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Summary. The ultrastructural features of peripheral blood monocyte
margination, migration, and aortic intimal accumulation have been de-
scribed in the normo- and mildly hypercholesterolemic baboon. Intimal
monocyte-macrophage recruitment over fatty streaks and fibro-fatty
plaques was enhanced by dietary cholesterol-fat supplementation, result-
ing in an 8-fold increase in monocyte-macrophages and macrophage-
derived foam cells in the subendothelial space. Margination or attach-
ment observed over both plaques and normal areas was not associated
with morphologic evidence of endothelial injury. Migration through con-
tinuous aortic endothelium was principally between endothelial cells via
junctions. Transitional sequences from the typical morphology of the
blood monocyte to the lipid-containing macrophage or foam cell were
discerned. The intimal accumulation of monocytes and macrophages
reinforces our view of atherosclerosis as an inflammatory process, in
which monocyte attachment is likely to reflect changes in the endothelial
surface-membrane complex and surface charge, while migration to and
accumulation in the SES may result from one or more chemoattractants
originating in the intima or media.

Key words: Peripheral blood monocytes — Macrophages-Foam cells —
Attachment — Migration — Atherogenesis — Inflammation

Introduction

Peripheral blood monocytes are the progenitors of tissue macrophages (Van
Furth 1970) including the Kupffer cell of the liver, alveolar and peritoneal
macrophages, and microglial cells. These macrophages play an important
role in inflammation serving both as scavengers and secretory cells (Stossel
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1974; Unanue 1976), and also as regulators of lymphocyte function (Unanue
1978 and 1979). The relative contributions of monocyte-derived macro-
phages and smooth muscle cells, as precursors of the lipid-rich intimal or
plague foam cell population seen in atheroma, have long been the subject
of debate and are still to be resolved. Duff et al. (1957) convincingly de-
scribed monocytoid cells on and below the aortic endothelium in cholesterol-
fed rabbits, a finding which has been confirmed in the cholesterol-fat-fed
pig (Schwartz etal. 1978; Gerrity etal. 1979; Gerrity 1981), baboon
(Schwartz et al. 1980a), rat (Joris et al. 1983) and pigeon (Lewis et al. 1982).
Because of the potential roles of monocyte-derived macrophages as a source
of arterial wall proteases such as elastase, as precursors of at least some
arterial wall foam cells, and as the source of macrophage-derived growth
factor (Leibovich and Ross 1976; Greenburg and Hunt 1978), their partici-
pation in atherogenesis could assume a new significance. This study de-
scribes selected quantitative light microscopic and ultrastructural features
of blood-derived monocytes, macrophages, and macrophage foam cells in
the aortic intima of the normal-fed and mildly hypercholesterolemic choles-
terol-fat-fed nonhuman primate (Papio cynocephalus).

Materials and methods

Animals. Aortas from 16 adult baboons (Papio cynocephalus) of both sexes ranging in estimated
ages between 5 and 20 years were studied. Of these, seven were mildly hypercholesterolemic
(range 157-236 mg/dl), having received either a cholesterol-coconut oil-peanut oil and egg
yolk-supplemented diet for 5 years (4 animals) or a cholesterol-lard-egg yolk diet for 2 years
(3 animals). The remaining 9 were normocholesterolemic (range 42185 mg/dl) having received
chow with neither cholesterol nor fat supplements.

Perfusion fixation. All animals were perfusion-fixed with 2% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.3, at an osmolality of 300 mOsm. The buffered glutaraldehyde was
infused at a pressure of 100 mm Hg for 30 min after first flushing the circulation with Krebs-
Ringer solution (pH 7.3, 280 mOsm) at 37° C for 5 min maintaining a pressure of 100 mm Hg.

Electron microscopic procedures. Aortas were carefully removed from the animal to avoid
distortion and opened using 2 lateral incisions, thus minimizing mechanical damage to the
relatively rigid cylinders. Samples for both transmission and scanning electron microscopy
were routinely excised with a razor blade from 5 standard sites in the arch, thoracic, and
abdominal aortic segments, together with selected samples exhibiting cither fatty streaks or
fibrous plaques. Care was taken to avoid air drying of the tissues. Samples for scanning
electron microscopy, measuring approximately 1-2 cm?, were post-fixed in 1% buffered os-
mium tetroxide, dehydrated in ethanol, critical-point dried in a Bomar SP 1500 using Freon
13, and lightly coated with palladium-gold in a Hummer II instrument for viewing in a Philips
500A. The smaller samples for transmission electron microscopy were post-fixed in buffered
1% Osmium tetroxide and 1.5% potassium ferrocyanide, en bloc stained with 3% methanolic
uranyl acetate, and embedded in araldite. One micron sections were stained with 1% Azure
IT-methylene blue. Ultrathin sections were further stained with lead citrate, prior to examination
in a Philips 301 or a JEOL 100 CX electron microscope.

