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Loss of receptor-mediated lipid uptake via
scavenger receptor A or CD36 pathways
does not ameliorate atherosclerosis
In hyperlipidemic mice
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Macrophage internalization of modified lipoproteins is thought to play a critical role in the initiation of athero-
genesis. Two scavenger receptors, scavenger receptor A (SR-A) and CD36, have been centrally implicated in this
lipid uptake process. Previous studies showed that these receptors mediated the majority of cholesterol ester
accumulation in macrophages exposed to oxidized LDL and that mice with deletions of either receptor exhib-
ited marked reductions in atherosclerosis. This work has contributed to an atherosclerosis paradigm: scav-
enger receptor-mediated oxidized lipoprotein uptake is required for foam cell formation and atherogenesis.
In this study, Apoe”~ mice lacking SR-A or CD36, backcrossed into the C57BL/6 strain for 7 generations, were
fed an atherogenic diet for 8 weeks. Hyperlipidemic Cd367/-Apoe~~ and Msr17/-Apoe”~ mice showed significant
reductions in peritoneal macrophage lipid accumulation in vivo; however, in contrast with previous reports,
this was associated with increased aortic sinus lesion areas. Characterization of aortic sinus lesions by electron
microscopy and immunohistochemistry showed abundant macrophage foam cells, indicating that lipid uptake
by intimal macrophages occurs in the absence of CD36 or SR-A. These data show that alternative lipid uptake
mechanisms may contribute to macrophage cholesterol ester accumulation in vivo and suggest that the roles of

SR-A and CD36 as proatherosclerotic mediators of modified LDL uptake in vivo need to be reassessed.

Introduction

Decades of animal and human research have established that
hyperlipidemic atherosclerosis arises as a consequence of the depo-
sition and retention of serum lipoproteins in the artery wall. The
identification of high affinity, scavenger receptor-uptake pathways
that bind modified forms of LDL (1-3) coupled with the finding
that the majority of lipid-engorged foam cells in atherosclerotic
lesions represent macrophages expressing these receptors (4) led
to the hypothesis that receptor-mediated uptake of lipoproteins
was a requisite event in the pathogenesis of atherosclerosis. With
the advent of the lipid oxidation hypothesis in the 1980s and the
molecular identification and cloning of macrophage scavenger
receptors in the 1990s, a compelling hypothesis emerged that pro-
posed that the binding of oxidized LDL by one or both of the best
characterized scavenger receptors, scavenger receptor A (SR-A) and
CD36, initiates foam cell formation and atherogenesis. To validate
this hypothesis, several laboratories undertook experiments in
mice in which these macrophage scavenger receptor pathways were
inactivated by homologous recombination. Many of these stud-
ies, though not all, suggested that deletion of the gene locus that
codes for SRA-I and SRA-II (Msr1) or deletion of Cd36 in hyper-
lipidemic mouse models substantially decreased aortic sinus ath-
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erosclerosis and arterial lipid accumulation (5-9). These findings
led to the adoption of the dominant paradigm in the field, which
posits that uptake of oxidized LDL SR-A and CD36 constitutes
the major pathways for foam cell formation in vivo and that lipid
uptake by either receptor is a proatherosclerotic event.

Despite the dominance of the scavenger receptor paradigm,
there is considerable evidence showing that LDL-derived lipids
can enter macrophages via other pathways. As outlined in the
original response-to-retention hypothesis formulated by Williams
and Tabas (10, 11), serum lipoproteins accumulate in the arterial
intima where a variety of modifications, including but not limited
to oxidation, can alter their structure and enhance their uptake
by recruited macrophages. While monomeric LDL appears to
require oxidation or acetylation to become a high-affinity ligand
for the scavenger receptors, modifications induced by enzymes
(e.g., sphingomyelinase, phospholipase C, or secretory phos-
pholipase A2) can lead to increased retention of lipoproteins by
matrix proteoglycans and aggregation into large macromolecular
complexes that are internalized by non-scavenger receptor-medi-
ated pathways, such as phagocytic, patocytic, or pinocytic uptake
mechanisms (reviewed in ref. 12). Furthermore, Kruth and col-
leagues have reported that native LDL can also be internalized
via macropinocytosis of extracellular fluid (13). Measurements of
LDL concentrations in human atheroma have detected LDL levels
twice those found in the corresponding patients’ serum, indicat-
ing that the concentration of LDL present in the intima substan-
tially exceeds the concentration of oxidized LDL that saturates the
scavenger receptors (14, 15). Thus, the amount of lipid available to
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Table 1
Serum cholesterol and triglyceride levels in Apoe~-, Apoe/Cd367,
and Apoe/Msr1--mice after 8 weeks on the Western diet

Genotype n  Total cholesterol n Triglyceride
(mg/dI)A (mg/dI)?

