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With an increasing interest in the role of the monocyte-
macrophage in the pathogenesis of atherosclerosis and
as a progenitor of plaque intimal foam cells, a model for
the study of foam-cell differentiation in an extravascular
environment has been developed. Granulomas were in-
duced in 25 normocholesterolemic (NC) and 28 hyper-
cholesterolemic (HC) rabbits by the subcutaneous injec-
tion of 15 ml of 1% carrageenan. Granuloma tissue was
harvested at 4, 7, 14, and 28 days and studied by light
and transmission electron microscopy. Macrophages and
foam cells were isolated by enzymic dispersion with col-
lagenase and cultured for further characterization by
scanning electron microscopy, nonspecific esterase (NSE),

and oil red O (ORO) staining. Granuloma macrophages
from NC rabbits were consistently ORO-negative, con-
trasting with those from HC rabbits which were strongly
ORO-positive, even at 4 and 7 days. With an increasing
duration of exposure to hypercholesterolemia, macro-
phages accumulated increasing amounts of stainable lipid,
and in the 28-day HC granulomas, large foam cells dis-
tended by lipid inclusions accounted for 70% of the cells
present. This model has established that NSE-positive
macrophages in HC granulomas accumulate lipid and
assume the morphologic characteristics of atheromatous
intimal foam cells. (Am J Pathol 1985, 118:134-150)

THERE IS an increasing body of evidence indicating
that the pathogenesis of atherosclerosis has one or more
inflammatory components. Advanced lesions in man
are characterized by a prominent lymphocytic infiltrate,
predominantly adventitial,! and frequent granuloma-
tous foci.?? In experimental hypercholesterolemia and
during atherogenesis, monocyte-macrophage recruit-
ment to the arterial intima is enhanced in a variety of
species, including rabbits,* rats,”-® pigs,®-*! birds,'?> and
various nonhuman primates.®!3-** Tissue macrophages
of peripheral blood monocyte origin'¢ play an impor-
tant role in inflammation, serving as scavengers or secre-
tory cells'’*® and as regulators of lymphocyte func-
tion.'?° In the arterial intima their putative role as
progenitors of at least part of the plaque foam-cell
population has been demonstrated in both rabbits and
nonhuman primates on the basis of a number of fea-
tures, including the presence of Fc and C; receptors,
acid lipase activity, and lysozymelike antigen.® For a
better understanding of the role(s) of the monocyte-
macrophage in atherogenesis, it appears important that
the evolving foam cell be characterized during its
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differentiation with respect to surface receptor identity
markers, the activation status as measured by lysosomal
enzyme release and superoxide anion generation,
lipoprotein uptake and catabolism, lipid composition
and metabolism, and lipoprotein lipase secretion and
release. Toward these objectives we have developed a
model for the production of foam cells in the extravas-
cular environment by the induction of subcutaneous
carrageenan granulomas in animals rendered hyper-
cholesterolemic by dietary cholesterol-oil supplemen-
tation.?! We undertook this component of our studies
to characterize the light-microscopic and ultrastructural
features of granuloma foam cells during their differen-
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tiation and to define the conditions for their isolation
and culture.

Materials and Methods
Animals

Male adult New Zealand White rabbits ranging in
initial weight from 2.2 to 4.0 kg were used.

Granuloma Induction

The rabbits were anesthetized with a combination of
25 mg of ketamine (Vetalar, Parke-Davis, Morris
Plains, NJ) and 5 mg of xylazine (Rompun, Bayvet Divi-
sion, Cutter Laboratories, Shawnee, Kans) per kg body
weight. The anterior abdominal wall was shaved and
the skin sterilized with a combination of 70% ethanol
and Prepodyne Solution (American Sterilizer Co., Erie,
Pa). Fifteen milliliters of a sterile 1% (wt/vol) solution
of carrageenan (Gelcarin HMR, Marine Colloids Di-
vision, FMC Corporation, Rockland, Maine) in physi-
ologic saline (0.85%, wt/vol) at 37 C was slowly injected
subcutaneously in the midline of the anterior abdomi-
nal wall.

Experimental Design

Figure 1 shows the design of the study. Carrageenan
granulomas were induced in 25 normocholesterolemic
(NC) rabbits fed ad libitum with rabbit pellets (Wayne
Feed Division, Continental Grain Co., Chicago, Ill), and
in 28 hypercholesterolemic (HC) rabbits fed a diet sup-
plemented with cholesterol-peanut oil blended in the
following proportions: pellets, 75g; cholesterol (USP
grade), 0.25 g; and peanut oil, 6.0 ml. The cholesterol
was dissolved in warmed oil prior to blending. The cho-
lesterol-oil diet was started 28 days prior to carragee-
nan injection and was continued until sacrifice. At 4,
7, 14, and 28 days the rabbits were exsanguinated, and
the granulomas were harvested. Serum total cholesterol
was determined at sacrifice with the use of an automated
enzymatic procedure.?? Representative samples of
granuloma tissue were used for morphologic assess-
ment, and the remainder were used for macrophage
culture.

