (Figures 4
and 7). All such cells showed the ultrastructural char-
acteristics of monocytes, being typically 5-10,u* in di-
ameter, with indented nuclei containing coarse pe-
ripheral chromatin. Their sparse cytoplasm contained
numerous free ribosomes, a few large mitochondria,
small vesicular elements, and a variable number of
dense granules (Figures 4-6). Other intimal cells were
observed that were similar but showed an enlarged, or
hypertrophied, cytoplasm (Figure 8). These hypertro-
phied monocytes frequently contained one or two
lipid droplets adjacent to a Golgi apparatus (Figure 9).
None of these mononuclear cell types had a basement
membrane or contained organized cytoplasmic fila-
ments.

Fibrous Lesions

After 30 weeks on the atherogenic diet, raised fibro-
atherosclerotic lesions were found in the abdominal
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Figure 1-Aortic arch of a pig fed C/L diet for 15 weeks, stained with Sudan IV, showing extensive fatty streaking in areas which normally takeup Evans blue, and extending down to closed ductus scar (*). The greatest lipid staining occurs at the periphery (arrows) of areas of heaviestblue uptake (B). These areas are raised from surface. White areas (W) show little or no Sudan staining. Lesion at R shown in Figure 2. Fig-ure 2-Light micrograph of one epoxy section of raised lesion indicated by R in Figure 1. Intima is thickened with numerous lipid-laden cells(arrows) luminal to internal elastic lamina (EL). Media (M) shows no lipid accumulation, and endothelium (E) is intact. (Methylene blue-azureIl-basic fuchsin, x 150) Figure 3-TEM of lesion similar to above showing attenuated endothelium (E) overlying foam cells (FC) in intimacontaining large lipid droplets (L). Partially degenerate intimal cells containing little lipid are also visible (IC). (Uranyl acetate, lead citrate,x 2800) Figure 4-TEM of 30-week arch lesion showing a monocyte (AM) in the lumen (Lu) adherent to endothelium (E) and an intimalmonocyte (IM) subjacent to endothelium. Extensions (arrows) from adherent monocyte indent endothelium. (Uranyl acetate, lead citrate,x 7400)
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Figure 5-TEM of monocyte (M) trapped in junction of endothelium (E) from arch blue area of 12 week CIL-fed pig. Main body and nucleus of
cell are in the lumen (Lu), with celular extensions (arrows) spread below endothelium. (Uranyl acetate, lead citrate, x 12,400) Figure 6-
Monocyte (M) beneath endothelium (E) in a 15-week arch lesion from a pig injected with ferritin 15 minutes before death. Ferritin can be seen in
phagocytotic vacuoles (arrows), one of which is open to the intimal space. Inset shows ferritin in vacuole in squared area. (Unstained, x 15,500;
Inset, x61,000) Figure 7-SEM of monocyte (M#) adherent to endothelium (E). Cytoplasmic extensions from monocyte can be seen to in-
dent endothelial plasma membrane (arrows). Compare with Figure 4. (x 7750) Figure 8-TEM of "hypertrophied" monocyte (HM) beneath
endothelium (E) in 30-week C/L abdominal lesion. Peroxidase-positive granules (arrows) can be seen in the cytoplasm. (Uranyl acetate, lead
citrate; peroxidase-reacted, x 12,500)
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Figure 9-TEM of arch lesion, 30-week C/L-fed, ferritin-injected pig. Two intimal hypertrophied monocytes (HM) contain a few lipid droplets (L),
and ferritin in vacuoles (arrows). Faint peroxidase activity (p) is present in one cell. An adherent monocyte (AM) is partially visible in the lumen
(Lu) adjacent to the endothelium (E). (Uranyl acetate, lead citrate, peroxidase-reacted, x 8000) Figure 10-Abdominal aorta of a pig fed C/L
diet for 30 weeks. Typical fatty streak (FS) terminates in early raised fibrous lesion (arrow) extending into right iliac artery. Other raised lesions
originating at trifurcation are also visible (RL), and raised fatty lesions are present at other branch sites (FL). Figure 11-Light-photomicro-
graph of lesion marked with arrow in Figure 10. Necrotic core (N) is covered by a thin fibrous cap (C) and contains stainable lipid (L). Disruption
of the internal elastic lamina is visible at arrows. (Oil red O, x 37) Figure 12-TEM from core of lesion similar to Figure 11, showing smooth
muscle cells (SM) containing lipid droplets (L) and organized myofilaments (MF), as well as foam cells (FC) not recognizable as smooth-
muscle-derived. (Uranyl acetate, lead citrate, x 4000)