Results

Light microscopy. Table 1 presents quantitative cellular data derived from
one micron sections obtained from a subset of 8 animals. Mononuclear
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Table 1. Surface and intimal cellularity

Animal Diet Terminal Number Mean Surface and intimal cellularity
number category plasma of 1 p intimal
choles-  sections thickness Attached Cells* Total
terol exam- W surface* in the intimal
(mg/dl)  ined mono- SES cellu-
cytes (cells/ larity **
(cells/ 1,000 )
1,000 p)
2416 Low 107 13 9 1.80 0.35 2.15
2417 choles- 117 13 27 1.99 0.55 2.54
2413 terol 118 14 25 0.54 1.83 2.37
2411 185 18 29 0.09 1.22 1.31
Mean+SD 132+36 - 2244131  1.01+2.84 1.02+42.16 2.03+3.46
2709 High 157 10 65 0.0 3.11 3.11
4786 choles- 183 10 57 0.71 8.22 8.93
1640 terol 225 14 225 1.08 11.34 12.42
502 236 10 144 1.34 9.21 10.55
Mean+SD 200+37 - 123.61+168.4 0.78+1.04 7.98+9.27 8.77+9.80
Level of P<0.05 - P<0.001 N.S. P<0.001 P<0.001
significance

2 Monocytes attached to the luminal endothelial surface

* Cells in the SES — monocytes, macrophages and macrophage-foam cells/1,000 p section
length
** Total intimal cells, as in *. Sum of surface and SES cells

cells, macrophages and macrophage-foam cells were enumerated at 1000 x
on the endothelial surface, and in the subendothelial space. Section length
and intimal thickness were measured in microns with the aid of calibrated
grids, and cell counts were expressed as the number of cells/1,000 p section
length. It can be seen (Table 1) that mean intimal thickness in the cholester-
ol-fat-fed animals was some 5-fold greater (P>0.001) than in the chow-fed
animals, a difference reflecting the frequent presence of both fatty streaks
and fibro-fatty plaques in the former. Although the number of monocytes
attached to the luminal aspect of the endothelium did not differ significantly
between the dietary groups, the cellularity of the subendothelial space (SES)
was 8-fold greater in the cholesterol-fat-fed animals (P<0.001). The SES
cells comprised mainly macrophages and macrophage-foam cells, with lesser
numbers of monocytes. The greater cellularity of the SES in cholesterol-fat-
fed animals is reflected in the significantly greater (P <0.001) intimal cellu-
larity. These differences subsequently reflected the greater ease with which
monocytes, macrophages, and macrophage-foam cells were found in the
intima of the cholesterol-fat-fed animals ultrastructurally.

Ultrastructure. A total of 16 animals was studied ultrastructurally. Mononu-
clear cells were seen by transmission electron microscopy (TEM) either ad-
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hering to or in close apposition to the aortic endothelium in both chow
and cholesterol-fat-fed animals (Figs. 1 and 2). These surface cells exhibit
many of the features traditionally associated with blood-derived monocytes:
a relatively large indented or reniform nucleus, variable numbers of electron
dense granules often located near the nuclear indentation, a prominent Golgi
apparatus, numerous cisternae in the endoplasmic reticulum, and frequent
villous cytoplasmic processes of variable length. Some processes appear to
penetrate indentations on the endothelial cells, as seen in Fig. 1, where a
villous projection is closely applied to the luminal aspect of an intercellular
junction. Frequently, surface mononuclear cells are associated with relative-
ly thin segments of endothelium (Fig. 2). The cell illustrated also overlies
an intercellular junction.

The presence of mononuclear cells adhering to the aortic endothelial
surface was confirmed by scanning electron microscopy (SEM), as illustrated
in Figs. 3-7. A mononuclear cell derived from a chow-fed animal exhibiting
short microvilli and ruffles is seen in Fig. 3. In Fig. 4, also from a chow-fed
baboon, a relatively featureless leukocyte is seen either entering or leaving
the SES. Adherent mononuclear cells were found more frequently on the
aortas of cholesterol-fat-fed animals, with a distinct tendency to occur in
clusters or aggregates over morphologically intact (non-denuded) endothe-
lium as shown in Fig. 5. These cells vary in their appearance, some with
numerous microvilli and others with few. Frequently, villous projections
can be seen extending over and into the endothelium (Figs. 3, 5, 6 and
7.