Morphology

Granuloma tissue samples (2-4 mm) were studied by
light microscopy with the use of a combination of tease
preparations, paraffin and frozen sections, and 1-u
Araldite-embedded thick sections. Both the tease prepa-
rations and frozen sections were stained with oil red
O (ORO) for neutral lipid. Nonspecific esterase stain-
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Figure 1 — Schematic of experimental design, with numbers of ani-
mals in each time and diet group in parentheses.

ing (NSE), used as a putative marker of monocytes and
monocyte-derived macrophages, employed a-naphthyl
acetate as substrate?*-2* and methyl green as a counter-
stain. Control preparations were incubated in the ab-
sence of substrate or in the presence of NaF (1.5 mg/ml).
Paraffin sections were cut at several levels and stained
with hematoxylin and eosin (H&E).

For transmission electron microscopy, tissue samples
were diced to approximately 1 cu mm and fixed in a
combination of 2.5% glutaraldehyde and 2% parafor-
maldehyde in 0.1 M Na cacodylate buffer. The tissue
was postfixed in aqueous buffered 1% OsO, for 1 hour,
dehydrated, and embedded in Araldite 502. Ultrathin
sections were stained with 2% aqueous uranyl acetate
and Reynold’s lead citrate for examination in either a
Philips 301 or a JEOL 100 CX electron microscope.

Nonspecific esterase activity at the ultrastructural
level employed a procedure using 2-naphthyl thiol ace-
tate (NTA) as substrate.?® After an initial fixation in
2.5% glutaraldehyde and 2% paraformaldehyde in 0.1
M Na cacodylate for 4 hours at 4 C, the tissue dices
were incubated in buffered NTA substrate (pH 7.4) con-
taining Fast Blue BB Salt (Sigma, St. Louis, Mo) as the
coupling agent for 6 hours, washed twice with 0.1 M
Na cacodylate buffer, and postfixed in 1% aqueous
Os0O, for 6 hours. Control preparations were processed
similarly, but with the substrate (NTA) absent.

Granuloma Macrophage Culture

Granuloma tissue dissected from the anterior ab-
dominal wall was finely minced with scissors in sterile
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Figure 2a—NC 14-day granuloma showing macrophages, some
with obvious inclusions. Two mitotic figures are shown by arrows.
Early cell fusion is seen on the left. (H&E, x500) b—HC 14-day
granuloma showing large macrophages, some epitheloid cells, and
a central polykarion. (H&E, x600) c—Frozen section of an NC
7-day granuloma showing little or no stainable cellular lipid. (ORO,
x500) d—Frozen section of an HC 7-day granuloma showing
prominent stainable cellular lipid. (ORO, x500) e—Tease prep-
aration of an NC 7-day granuloma showing strongly positive NSE
reaction product in macrophages. (NSE, x700)
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Petri dishes in a laminar flow hood. The minced tissue
was agitated in a shaking water bath for 1 hour at 37
Cin 25 ml of a sterile filtered incubation medium con-
taining collagenase (Type I, Worthington), 1 mg/ml,
and soybean trypsin inhibitor (Sigma, St. Louis, Mo),
0.25 mg/ml, prepared in Dulbecco’s phosphate-buffered
saline (PBS), pH 7.4, with Ca?* and Mg?* present. The
resulting turbid fluid with residual tissue fragments was
then gently teased through a sterile nylon mesh filter
(catalog no. HC3-183, TETKO Inc., Elmsford, NY), and
the cell-rich filtrate was collected in graduated 50-ml
polypropylene centrifuge tubes. Filtration of the vis-
cous digestate was assisted by the periodic addition of
M199 (GIBCO, Grand Island, NY) containing 20% fe-
tal calf serum (FCS) to the gellike mass on the filter.
The tubes were made up to a volume of 50 ml with M199
containing 20% FCS. Duplicate viable cell counts were
determined with the use of a hemocytometer, and the
cells were centrifuged at 1000g for 10 minutes at 14 C.
Cell pellets were resuspended in M199 plus 20% FCS
to a concentration of 2 X 10%/ml and plated at den-
sities of 2.5-5.0 X 10%/sq cm in 35-mm glass Petri dishes,
some containing glass coverslips. The medium was re-
moved after 2 hours, the cells were rinsed, and 2 ml
M199 containing 20% FCS was added to maintain
culture.