Vol. 103 * No. 2
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aorta. These lesions occupied the same geographic lo-
cation in the aorta as did earlier fatty streaks but often
extended into the iliacs (Figure 10) and contained less
oil-red-O-positive material. Histologically, these
plaques were more fibrous, frequently with a fibrous
cap overlying a necrotic lipid core (Figure 11). Mono-
cytes were generally seen only in the immediate suben-
dothelial layer, and lipid-laden smooth muscle cells
(Figure 12), and necrotic foam cells (Figure 13) were
the predominant lesion cell types.

Histochemistry

In an effort to further characterize these lesions and
the cells within them, histochemistry at the light- and
electron-microscopic levels was carried out. Blood
mononuclear cells were separated from whole blood,
and smears were stained for nonspecific esterase and
peroxidase activity. Two cell types were distinguish-
able: one that was light yellow in color (a$terase- and
peroxidase-negative) and a second that was strongly
esterase-positive (brick red), with variable peroxidase
(blue-green) activity (Figure 14). Matching smears
stained with Wright's stain showed over 990%o mono-
nuclear cells.
When adjacent serial frozen sections of fatty streak

(15-week) lesions were stained with either oil red 0 or
for esterase/peroxidase activity, oil-red-O-positive
areas were also found to be strongly esterase-positive
(compare Figures 15 and 16). The underlying media
was both oil-red-O- and esterase/peroxidase-negative
(Figures 15 and 16). Peroxidase activity was at best
weak in these sections and was visible only under oil
immersion, largely masked by the strong esterase reac-
tion. Lesion sections stained for peroxidase alone like-
wise showed weak peroxidase activity, usually directly
below the endothelium.
Although peroxidase activity was weak in frozen

sections, it could be demonstrated ultrastructurally in
monocytes separated from blood (Figure 17), adher-
ent monocytes (Figure 18), and intimal monocytes
(Figure 19). Moreover, it was present in most, but not
all, of the "hypertrophied" intimal monocytes, both
lipid-containing (Figure 9) or not (Figure 8). In all
cases, peroxidase activity was confined to small, mem-
brane-bound inclusions, or peroxisomes. The number
of peroxisomes in swine monocytes separated from
whole blood was usually 1-3 per cell in section, fewer
than in human or canine blood controls separated
and stained at the same time. Likewise, swine mono-
cytes showed lesser peroxidase activity at the light-
microscopic level.

In addition to containing one or two visible lipid
droplets and peroxisomes in section, lipid-contain-

ing "hypertrophied" intimal monocytes in 15-week
cholesterol-fed swine that had been intravenously in-
jected with ferritin also contained vacuoles filled with
phagocytosed ferritin (Figure 20). Ferritin was visible
in these cells and in non-lipid-containing monocytes
(Figure 6) within one minute after injection, and the
number of ingested particles continued to increase up
to 15 minutes after injection. It was not observed in
adherent monocytes.
Advanced 30-week plaques showed considerably

less nonspecific esterase activity than earlier fatty le-
sions, generally confined to the subendothelial layer.
Peroxidase activity was again weak, although peroxi-
somes could be found in intimal monocytes at the ul-
trastructural level.

Discussion

We have previously demonstrated' that cells inter-
preted as being monocytes by their ultrastructural ap-
pearance can be seen adherent to the aortic endothe-
lium and in the intima at early prelesion stages in cho-
lesterol/lard-fed swine. Moreover, we quantitatively
showed that these events occur preferentially in areas
of Evans blue dye uptake and are not associated with
endothelial damage. We undertook the present study
to identify positively the invading cell type, since we
did not feel that ultrastructure alone was a sufficient
identification criterion, and, secondly, to determine
the fate of intimal monocytes. The results of the pres-
ent study demonstrate that adherence and intimal pen-
etration by these cells continues to occur throughout
the course of lesion development, although it is par-
ticularly prevalent in fatty streaks. Our belief of inti-
mal penetration is based on the indirect evidence that
monocytes are not prevalent in the intima of normal
animals, they are not seen in the media, and their pres-
ence in the intima is concurrent with the adherence of
monocytes to the endothelium and their being found
trapped in endothelial junctions. The swine has
proven to be an excellent model for this study, since le-
sions in the arch seldom progress beyond the fatty cell
stage, although they become more extensive in area,
whereas those in the abdominal aorta progress to fi-
broatheromatous plaques under the dietary condi-
tions applied. Comparison of the plaque types within
each animal is therefore possible; but more impor-
tantly for the present study, fatty cell lesions can be
studied in a model in which they do not progress.
The histochemical demonstration of nonspecific es-