Mononuclear leukocytes were observed in varying stages of penetration
of the aortic endothelium. In Fig. 8, from a chow-fed baboon, part of a
leukocyte is interposed between segments of essentially intact though rela-
tively thin endothelium. The margins are not fragmented and the membranes
appear intact, suggesting that this cell is moving between cells rather than
through the endothelium. A short section of an intercellular junction adjoins
the point of penetration. The leukocyte granules exhibit no discernible polar-
ity. Figures 9 and 10 illustrate mononuclear cell penetration of the aortic
endothelium in cholesterol-fat-fed baboons. In each instance a large cyto-
plasmic projection is interposed between segments of apparently normal
endothelium, completely separating the endothelium and extending into the
SES. As in Fig. 8, the endothelial cellular margins do not appear fragmented.
SEM has confirmed these findings, and reveals leukocytes in comparable
stages of interposition. Figure 4, the presumptive SEM equivalent of Fig. §,
shows a portion of a leukocyte projecting from the luminal aspect of the
aortic endothelium. The endothelial margins and the surrounding endothe-
lium are unremarkable. Electron micrographs give no clear indication of
direction of movement. Although the surrounding endothelial margins have
an everted disposition, it remains uncertain whether the two cells illustrated
in Fig. 11 are entering or leaving the aortic SES.

Thus far we have described the scanning and transmission electron mi-
croscopic appearances of mononuclear cells adhering to the aortic endotheli-
al surface, or interposed between segments of apparently intact endothelium.
Figure 12, from a chow-fed animal, illustrates a mononuclear cell with sever-
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Fig. 1. Cholesterol-fat-fed baboon. Leukocyte with the morphologic characteristics of a mono-
cyte (M) on intact aortic endothelium (EC), in proximity to an underlying junction (J). Note
the cytoplasmic villous process (arrowed) projecting towards the junction ( x 85,000)

Fig. 2. Monocyte (M) closely applied to thinned but intact aortic endothelium (EC) of a
cholesterol-fat-fed baboon; note proximity to an underlying attenuated endothelial junction
(7), and the prominent thickened subendothelial space (SES) containing floccular material
and considerable extracellular myelin forms ( x 85,000)



Fig. 3. SEM from control chow-fed animal, showing a leukocyte (L) with numerous villous
processes adhering to overtly intact aortic endothelium (EC) ( x 15,500)

Fig. 4. SEM from control chow-fed baboon, showing a leukocyte (L) either entering or leaving
the aortic intima ( x §,500)

Fig. 5. SEM from a cholesterol-fat-fed baboon showing a cluster of leukocytes (L) adhering
to or indenting the overtly intact aortic endothelium (EC). Occasional platelets are attached
to the leukocytes (arrowed) ( x 2,800)
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Fig. 6. SEM from a cholesterol-fat-fed baboon showing leukocytes (L) on the aortic endothe-
lium (EC). Cytoplasmic processes (arrowed) are seen spreading over and into the endothelium.
(% 7,800)

Fig. 7. SEM from a cholesterol-fat-fed baboon showing leukocytes (L) on the aortic endothe-
lium (EC). The cell to the left lies within a surface indentation, and another below it (arrowed)
appears to be partially embedded within the intima ( x 6,000)



Fig. 8. Control chow-fed baboon. Portion of a leukocyte (L) is seen partly within the aortic
lumen and the subendothelial space (SES). The membranes of adjoining endothelial cells
appear intact. The endothelium (EC) is noticeably thinned. Note discontinuity in the endothe-
lium (arrowed) ( x 29,700).

Fig. 9. Portion of a leukocyte (L) protruding through thinned aortic endothelium (EC) to
the subendothelial space (SES) in a cholesterol-fat-fed baboon ( x 9,200)

Fig. 10. Elongate process (arrowed) of a leukocyte (L) with several vacuolar inclusions protrud-
ing through the aortic endothelium (EC) of a cholesterol-fat-fed baboon to the subendothelial
space (SES) ( x 6,800)
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Fig. 11. SEM from a chow-fed animal. Upper and lower panels each show a (leukocyte)
(L) partially embedded within the aortic endothelium (£C). Note the everted margins of
the endothelium (arrowed). These cells are either entering or leaving the intima. (Upper
x 22,500; lower, x 18,500)



Fig. 12. Chow-fed control animal showing a leukocyte (L) with cytoplasmic processes and
a number of translucent inclusions within the SES. The cell is closely applied to the overlying
thinned endothelium. An irregular defect in the endothelium nearby is arrowed ( x 6,500)