The cultured cells were examined by light microscopy,
under phase, and after NSE and H&E staining, and by
scanning electron microscopy, with the use of prepara-
tive techniques already described in detail.?¢

Results
Gross Appearance of Granulomas

Excised granuloma tissue ranged in weight from 7
to 14 g, with color and consistency varying with the na-
ture of the diet (NC or HC) and granuloma age. At 4
days the NC and HC granulomas were indistinguisha-
ble, each exhibiting a gelatinous or myxoid consistency
and a gray somewhat translucent appearance with
hemorrhagic mottling. With increasing age both the NC
and HC granulomas became less myxoid, and at 14 and
28 days the tissue was clearly firmer, paler, and more
fibrotic. HC granulomas at 14 and 28 days differed from
their NC pairs in exhibiting a pale yellow to orange
mottling. Vascularization became grossly recognizable
at 7 days.

Light Microscopy —NC Granulomas

In H&E-stained paraffin sections, NC granulomas
showed a series of changes with increasing age. At 4

MACROPHAGE-DERIVED FOAM CELLS 137

days, the principal histologic features were those of an
acute inflammatory response. A modest polymor-
phonuclear leukocytic infiltrate was observed, together
with slight focal interstitial hemorrhage and a diffuse
sprinkling of both mononuclear cells and macrophages
within the loose, slightly vascular stroma containing
floccular carrageenan. Some elongate cells resembling
fibroblasts and a few lymphocytes and plasma cells were
also seen. Seven-day granulomas exhibited abundant
large macrophages containing reticular or vacuolated
inclusions. These appeared either in confluent sheets
or perivascular nodules, sometimes infiltrating the mus-
cle of the anterior abdominal wall. Vascularization of
the 7-day lesions was prominent. Straplike elongate
cells, similar to those of the 4-day lesions, were pres-
ent, together with some loose collagen, and occasional
granulocytes, lymphocytes, and monocytes. Occasional
mitotic figures in cells resembling macrophages were ob-
served, with a frequency of up to two per high-power
field.

By 14 days the granulomas were distinctly more
fibrous, and macrophages containing inclusions of vari-
able size were prominent (Figure 2a), with some ten-
dency to form nodular arrays. Large epithelioid cells,
in various stages of fusion, and multinucleate cells were
seen (Figure 2b). Elongate cells, resembling fibroblasts,
were frequent. Monocytes were inconspicuous, but an
occasional granulocyte was observed. The transition
from 14- to 28-day lesions was characterized by an in-
creasing amount of dense fibrous tissue. Macrophages
remained prominer}t, and epithelioid and multinucle-
ate giant cells were frequent. Monocytes were incon-
spicuous, and granulocytes were not seen. From 7
through 28 days the macrophages of the NC granulomas
showed no discernible increase in size.

Lipid staining with ORO of both frozen sections and
tease preparations of intact cells revealed that the NC
granuloma macrophages at all ages were essentially free
of stainable neutral lipid (Figure 2¢), with only an oc-
casional cluster of cells showing the presence of very
fine cytoplasmic droplets. With NSE staining of both
tease preparations and frozen sections, cells with the
morphologic appearance of either monocytes or mac-
rophages were strongly NSE-positive, with prominent
red-brown cytoplasmic granules (Figure 2e). Other cells,
including lymphocytes and elongate fibroblastlike cells,
were either NSE negative or only faintly positive. At
7 days greater than 80% of the cells were strongly posi-
tive, but with increasing age and the presence of more
fibroblastlike cells at 14 and 28 days, this declined
proportionately. The NSE reaction was consistently
negative in the absence of substrate. However, in the
presence of substrate and NaF, some cells, including
macrophages, remained moderately NSE-positive.
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Table 1—The Cellular Distribution in Evolving Granulomas
Expressed as a Percentage of the Total Cells Identified
Ultrastructurally Within Each Diet Group and Time Period*

f
Morphologic Diet Age of carrageenan granuloma

cell type group 4 days 7 days 14 days 28 days
Monocytes NC 9.3 2.2 - 1.8
HC 7.1 2.1 3.8 1.0
Macrophages NC 86.0 79.6 93.2 89.1
HC 90.5 84.5 825 29.8
Foam cells NC - - — -
HC - 134 1.7 69.2
Granulocytes NC - 13.6 4.6 1.8
HC 2.4 - 1.0 -
Lymphocytes NC 1.6 4.6 2.2 7.3
HC - - 1.0 -
Plasma cells NC 31 - — -
HC - - - -
Number of cells NC 64 44 88 55
identified HC 42 142 103 117

* Fibroblasts and vascular smooth-muscle cells were excluded
from these calculations. The fibroblast data are presented separate-
ly in Figure 9. Monocytes were differentiated from macrophages on
the basis of several criteria, the latter being larger and exhibiting
prominent lysosomal inclusions, numerous cytoplasmic projections,
and peripheral condensation of nuclear heterochromatin.