terase and peroxidase activities in mononuclear cells
separated from whole blood in the present study is
similar to that demonstrated by numerous investiga-
tors.5'6-9'4 In particular, Yam et a16 and Albrecht et als
have shown that of the two mononuclear cell types
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Figure 13-TEM of abdominal lesion, 30-week C/L diet-fed pig. Foam cells (FC) are much more necrotic in appearance than at earlier stages,
containing many small membranous vacuoles (SV) and large clear vacuoles (LV). Lipid droplets in these cells did not show variable osmio-
philia. Also visible is an unidentifiable cell (UC) extending through an endothelial junction into the lumen (Lu) at arrows. (Uranyl acetate, lead
citrate, x 4800) Figure 14-Light-photomicrograph of Ficoll separated mononuclear cells from blood of 15-week C/L-fed pig. Monocytes
(M) show dense but variable esterase (dispersed) and peroxidase (granular) staining, while lymphocytes (L) and platelets (Pl) are esterase/
peroxidase-negative. (Esterase/peroxidase-reacted, x 1000) Figure 15-Light-photomicrograph of frozen section from a 15-week lesion.
Esterase activity is confined to the lesion area (arrows). Vacuolated cells (V) serve as reference point. Compare with Figure 16. (Esterase/
peroxidase-reacted, x 90) Figure 16-Light-photomicrograph of frozen section adjacent to that in Figure 15 stained to show oil red 0 activ-
ity, which is superimposed on areas of esterase activity shown in Figure 15. Vacuolated cells (V) serve as reference point. (Oil red 0, x 90)
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separated with the technique used, lymphocytes are
esterase- and peroxidase-negative, while monocytes
are strongly esterase-positive, with variable positive
peroxidase activity. Although some granulocytes
show both activities, they are of no interest in the pres-
ent study. Of the mononuclear cells, only monocytes
have been shown to be both nonspecific esterase- and
peroxidase-positive with the use of these techniques.56
The results show that in lesions in which all identifi-

able lipid is intracellular in foam cells, esterase activity
correlates closely with oil red 0 staining. As already
discussed, arch lesions do not progress in this model,
the medial smooth muscle cells are negative for oil red
O and esterase/peroxidase, and there are no intimal
cells recognizable as being derived from smooth mus-
cle in these lesions for up to 15 weeks. In the same le-
sions, mononuclear cells containing peroxidase-posi-
tive granules (peroxisomes) can be found adhering to,
or traversing, the endothelium and within the intima.
The presence of peroxisomes within these cells, cou-
pled with their ultrastructural appearance, clearly
identifies them as blood-derived monocytes that have
apparently entered the intima from the aortic lumen.
Of greater importance is that hypertrophied intimal
mononuclear cells, which contain some lipid and which
phagocytose ferritin, also can be shown to contain per-
oxisomes, indicating a monocytic origin. These find-
ings clearly show that intimal monocytes (identified
by their peroxisomes) are phagocytic at a time coinci-
dent with the initial appearance of lipid droplets in
their cytoplasm. The results therefore indicate that
blood-derived monocytes are the prime source of
foam cells in these early lesions. Their phagocytic ac-
tivity suggests that intracytoplasmic lipid is accumu-
lated through phagocytosis. The other cell type pres-
ent- the undifferentiated cell found even in normal
animals2 - is also phagocytic'0 but can be found in
these lesions free of intracytoplasmic lipid. The pene-
tration of the intima by monocytes is much more ex-
tensive in areas of enhanced intimal penetration of
blood molecules,I as shown by both Evans blue" 2 and
ferritin uptake.'0"1 This invasion by phagocytic mon-
ocytes may be in response to a greater accumulation of
intimal lipid in these areas.
The foam cells of these lesions have been shown in

the present study to be strongly esterase-positive, but
are peroxidase-negative at the ultrastructural level. It
can be assumed, therefore, that the weak peroxidase
reaction seen just below the endothelium in frozen sec-
tions is attributable to intimal monocytes. The peroxi-
dase negativity of monocyte-derived foam cells is not
surprising, since it is generally accepted that blood-
borne monocytes lose their peroxidase activity after
entering the tissues and becoming actively phagocy-
tic.'2 The hypertrophied intimal monocytes of the