Fig. 13. Chow-fed control showing a leukocyte (L) in the subendothelium (SES) closely applied
to the abluminal surface of the relatively thin endothelium (EC) ( x 17,200)

Fig. 14. Chow-fed control showing a leukocyte (L) with some of the features of a macrophage
within the widened floccular SES, exhibiting occasional villous projections, dense granules
and some membrane-bound vacuolar inclusions. The overlying endothelium (EC) is attenuated
but intact ( x 5,100)

Fig. 15. Chow-fed control showing a leukocyte (L) making close contact with the thinned
but intact overlying endothelium (EC) in which a junction (J) is apparent. Golgi profiles
(G) are prominent. Part of a smooth muscle cell (SMC) is present within the subendothelium
(SES) ( x 5,600)
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phage within the SES containing both membrane-bound and non-membrane bound electron
translucent lipid inclusions and numerous dense lysosomal granules. The Golgi apparatus
(G) is readily seen. Villous cytoplasmic processes (arrowed) are present. ( x 9,000)

al large lipid vacuoles within the superficial SES adjoining a small defect
or discontinuity in the relatively thin overlying aortic endothelium. The
cell, which is surrounded by a floccular extracellular matrix, exhibits a
number of cytoplasmic villous projections. Additional mononuclear cells
within the SES, but unassociated with any endothelial defects in the plane
of sections, are illustrated in Figs. 13-15. Frequently, these cells lie in close
juxta-position to the abluminal surface of the endothelium (Fig. 13 and
15), which is typically thinned and attenuated.

While many mononuclear cells in the SES exhibit the traditional mor-
phology of peripheral blood monocytes (Figs. 14 and 15), others show a
range of appearances consistent with their transformation into macrophages
(Figs. 12 and 16). This transitional sequence includes increasing cell size,
the development of variable numbers of microvilli (Figs. 12 and 16), and
numerous cytoplasmic organelles associated with a heightened secretory and
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digestive function. The latter are reflected in the prominent perinuclear Golgi
profiles, numerous lysosomes and residual bodies, and a copious endoplas-
mic reticulum with dilated cisternae. Membrane bound lipid inclusions can
be seen in both chow-fed (Figs. 12 and 14) and cholesterol-fat-fed animals
(Fig. 16), showing variable degrees of osmiophilia. Additionally, with in-
creasing maturity, monocyte-derived macrophages not infrequently exhibit
some peripheral margination of the nuclear heterochromatin (Fig. 16).

Discussion

We have demonstrated leukocytes showing the morphological characteristics
of peripheral blood monocytes both on the endothelial surface and within
the aortic subendothelial space (SES) of the chow-fed baboon (Papio cynoce-
phalus). Other blood-derived cells, notably polymorphonuclear leukocytes,
lymphocytes and eosinophils, were also observed in the normal baboon
aortic intima but in appreciably smaller numbers. Monocytes and/or lym-
phocytes have been reported in the normal aortic intima of a number of
species including rat (Joris et al. 1979), pig (Lee et al. 1970; Schwartz et al.
1980b) and man (Geer 1965). On the basis of their findings in the rat,
Joris et al. (1979) have suggested that the presence of monocytes and lym-
phocytes in the normal aortic intima reflects a pathological response to
a chemical message originating in the subjacent media, an interpretation
with which we concur, particularly in view of our recent findings (Jauchem
et al. 1981 and 1982, Valente et al. 1984) that cultured baboon aortic medial
smooth muscle cells synthesize and release a chemoattractant for peripheral
blood monocytes.

Mononuclear-macrophage recruitment to the arterial intima was en-
hanced approximately 8-fold in mildly hypercholesterolemic baboons receiv-
ing a cholesterol-fat supplemented ration relative to normocholesterolemic
control animals receiving a chow diet alone (Table 1). Consistent with our
present findings in the baboon is the enhanced monocyte recruitment to
the arterial intima reported during hypercholesterolemia and atherogenesis
in a variety of species including rabbit (Duff et al. 1957; Poole and Florey
1958 ; Hansson 1980), pig (Gerrity et al. 1979, Gerrity 1981), rat (Still and
O’Neal 1962; Joris et al. 1983), rhesus monkey (Stary 1973 ; Schaffner et al
1980), cynomolgus macaques (Stary and Malinow 1982), and man (Geer
1965; Baba et al. 1977).