Light Microscopy — HC Granulomas

With H&E-stained paraffin sections, granuloma tis-
sue from HC rabbits showed many similarities to that
from NC animals, but with some notable differences.
At 4 days, while the overall cellular composition of the
lesions appeared similar, the macrophages were more
prominent and in particular were larger, with a vesicu-
lar cytoplasm, reflecting both the ingested carrageenan
and cytoplasmic lipid inclusions. Morphologically, how-
ever, no foam cells were seen at this time. By 7 days,
the HC granulomas exhibited both sheets and nodular
arrays of large macrophages, some of which were dis-
tended by clear vacuolar lipid inclusions and could be
recognized as foam cells. The macrophages were clearly
larger than those seen in the NC lesions at 7 days, a
difference which persisted through 14 and 28 days. Mul-
tinucleate giant cells made their appearance at 7 days
and were seen with increasing frequency thereafter (Fig-
ure 2b).

Although the cellular composition of the 14-day NC
and HC granulomas remained essentially similar, mac-
rophages distended by numerous large and small lipid
inclusions morphologically resembling foam cells were
prominent in the HC lesions. Typical epithelioid cells,
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some in the process of fusion, together with multinucle-
ate cells, were frequent, as in the NC lesions.

At 28 days the more fibrotic HC granulomas were
characterized by many large foam cells, distended by
both large and small lipid inclusions.

NSE-staining of both tease preparations and frozen
sections of HC granulomas revealed that monocytes,
lipid-rich macrophages, and typical foam cells were
strongly NSE-positive, indicating that the massive ac-
cumulation of lipid in the granuloma macrophages does
not suppress their NSE-staining capacity. As with NC
macrophages, the NSE reaction was completely in-
hibited in the absence of substrate, but only partially
by NaF.

In contrast to the virtual absence of appreciable
ORO-stainable lipid in NC granuloma macrophages,
the macrophages from HC granulomas revealed con-
siderable ORO-positive lipid in both large and small
cytoplasmic droplets as early as 4 days. Increasing lipid
accumulation occurred thereafter, with considerable
distension of the macrophage-derived foam cells by
large numbers of ORO-positive cytoplasmic droplets
at 7, 14, and 28 days (Figure 2d).

In two animals, loculated bacterial abscesses were
found, and these were excluded from further morpho-
logic or culture studies.

Ultrastructure of NC and HC Granulomas

Within the limitations of differing tissue sample size,
there was good overall agreement between the obser-
vations made at the light- and electron-microscopic
levels.

Four-Day Lesions

At 4 days, the salient fine-structural features of NC
granulomas were those of loose vascular granulation
tissue. Extracellular residual carrageenan persisted as
a floccular to finely granular material of intermediate
electron density. Of the cells enumerated, 9.3% had the
morphologic appearance of monocytes, and 86.0% were
identified as macrophages (Table 1). The macrophages
exhibited the customary peripheral cytoplasmic projec-
tions, some peripheral condensation of nuclear hetero-
chromatin, and copious large and small membrane-
bound inclusions, mostly containing a floccular mate-
rial resembling ingested carrageenan. Myelin bodies
were inconspicuous or absent, and the inclusions,
presumably lysosomal, showed no tendency to fusion,
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with their limiting membranes essentially intact. Also
identified in the 4 day NC lesions were elongate fibro-
blasts with a prominent moderately dilated rough
endoplasmic reticulum (RER) and occasional lympho-
cytes and plasma cells. Granulocytes (or pseudo-
eosinophils) were inconspicuous. Occasional smooth-
muscle cells, associated with neovascularization, were
seen. Extracellular fibrin was not identified.

The overall cellular composition of the 4-day HC
granulomas was similar to that of NC granulomas (Ta-
ble 1): 7.1% of the HC lesions cells were identifiable
as monocytes, 90.5% were identified as macrophages,
and no foam cells were present. Macrophages of the
HC lesions exhibited a number of fine-structural differ-
ences. Although large and small carrageenan-containing
inclusions were again prominent, some were not mem-
brane-bound, and others showed an incomplete mem-
brane structure, with a tendency to coalescence or fu-
sion. Additionally, many of the HC macrophages
exhibited multiple small electron-translucent mem-
brane-bound inclusions not seen in the NC macro-
phages, an appearance consistent with lysosomal lipid
accumulation. Further, the HC macrophages contained
numerous laminated myelin forms, both within
membrane-bound inclusions and also free within the
cytoplasm, a finding which contrasts sharply with their
paucity in NC macrophages. Thus, as early as 4 days,
macrophages of the NC and HC granulomas exhibit
a number of consistent fine structural differences.

Seven-Day Lesions

The 7-day NC granulomas were relatively similar in
cellular composition and appearance to the 4-day le-
sions: 2.2% of the cells were identified as monocytes,
and 79.6% were identified as macrophages (Table 1).
Small and large mainly membrane-bound carrageenan-
containing inclusions persisted (Figure 3a), some show-
ing coalescence. Occasional myelin forms were seen, but
these were relatively inconspicuous. Fibroblasts, appear-
ing as elongate cells with a prominent dilated RER, were
two times more frequent at 7 days, and small numbers
of granulocytes and lymphocytes were identified. Some
necrotic cells of indeterminate origin were seen in the
NC granulomas for the first time.