present study probably indicate a transitional form,
since they are actively phagocytosing and beginning to
accumulate lipid, but as yet are not lipid-laden. As
such, they apparently have not yet lost all peroxidase
activity, which is the case when they become lipid-la-
den foam cells. It would appear from our studies as
well that swine monocytes have fewer peroxisomes
than either human or canine blood. This belief is fur-
ther substantiated in the literature, where studies us-
ing similar techniques on other species have demon-
strated more numerous peroxisomes in monocytes
than we observed in swine.'9"3'14
The presence of both smooth muscle and macro-

phage foam cells in atherosclerotic plaques has long
been recognized,'5-'9 but until recently, only the stud-
ies of O'Neal and co-workers20"23 have attempted to
establish macrophages as a major factor in lesion for-
mation. Their source has been assumed to be the
blood monocyte ever since Poole and Florey'5 demon-
strated a macrophage in section trapped between two
endothelial cells. Their presence in lesions has, how-
ever, largely been considered as almost incidental,
since the medial smooth muscle cell undoubtedly plays
the major role in the advanced fibrous plaque24'25 and
its importance has been emphasized repeatedly. In re-
cent years, however, the circulating monocytes and
tissue macrophages have been shown to be capable of
actively synthesizing cholesterol26 and metabolizing
lipid.27'28 The development of histochemical tech-
niques has increasingly demonstrated the presence of
macrophages in various types of plaques,29'2 which
has been related to a role in lipid removal.29 Gaton and
Wolman31 demonstrated a stratification of two cell
types in atheroma. Cells with intense acid esterase ac-
tivity were aligned under the endothelium, whereas
cells deeper in the lesion showed much less activity.
They interpreted the esterase-rich cells as being blood-
derived macrophages30 and the enzyme-poor cells as
being derived from smooth muscle. Both cell types
were lipid-laden, but lipid in esterase-rich cells was
finely emulsified, whereas acid-esterase-poor
(smooth muscle) cells contained bulky aggregates of
birefringent lipid, indicating a relative inability to me-
tabolize lipid. The authors concluded that the relative
insufficiency of acid esterase in myocytes may play an
important role in atheroma development, and that
macrophages could conceivably remove lipid, chang-
ing atheromata to fibrous plaques. Adams and Bay-
liss30 confirmed the paucity of macrophage foam cells
in rabbit atherosclerotic lesions, as is the case in hu-
mans,33 and similarly suggested that lesions from
which lipid is rapidly removed are rich in macro-
phages.
The present study demonstrates that in swine fatty

streak lesions that do not progress, monocyte-derived
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Figure 17-TEM of monocyte (M) in buffy coat from normal pig blood. Peroxisomes (P) are visible in cytoplasm. (Peroxidase-reacted; uranyl
acetate, lead citrate, x 10,000) Figure 18-TEM of monocyte (M) adherent to aortic endothelium (E) in 6-week C/L-fed pig. Peroxisomes (P)
are visible in cytoplasm. (Peroxidase-reacted, uranyl acetate, lead citrate, x 12,000) Figure 19-Monocyte (M) containing peroxisomes (P)
in intima below endothelium (E). (Peroxidase-reacted; uranyl acetate, lead citrate, x 15,000) Figure 20-TEM of cytoplasm of "hyper-
trophied" intimal monocyte (HM) containing lipid droplets (L), peroxisomes (P), and phagocytic vacuoles containing ferritin (arrows). (Peroxi-
dase-reacted; uranyl acetate, lead citrate, x 30,500)
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macrophages are the major source of lesion foam
cells. In advanced abdominal lesions, the smooth
muscle foam cell predominates. In view of other stud-
ies,27-31 we are tempted to suggest that the lack of pro-
gression of arch lesions is due to their high content of
esterase-rich macrophage foam cells, which are capa-
ble of metabolizing lesion lipid. The fact that we have
examined swine aortas from the onset of lipid feeding,
together with the fact that arch lesions under the con-
ditions used did not progress, allows us to demon-
strate, ultrastructurally and histochemically, a major
role of the monocyte in the formation of fatty cell le-
sions. The areas of enhanced permeability in which
the earliest lesions form perhaps contribute to large
numbers of migrating monocytes in response to en-
hanced lipid accumulation at these sites.
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