Mechanisms responsible for monocyte recruitment to the normal intima,
the enhanced recruitment in hyperlipidemic animals, and the implications
of this phenomenon in atherogenesis are of particular interest. The attach-
ment and subsequent migration of peripheral blood monocytes to the arteri-
al intima in all likelihood involve at least four processes. Initially, circulating
blood monocytes must be ‘able to make contact with the endothelium, a
process which is most likely to occur in areas of disturbed blood flow.
Secondly, having made contact with the endothelium, the monocytes must
then be able to attach. Implicit in this attachment phase, are changes in
cither the surface properties of the endothelium, the monocytes, or both.
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Thirdly, directed movement through the endothelium implies that the cells
must be capable of locomotion, and finally, because there is a net movement
of cells to the SES, one may reasonably assume the presence of appropriate
chemotactic gradients across the intima, which are recognizable by the ad-
herent monocytes.

Attachment

A number of factors including platelets (Musson et al. 1979), cell surface
proteins and charge (Hoover et al. 1978; MacGregor et al. 1978; Edelman
1976), and chemoattractants may modulate monocyte attachment to the
endothelium. Platelets were rarely seen on the endothelial surface in either
chow or cholesterol-fat-fed animals, making it unlikely that they are directly
responsible for the monocyte attachment. However, as platelet aggregation
or adhesion may be transient or evanescent, their role remains uncertain.
In terms of sialoproteins and surface charge, it is of interest that dietary-
induced hyperlipidemia in the rabbit, rat and pig (Weber et al. 1973; Balint
et al. 1974; Gerrity et al. 1979), is associated with a thinning of the arterial
endothelial glycocalyx. This change may be associated with qualitative or
quantitative modification of surface glycoproteins and may contribute to
the enhanced monocyte-endothelial attachment seen in animals receiving
a cholesterol-fat supplemented diet.

Attachment of both neutrophils and peripheral blood monocytes to plas-
tic surfaces is stimulated by chemoattractants such as C5a and the synthetic
peptide n-formyl-methionyl-leucyl-phenylalanine (O’Flaherty et al. 1978). It
is conceivable that chemoattractants originating within the arterial intima
or media may modify the endothelial surface and enhance monocyte attach-
ment, an effect which may be mediated through modulation of charge on
the surface-membrane complex (Gallin 1980).

Transendothelial migration

In acute inflammation, migration of leukocytes across the vascular endothe-
lium occurs via interendothelial junctions (Marchesi and Florey 1960). Our
findings in continuous arterial endothelium indicate that most monocytes
also appear to traverse the endothelium via interendothelial junctions. How-
ever, the occasional instance where a monocyte appears to have passed
through rather than between the endothelial cells (Fig. 12) leaves this ques-
tion open. In a number of instances defects in the endothelium were observed
in close proximity to sites of cellular migration (Figs. 8 and 12). Such defects
associated with leukocyte migration might disturb the normal endothelial
permeability barrier function.

The direction of monocyte movement could not be deduced from the
electron micrographs on the basis of monocyte polarity or the disposition
of the endothelial cell margins. The uropod, described for lymphocytes in
transit through high lymphatic venular endothelium (Schoefl 1972), which
may indicate direction of movement (Norberg et al. 1973), was not a feature
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of monocyte migration in this study. Neutrophils during oriented (Gallin
1980; Malech et al. 1977) migration on chemotactic membranes exhibit a
polar redistribution of organelles, an alteration which was not observed
in the monocytes in the present study.

Arterial wall chemoattractants

It is likely that both the attachment of monocytes to the arterial endothe-
lium, and their subsequent migration to the SES, may be modulated by
chemoattractants originating within the intima or media. This concept is
supported by the observation that leukocyte-endothelial adhesion in vitro
is enhanced by chemotactic agents (Hoover et al. 1980). A number of biolog-
ical agents have been shown to possess chemoattractant activity for mono-
cytes and/or neutrophils, including fibroblast (Sobel and Gallin 1979) and
smooth muscle cell-derived factors (Jauchem et al. 1981 and 1982; Valente
et al. 1984), collagen and its constituent chains (Postlethwaite and Kang
1976), elastin-derived peptides (Senior et al. 1980), and HETE, an hydroxy
fatty acid lipoxygenase derivative of arachidonic acid (Turner et al. 1975;
Goetzl 1976). Membrane lipid synthesis and composition have also been
shown to influence leukocyte chemotaxis (Pike and Snyderman 1980), indi-
cating a broad spectrum of interactions and the need for further explorations
in this area.