In 7-day HC granulomas, 2.1% of the cells were
monocytes, 84.5% macrophages, and 13.4% had the
distinctive appearance of foam cells, the latter exhibit-
ing a cytoplasm containing small electron-translucent
inclusions, both membrane-bound and non-membrane-
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bound, some showing fusion. The macrophages showed
persistent large and small carrageenan-containing in-
clusions (Figure 3b), the floccular material exhibiting
a somewhat more reticular pattern with intervening
electron-translucent areas. The limiting membranes of
these inclusions were frequently incomplete, and coales-
cence or fusion was common. Both the macrophages
and foam cells contained myelin bodies, both within
lysosomal inclusions and apparently free within the
cytoplasm.

Most of the macrophages also contained variable
numbers of small clear inclusions similar in size and
electron translucency to those characteristic of aortic
foam cells (Figure 3b). These clearly provided evidence
of a continuous morphologic transition from the typi-
cal monocyte-derived macrophage, on the one hand,
to the distinctive distended foam cell, on the other.

Fourteen-Day Lesions

At 14 days the NC granulomas contained neither
monocytes nor foam cells. Ninety-three percent of the
cells were macrophages with predominantly large,
mostly membrane-bound inclusions containing floccu-
lar ingested carrageenan, some with a reticular pattern.
Inclusions frequently showed various phases of coales-
cence or fusion (Figure 4a). Myelin bodies, while pres-
ent, were inconspicuous. Fibroblasts with a prominent
RER, often in close apposition to macrophages, were
most numerous at 14 days, and a moderate amount of
collagen was apparent. Only an occasional lymphocyte
or granulocyte was seen.

The cellular composition of the 14-day HC gran-
ulomas was similar to that of 7-day HC lesions, with
3.8% of the cells identified as monocytes, 82.5% as mac-
rophages, and 11.7% as distinct foam cells, with their
cytoplasm distended by large numbers of clear, small
inclusions (Table 1). The macrophages, larger than their
14-day NC counterparts, exhibited prominent lysosomal
and cytoplasmic myelin, large and smaller carrageenan-
containing inclusions with frequent coalescence, and
small, clear inclusions, which, with increasing numbers,
presented a spectrum of transitions to the fully devel-
oped foam cell (Figure 4b). Other cells observed in the
HC lesions included fibroblasts, although not as prom-
inent as in the 14-day NC granulomas, and an occa-
sional granulocyte and lymphocyte. Some smooth-
muscle cells, associated with new vessels, exhibited oc-
casional clusters of small, clear inclusions similar to
those of the foam cells. Polykarion formation was also
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Figure 3a— A 7-day NC macrophage with multiple lysosomal carrageenan inclusions. Peripheral condensation of nuclear heterochromatin
can be seen. (x 9700) b— A 7-day HC macrophage with large lysosomal carrageenan inclusions and some smaller electron-translucent
inclusions (arrows). Cytoplasmic processes are prominent. The Golgi apparatus (G) is readily identifiable. ( x 12,000)
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Figure 4a — NC 14-day macrophages with large and small lysosomal carrageenan inclusions, some of which appear to exhibit fusion (arrows).
Myelin forms are inconspicuous. ( x 5800) b — HC 14-day macrophages with large and small inclusions, prominent myelin forms, and numer-
ous small electron-translucent inclusions, some of which have no limiting membranes. (x 5800)
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observed. Collagen was clearly more abundant than in
the 7-day lesions.

Twenty-Eight-Day Lesions

In the 28-day NC granulomas, monocytes were sparse
(1.8%), and macrophages were (89.1%) the dominant
cell. The occasional granulocyte and lymphocyte were
observed, and fibroblasts with a prominent dilated RER
were frequent, tending to be closely applied or almost
wrapped around the macrophages. Collagen was prom-
inent. Epithelioid cell fusion resulted in frequent poly-
karions, with complex multilamellar interdigitating
membranous nexi. Macrophage inclusions were of vary-
ing size, some showing coalescence and most contain-
ing floccular carrageenan (Figures 5 and 6). Myelin bod-
ies, while present, were not prominent.

The 28-day HC granulomata differed markedly from
the 28-day NC lesions, in that well-developed foam cells
comprised 69.2% of the cell population (Figures 5b,
7, 8c), while macrophages comprised 29.8% and mono-
cytes (1%) were sparse. As in earlier HC lesions, mac-
rophages in various stages of transition to foam cells
were present, with cells showing both large and small
carrageenan containing inclusions and variable num-
bers of small electron translucent inclusions (Figures
5b, 7, 8c). Coalescence of small inclusions was noted
(Figures 7, 8c). Collagen was also prominent in the HC
lesions. Cell necrosis and interstitial cellular debris were
seen. Fibroblasts, while present, were less numerous
than in the NC lesions (Figure 9).