Role of monocytes in atherogenesis

The early stages of atherogenesis are characterized by an enhanced vascular
leakage, resulting in the intimal accumulation of plasma constituents
(Schwartz et al. 1978) and the appearance of blood-derived cells, notably
monocytes, lymphocytes and the occasional neutrophil and eosinophil.
When the disease has reached an advanced stage, adventitial lymphocytic
infiltration is present in approximately 80% of lesions (Schwartz and Mit-
chell 1962). Along with Joris and Majno (1979) we consider that atheroscle-
rosis fulfills the contemporary criteria defining an inflammatory process
in which the peripheral blood monocyte is an important participant. One
role is their scavenger or phagocytic function (Bainton 1980), and another
as progenitors of at least part of the macrophage-foam cell population
of the plaques. This latter is consonant with our present observations of
transitions from the typical morphology of the peripheral blood monocyte
(Nichols and Bainton 1975) to the foam cell-macrophage characteristic of
the atheromatous intima. Transformation of monocytes/macrophages into
distinct foam cells has also been described extravascularly in granulomata
(Schwartz et al. 1984). In evolving granulomata, mitoses in macrophages
were infrequent (Schwartz et al. 1984). This finding is consistent with the
carrageenan granuloma as a low turnover lesion, in which the constituent
macrophages have a long life and are augmented by a low rate of cell
division (Ryan and Spector 1969). Mitotic figures were not observed in
intimal macrophages and foam cells in the present study, in contrast to
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their presence in other species of nonhuman primates (Stary and Malinow
1982). Overall, it appears unlikely that macrophage replication contributes
significantly to the intimal foam cell population.

Other roles of the blood monocyte in atherogenesis involve their immu-
nologic function as processors of antigen and in lymphocyte activation
(Pierce 1980), and their secretory function with the release of a spectrum
of hydrolytic enzymes including elastase and collagenase (Unanue 1976;
Davies and Bonney 1979), and lipoprotein lipase (Khoo et al. 1981).

Because of the importance of smooth muscle cell proliferation in the
pathogenesis of the atheromatous plague, the mitogenic potential of the
monocyte-macrophage is of particular importance. Macrophages have been
shown to stimulate the proliferation of both fibroblasts and vascular smooth
muscle cells in culture (Leibovich and Ross 1976; Greenburg and Hunt
1978). More recently Glenn and Ross (1981) have demonstrated that acti-
vated peripheral blood monocytes release a mitogen for vascular SMC,
emphasizing another important link between the peripheral blood monocyte
and atherogenesis.

Acknowledgments. We gratefully acknowledge Mrs. P. Pegg for her assistance in preparation
of the manuscript, and the expert technical asistance of M.R. Hagens, M.A. Frankel, D.L.
Guerrero and C. Levy.

References

Baba N, Bashe WJ Jr, Jordan B, Liuzzi F (1977) Human coronary atheromatous plaques.
Am J Pathol 86:50a

Bainton DF (1980) The cells of inflammation: A general view. In: Weissman G (ed) The
cell biology of inflammation. Elsevier, North Holland Amsterdam, pp 1-25

Balint A, Veress B, Jellinek H (1974) Modifications of surface coat of aortic endothelial
cells in hyperlipemic rats. Eur Pathol 9:105-108

Davies P, Bonney RJ (1979) Secretory products of mononuclear phagocytes: A brief review.
J Reticuloendothel Soc. 26:37-47

Duff GL, McMillan GC, Ritchie AC (1957) The morphology of early atherosclerotic lesions
of the aorta demonstrated by the surface technique in rabbits fed cholesterol. Am J Pathol
33:845-873

Edelman GM (1976) Surface modulation in cell recognition and cell growth. Science
192:218-226

Gallin JI (1980) The cell biology of leukocyte chemotaxis. In: Weissman G (ed) The cell
biology of inflammation. Elsevier, North Holland Amsterdam, pp 299-335

Geer JC (1965) Fine structure of human aortic intimal thickening and fatty streaks. Lab
Invest 14:1764-1783

Gerrity RG (1981) The role of the monocyte in atherogenesis I. Transition of blood-borne
monocytes into foam cells in fatty lesions. Am J Pathol 103:181-190

Gerrity RG, Naito HK, Richardson M, Schwartz CJ (1979) Dietary induced atherogenesis
in swine. Morphology of the intima in prelesion stages. Am J Pathol 95:775-792

Glenn KC, Ross R (1981) Human monocyte-derived growth factors for mesenchymal cells:
Activation of secretion by endotoxin and concanavalin-A (CON-A). Cell 25:603-615

Goetzl ET (1976) Modulation of human eosinophil polymorphonuclear leukocyte migration
and function. Am J Pathol 85:419-436

Greenburg GB, Hunt TK (1978) The proliferative response in vitro of vascular endothelial
and smooth muscle cells exposed to wound fluids and macrophages. J Cell Physiol
97:353-360



190 C.J. Schwartz et al.

Hansson GK (1980) Endothelial injury and monocyte adhesion in atherogenesis. Experimental
studies in the rabbit. Doctoral Thesis, University of Goteborg, Goteborg, Sweden

Hoover RL, Briggs RT, Karnovsky MJ (1978) The adhesive interaction between polymorphon-
uclear leukocytes and endothelial cells in vitro. Cell 14:423-428

Hoover RL, Folger R, Haering WA, Ware BR, Karnovsky MJ (1980) Adhesion of leukocytes
to endothelium: Roles of divalent cations, surface charge, chemotactic agents and substrate.
J Cell Sci 45:73-86

Jauchem JR, Schwartz CJ, Sprague EA, Collins JF, Fine R (1981) Conditioned media from
smooth muscle cells increase monocyte migration. Fed Proc 40:335

Jauchem JR, Lopez M, Sprague EA, Schwartz CJ (1982) Mononuclear cell chemoattractant
activity from cultured arterial smooth muscle cells. Exp Mol Pathol 37:166-174

Joris I, Majno G (1979) Atherosclerosis and inflammation. In: Chandler AB, Eurenius XK,
McMillan GC, Nelson CB, Schwartz CJ, Wessler S (eds) The thrombotic process in athero-
genesis. Plenum Press, New York, pp 227-233

Joris 1, Stetz E, Majno G (1979) Lymphocytes and monocytes in the aortic intima. An electron
microscopic study in the rat. Atherosclerosis 34:221-231

Joris I, Zand T, Nunnari JJ, Krolikowski FJ, Majno G (1983) Studies on the pathogenesis
of atherosclerosis I. Adhesion and emigration of mononuclear cells in the aorta of hypercho-
lesterolemic rats. Am J Pathol 113:341-358

Khoo JC, Mahoney EM, Witzum JL (1981) Secretion of lipoprotein lipase by macrophages
in culture. J Biol Chem 256:7105-7108

Lee KT, Lee KJ, Lee SK, Imai H, O’Neal RM (1970) Poorly differentiated subendothelial
cells in swine aortas. Exp Mol Pathol 13:118-129

Leibovich SJ, Ross R (1976) A macrophage-dependent factor that stimulates the proliferation
of fibroblasts in vitro. Am J Pathol 84:501-514

Lewis JC, Taylor RG, Jones ND, StClair RW, Cornhill JF (1982) Endothelial surface character-
istics in pigeon coronary artery atherosclerosis 1. Cellular alterations during the initial
stages of dietary cholesterol challenge. Lab Invest 46:123-138

MacGregor RR, Macarak EJ, Kefalides NA (1978) Comparative adherence of granulocytes
to endothelial monolayers and nylon fiber. J Clin Invest 61:697-702

Malech HL, Root RK, Gallin JI (1977) Structural analysis of human neutrophil migration.
Centriole, microtubule, and microfilament orientation and function during chemotaxis.
J Cell Biol 75:666—693

Marchesi VT, Florey HW (1960) Electron micrographic observations on the emigration of
leukocytes. Quart J Exp Physiol 45:343-348

Musson RA, Henson PM (1979) Humoral and formed elements of blood modulate the response
of peripheral blood monocytes. I. Plasma and serum inhibit and platelets enhance monocyte
adherence. J Immunol 122:2026-2031

Nichols BA, Bainton DF (1975) Ultrastructure and cytochemistry of mononuclear phagocytes.
In: Van Furth R (ed) Mononuclear phagocytes. Blackwell Scientific Publications, Oxford,
pp 17-55

Norberg B, Rydgren L, Soderstrom N (1973) Lymphocyte locomotion. Morphological criteria
of the direction of lymphocyte movement. Lymphology 6:187-191

O’Flaherty JT, Kreutzer DL, Ward PA (1978) Chemotactic factor influences on the aggrega-
tion, swelling, and foreign surface adhesiveness of human leukocytes. Am J Pathol
90:537-550

Pierce CW (1980) Macrophages: Modulators of immunity. Am J Pathol 98:10-28

Pike MC, Snyderman R (1980) Lipid requirements for leukocyte chemotaxis and phagocytosis:
Effects of inhibitors of phospholipid and cholesterol synthesis. J Immunol 124:1963-1969