Ultrastructural Nonspecific Esterase (NSE)
Activity in Granuloma Macrophages

As described earlier, NSE activity was examined
ultrastructurally with 2-naphthyl thiol acetate (NTA)
as substrate on 14-day and 28-day NC and HC granu-
loma macrophages and foam cells. Carrageenan-
containing macrophages of 14-day and 28-day NC
granulomas exhibited NSE reaction product, appear-
ing as round or ovoid electron-dense bodies of varia-
ble size (Figure 8a). While many were topographically
associated with membrane-bound lysosomal inclusions,
others showed no such association, appearing free
within the cytoplasm (Figure 8a). NSE-positivity was
retained in the macrophages and foam cells of the 14-
day and 28-day HC granulomas (Figure 8b). In the foam
cells the electron-dense bodies were present both within
many of the numerous electron-translucent inclusions
and also within some of the membrane-bound granu-
lar inclusions (Figure 8b). As in the NC macrophages,
some, however, also appeared free within the cytoplasm.
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No clear difference in the distribution or amount of
NSE reaction product in NC macrophages and HC
macrophages or foam cells was discerned. Small
amounts of reaction product were noted in some neo-
vascular smooth-muscle cells.

Macrophage Cultures

These studies have established the feasibility of en-
zymatic dispersion and isolation of macrophages for
culture from both NC and HC granulomas. As their
characterization ultrastructurally, enzymatically, im-
munologically, and biochemically will be reported
separately,?” we describe here some selected observa-
tions on the cells from 14-day granulomas only. Cell
yields ranged from 8.2 to 13.6 X 10¢ per granuloma with
no consistent difference between NC and HC lesions.
Adherent cells in the culture were predominantly NSE-
positive (>90%), with occasional straplike cells and
other cells of uncertain identity showing little or no reac-
tion product. The NSE-staining was largely abolished
by NaF and completely with substrate absent. With
scanning electron microscopy the macrophages cultured
from HC granulomas were consistently larger than their
NC counterparts, some showing multiple small ovoid
bulges or protrusions, which are tentatively interpreted
as representing cellular lipid inclusions.

Adherent macrophages from both NC and HC
granulomas showed considerable morphologic varia-
tion with scanning electron microscopy, some poly-
hedral or more rounded cells showing extensive aprons
of attachment and spreading (Figure 10), while others
were more elongate. Long, attenuated cytoplasmic
projections were frequent.

Discussion

Carrageenan, a long-chain sulfated polysaccharide
derived principally from Irish sea moss, Chondrus
crispus, has been fractionated into two discrete com-
ponents, namely kappa- and lambda-carrageenans with
potassium chloride.?® Kappa-carrageenan, which com-
prises some 40% of the carrageenan extract,?’ is com-
posed of sulfated p-galactose and 3,6-anhydro-b-
galactose in equimolar ratios and has a branched struc-
ture.*-*' Lambda-carrageenan is composed principally
of sulfated p-galactose*? and appears to be more active
than the kappa-fraction in eliciting either acute® or
chronic inflammation.** The carrageenan used in the
present study consisted of both kappa and lambda
moieties.

Since the initial observation of Robertson and
Schwartz® that subcutaneously injected carrageenan
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Figure 5a — NC 28-day macrophage with large and small lysosomal inclusions. A portion of a polykarion (arrow) is seen to the right. Complex
multilamellar membranous arrays partially surround the cell. ( x 4500) b — HC 28-day foam cell with multiple small electron-translucent,
mostly membrane-bound inclusions and both large and small carrageenan-containing inclusions. Collagen is present extracellularly. ( x 6100)
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Figure 6 — NC 28-day granuloma macrophages in close apposition with complex interdigitating processes. Large and small floccular or reticular
inclusions, some showing fusion, are prominent. There is a crystalline structure, probably calcific, within a membrane-bound inclusion (arrow).
(% 5500)
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Figure 7 — HC 28-day granuloma showing several ovoid or polyhedral foam cells in close apposition, and distended by large numbers of electron-
translucent inclusions, some exhibiting fusion. Smaller numbers of putative carrageenan-containing inclusions (arrow) are present. Nuclear
heterochromatin shows peripheral condensation. (x 7500)
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C

Figure 8a — NC 28-day macrophage showing NSE reaction product both within inclusions and in the cytoplasm. (x 5700) b—HC 28-day
foam cell showing NSE reaction product within electron-translucent inclusions and in the cytoplasm. ( x 4800) ¢ —HC 28-day granuloma
showing portions of 4 foam cells. Electron-translucent inclusions, mostly small, are prominent; some have no distinct limiting membranes,
and others appear to be coalescing. Myelin forms are frequent. Two vascular smooth-muscle cells (arrows) contain several lipid inclusions

and small crystalline structures. (x 10,100)
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Figure 9 — The relative distribution of fibroblastlike cells in NC and
HC granulomas expressed as a percentage of the total number of
cells identified ultrastructurally, within each time and diet group.

leads to the development of chronic granulomatous
inflammation in the guinea pig, the carrageenan model
has been extensively employed in both skin and lung
in the study of the composition, evolution, and cellu-
lar kinetics of chronic granulomatous inflammation in
a number of species.?*™*? In the present study, the tem-
poral evolution of the carrageenan granuloma in the
normocholesterolemic (NC) rabbit was found to be
similar to that observed in mice, rats, and guinea
pigs.3%-37-4° Although small numbers of granulocytes
were seen at 4, 7, and 14 days, it is likely that they were
present in greater numbers within the first 24-48
hours,?¢-3” and that by 4 days, the acute inflammatory
response to carrageenan had largely subsided. From
4-28 days the predominant cells were large macro-
phages, with lysosomal floccular carrageenan inclu-
sions, accounting for some 80-90% of the cells
identified (Table 1). These cells, with prominent
cytoplasmic projections, indented or reniform nuclei,
and peripheral condensation of nuclear heterochroma-
tin, were NSE-positive at both the light-microscopic and
ultrastructural levels, consistent with their origin from
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blood monocytes. Monocytes of characteristic morphol-
ogy were most frequent in the 4-day granulomas (Ta-
ble 1) and were inconspicuous thereafter, suggesting that
a continuing blood monocyte recruitment to the evolv-
ing granulomas does not contribute significantly to their
later evolution and cellular composition. This conclu-
sion is consistent with the characterization of the car-
rageenan granuloma as a low-turnover lesion, in which
the constituent macrophages have a long life of 2
months or more and are augmented by a low rate of
fresh monocyte recruitment and cell division.*®*° Ryan
and Spector®® found that in 1-week-old granulomas,
macrophage nuclear labeling with *H-thymidine aver-
aged 2%, while at 2 and 4 weeks, the percentage of mac-
rophages exhibiting DNA synthesis was less than 1%
and 0.3%, respectively. Such low rates of cell division
are in agreement with the low frequency of macrophage
mitoses observed in this study.

It is noteworthy that the macrophages in the NC
granulomas exhibited little or no ORO-stainable neu-
tral lipid at any of the time points studied (Figure 2c),
and that cytoplasmic lipid inclusions were inconspicu-
ous (Figures 3a, 4a, 5a, and 6). These morphologic
findings are consistent with the lipid composition of
3- and 8-day guinea pig carrageenan granulomas.*?
Levin and Head* found relatively low levels of
monoglycerides, diglycerides, sterols, and sterol esters,
the principal component being triglycerides, a finding
we consider probably represents contaminating adipose
tissue. Our own compositional data?’ have confirmed
the paucity of neutral lipid classes both in evolving NC
rabbit carrageenan granuloma tissue and in macro-
phages isolated and cultured from the granulomas.

Additional morphologic features of the NC granu-
lomas deserve brief comment. Fibroblasts, often with

Figure 10 — Scanning electron micrograph of a 24-hour culture on
glass derived from an HC 14-day granuloma. The macrophages show
extensive attachment aprons and elongate cytoplasmic processes.
(x 1150)
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a prominent and dilated RER, were observed at all times
studied and were almost three times more frequent at
14 days, relative to the 4-day lesions (Figure 9). This
increasing fibroblast proliferation may reflect the mac-
rophage secretion of a mitogen, or macrophage-derived
growth factor (MDGF), which has been shown to stimu-
late the growth of fibroblasts, vascular smooth-muscle
cells, and endothelial cells in culture.** Similarly, the
vascularization of the granuloma may, at least in part,
result from macrophage-induced capillary prolifer-
ation.*s™%’

Lymphocytes and plasma cells were present sporadi-
cally and in small numbers in evolving granulomas, in
all likelihood reflecting a relatively low-level cellular
immunologic response to the carrageenan. Large
epithelioid cells were frequent, often showing complex
multilaminar interdigitating arrays of their plasmalem-
mal membranes, particularly when in apposition. Poly-
karions were likewise frequent and appeared to origi-
nate by fusion of the epithelioid cells.*® The ultimate
biologic role(s) of both the epithelioid cell and the poly-
karion in the evolving carrageenan granuloma and the
stimuli for their differentiation remain uncertain. It is
feasible, however, that the multinucleate giant cell may
have a function analogous to that of the osteoclast in
calcium mobilization and calcification.*®