Poole JCF, Florey HW (1958) Changes in the endothelium of the aorta and the behavior
of macrophages in experimental atheroma of rabbits. J Pathol Bact 75:245-251

Postlethwaite AE, Kang AH (1976) Collagen- and collagen peptide-induced chemotaxis of
human blood monocytes. J Exp Med 143:1299-1307

Ryan GB, Spector WG (1969) Natural selection of long-lived macrophages in experimental
granulomata. J Pathol 99:139-151

Schaffner T, Taylor K, Bartucci EJ, Fischer-Dzoga K, Beeson JH, Glagov S, Wissler RW



Monocyte recruitment in atherogenesis 191

(1980) Arterial foam cells with distinctive immunomorphologic and histochemical features
of macrophages. Am J Pathol 100:57-74

Schoefl GI (1972) The migration of lymphocytes across the vascular endothelium in lymphoid
tissue. A reexamination. J Exp Med 136:568-588

Schwartz CJ (1978) Initial events in atherogenesis. In: McDonald L, Goodwin J, Resnekov
L (eds) Very early recognition of coronary heart disease. Excerpta Medica, Amsterdam,
pp 47-61

Schwartz CJ, Mitchell JRA (1962) Cellular infiltration of the human arterial adventitia asso-
ciated with atheromatous plaques. Circulation 26:73-78

Schwartz CJ, Gerrity RG, Lewis LJ (1978) Arterial endothelial structure and function with
particular reference to permeability. In: Paoletti R, Gotto AM Jr (eds) Atherosclerosis
Reviews III. Raven Press, New York, pp 109-124

Schwartz CJ, Fine R, Kelley JL, Sprague EA, Jauchem J (1980a) Monocyte recruitment in
the normal and atheromatous nonhuman primate aorta. Circulation 62 (Suppl 111):36

Schwartz CJ, Gerrity RG, Sprague EA, Hagens MR, Reed CT, Guerrero DL (1980b) Ultra-
structure of the normal arterial endothelium and intima. In: Gotto AM Jr, Smith LC,
Allen B (eds) International symposium on atherosclerosis, 5th, Houston, Texas, 1979.
Springer-Verlag, New York, pp 112-120

Schwartz CJ, Ghidoni JJ, Kelley JL, Sprague EA, Valente AJ, Suenram CA (1984) Evolution
of foam cells in subcutaneous rabbit carrageenan granulomas I. Light microscopic and
ultrastructural study. Am J Pathol (in press)

Senior RM, Griffin GL, Mecham RP (1980) Chemotactic activity of elastin-derived peptides.
J Clin Invest 66:859-862

Sobel JD, Gallin JI (1979) Polymorphonuclear leukocyte and monocyte chemoattractants pro-
duced by human fibroblasts. J Clin Invest 63:609-618

Stary HC (1974) Proliferation of arterial cells in atherosclerosis. In: Wagner WD, Clarkson
TB (eds) Arterial mesenchyme and arteriosclerosis. Plenum Press, New York, pp 59-81

Stary HC, Malinow MR (1982) Ultrastructure of experimental coronary artery atherosclerosis
in cynomolgus macaques. Atherosclerosis 43:151-175

Still WIS, O’Neal RM (1962) Electron microscopic study of experimental atherosclerosis in
the rat. Am J Pathol 40:21-35

Stossel TP (1974) Phagocytosis. N Engl T Med 290:717-723, 774-780, 833-839

Turner SR, Tainer JA, Lynn WS (1975) Biogenesis of chemotactic molecules by the arachidon-
ate lipoxygenase system of platelets. Nature 257: 680681

Unanue ER (1976) Secretory function of mononuclear phagocytes. A review. Am J Pathol
83:396-417

Unanue ER (1978) The regulation of lymphocyte functions by the macrophage. Immuno
Rev 40:227-255

Unanue ER (1979) The macrophage as a regulator of lymphocyte function. Hosp Pract
14:61-74

Valente AJ, Fowler SR, Sprague EA, Kelley JL, Suenram CA, Schwartz CJ (1984) Initial
characterization of a peripheral blood mononuclear cell chemoattractant derived from cul-
tured arterial smooth muscle cells, Am J Pathol (in press)

Van Furth R (1970) Origin and kinetics of monocytes and macrophages. Semin Hematol
7:125-141

Weber G, Fabbrini P, Resi L (1973) On the presence of a concanavalin-A reactive coat over
the endothelial aortic surface and its modifications during early experimental cholesterol
atherogenesis in rabbits. Virchows Arch [Pathol Anat] 359:299-307

Accepted October 3, 1984