Cholesterol-oil dietary supplementation resulted in
moderate levels of hypercholesterolemia and an as-
sociated dyslipoproteinemia in which the principal
lipoprotein class was cholesteryl-ester-rich very-low-
density lipoprotein (VLDL).?” This dietary manipula-
tion had a profound effect on the morphology of the
evolving granulomas, and in the 28-day lesions 69% of
the cells had assumed the characteristic morphology
of foam cells, their cytoplasm distended by large num-
bers of electron-translucent lipid inclusions (Figures 4b,
5b, 7, and 8c). It is important to note that a transitional
spectrum from the early carrageenan-containing mac-
rophage to the fully developed foam cell was observed
(Figure 4b); and, further, in the 28-day lesions, where
foam cells were most numerous, there was a propor-
tionate decline in the number of macrophages. These
findings indicate that granuloma macrophages exposed
to high levels of plasma cholesterol exhibit a serial
differentiation into foam cells in sifu, and that any foam-
cell recruitment from the circulation as has been impli-
cated for the artery wall in atherogenesis®®-*! is unlikely
to augment the granuloma foam-cell population
significantly, although some such contribution cannot
be excluded.

HC granuloma macrophages were distinguishable
from their NC counterparts as early as 4 days. In par-
ticular, they exhibited striking ORO-positive neutral
lipid accumulation (Figure 2d), which was reflected
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ultrastructurally by the presence of variable numbers
of small electron-translucent mostly membrane-bound
lipid inclusions. Additionally, the HC macrophages
showed a distinct excess of myelin bodies, both within
lysosomes and in the cytoplasm (Figures 4b and 8c).
This phenomenon persisted through 7, 14, and 28 days,
and presumably in part accounts for the phospholipid
content of the HC macrophages and foam cells ob-
served.?” With an increasing duration of exposure to
high plasma cholesterol, the numbers of small cytoplas-
mic lipid inclusions increased, and their morphology
changed somewhat. In particular, from 7 days and on-
ward, an increasing coalescence or fusion of the inclu-
sions was observed (Figure 7); and, further, inclusions
with incomplete or absent limiting membranes became
more frequent. These observations may indicate that
macrophage lysosomal membranes become increasingly
fragile during cellular lipid accumulation. However, it
is possible that some non-membrane-bound cytoplas-
mic lipid inclusions have arisen de novo, rather than
through disruption of lysosomal membranes. Both
cytoplasmic lipid droplets and lysosomal membrane-
bound lipid inclusions occur within rabbit arterial foam
cells, and both are sites for cholesteryl ester accumu-
lation.5%-53

Maltese crosses, indicating the presence of cholesteryl
esters, were seen within cultured HC macrophages and
foam cells under polarized light, consistent with the
markedly elevated cholesteryl ester content of both the
HC granuloma tissue and macrophages/foam cells cul-
tured from HC ganulomas.?’ It is of interest also that
acicular crystalline structures, probably representing
crystalline unesterified cholesterol, were occasionally
observed ultrastructurally in some of the foam cells.

While the lipid composition of evolving granuloma
foam cells and the pathways involved in their lipid ac-
cumulation are described and discussed in a compan-
ion study,?” some brief comments are appropriate at
this time. It has been shown that hypertriglyceridemic
VLDL induces both triglyceride synthesis and accumu-
lation in resident mouse peritoneal macrophages®* but
does not enhance the incorporation of oleate into
cholesteryl esters. On the other hand, malondialdehyde-
altered LDL (MDA-LDL), which enters the monocyte-
macrophage via a receptor for negatively charged pro-
teins (scavenger receptor pathway), leads to significant
cholesteryl ester accumulation.’® A similar phenome-
non has been demonstrated with both acetyl-LDL3%-57
and $-VLDL,*® which lead to both cholesteryl ester ac-
cumulation in macrophages®®~5® and an increased rate
of cholesteryl ester synthesis from '*C-oleate.>*5¢-%8 The
cholesteryl ester accumulation in HC granuloma mac-
rophages and foam cells observed in the present study
in response to elevated plasma lipoprotein levels?” ap-
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pears analogous to the response of macrophages to ei-
ther altered LDL (MDA-LDL, acetyl-LDL) or a natu-
rally occurring lipoprotein, f-VLDL. At present, we are
unable to comment on how the presence of ingested
carrageenan may influence this response or how the
secretory products of the granuloma macrophages
released into the extravascular space may modify
lipoproteins and their subsequent internalization and
catabolism. In the latter context, it has been shown that
LDL appears to be modified in interstitial inflamma-
tory fluid.*®

This study has established that monocyte-macro-
phages, recruited subcutaneously in response to car-
rageenan and exposed to high plasma cholesterol
levels in vivo, are able to differentiate into foam cells
typical of those encountered in atheroma. The model
should prove useful for the further characterization
of mechanisms involved in cellular cholesteryl ester
accumulation.
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