Male

Apoe~- 17 922 + 220 14 116 + 20

Cd367-Apoe~~ 11 1,303 + 2888 11 136 + 29

Msr1--Apoe~~ 11 1,265 + 1978 11 86+ 198

Female

Apoe~- 10 1,012 + 139 15 109 + 29

Cd367-Apoe~ 11 1,224 + 242 11 173 £ 30¢

Msr1--Apoe~ 10 1,267 + 289 6 120 + 56

AValues are mean = SD. BP < 0.005; P < 0.05, as compared with
Apoe- by ANOVA.

generate macrophage foam cells by non-scavenger receptor-medi-
ated pathways might far exceed that which could be internalized
by scavenger receptors.

To further explore the issue of macrophage scavenger recep-
tor involvement in foam cell formation and atherosclerosis, we
undertook the generation of mice lacking both SR-A and CD36.
Macrophages taken from these mice were isolated and shown to
have profound impairment of the ability to take up either oxidized
or acetylated LDL generated by standard in vitro techniques for
modifying lipoproteins (16). The degree to which in vitro prepa-
rations of modified lipoproteins mimic in vivo lipoproteins is
unknown, so it was important to demonstrate the impact of scav-
enger receptor deletion on foam cell formation in animals. Our
hypothesis was that if we could establish that SR-A and CD36 did
indeed represent the critical uptake mechanisms for macrophage
lipid accumulation in vivo, we could directly test the relevance of
foam cell formation to atherogenesis by creating mice incapable
of making foam cells. In the course of generating animals that
lacked apoE and both scavenger receptors, we initially performed
studies in mice lacking either SR-A or CD36 and found that we
could not replicate previous studies that had shown a reduction
in atherosclerosis in Cd367/-Apoe”~ and Msr17/~Apoe”~ mice. Our
mice showed increased aortic sinus atherosclerotic lesion area as
compared with that of Apoe”~ mice despite reductions in perito-
neal macrophage cholesterol ester accumulation in vivo. We also
found that mice lacking SR-A or CD36 produced an abundance of
foam cells in the aortic intima and that the ability of their macro-
phages to internalize large quantities of aggregated LDL was not
reduced by the loss of scavenger receptor expression. These stud-
ies call into question the atherosclerosis benefit of deleting either
Cd36 or Msr1 in the Apoe”/~ mouse model and also suggest that the
role of scavenger receptors in mediating in vivo foam cell forma-
tion needs reconsideration.

Results

To assess the impact of loss of scavenger receptor-mediated lipid
uptake on atherosclerosis, Msr17/-Apoe”~, Cd367-Apoe”~, and con-
trol Apoe”~ mice were fed a Western-style diet for 8 weeks. Apoe”~
mice with targeted deletions in Msrl or Cd36 had significantly
higher total serum cholesterol when fed the Western-style diet
than mice lacking Apoe alone (Table 1). Mean cholesterol levels in
Msr1~-Apoe”~ (1,265 + 197 mg/dl) and Cd367/-Apoe~~ (1303 + 288
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mg/dl) male mice were 40% greater than those of Apoe”~ counter-
parts (922 + 220 mg/dl). Female mice lacking Msr1 or Cd36 showed
amore modest 20% increase in serum cholesterol that was not sta-
tistically significant. Fast-performance liquid chromatography
(FPLC) analysis showed that the increased cholesterol in both the
Msr17-Apoe”~ and Cd367/-Apoe”~ mice was not associated with any
redistribution of cholesterol across the various lipoprotein frac-
tions (Figure 1). Previously, Febbraio et al. showed that female
Cd367/-Apoe”~ mice fed a chow diet had increased total cholesterol
levels when compared with Apoe”~ mice, but when both types of
mice were fed the same high-fat/high-cholesterol diet used in this
study, no differences in plasma cholesterol levels were noted (8). In
that study, the mean plasma cholesterol level of the Apoe”~ male
mice was 935 mg/dl, which corresponds well with the value (922
mg/dl) we measured in the Apoe”~ mice used in our study. Two
studies have also noted that Msr1 expression alters total choles-
terol levels in the Apoe”/~ mouse model; Suzuki et al. showed that
loss of Msr1 led to a 40% increase in total cholesterol while Van Eck
etal. demonstrated that overexpression of Msr1 reduced total cho-
lesterol by a similar fraction (9, 17). In addition, using SR-A trans-
genic mice, Wolle et al. showed that overexpression of this recep-
tor suppressed diet-induced increases in lipoproteins that contain
apoB (18). Taken together, these data suggest that expression of
SR-A and CD36 may contribute to the regulation of circulating
cholesterol levels in the hyperlipidemic Apoe”~ mouse model.

Despite the 40% increase in total serum cholesterol observed
in male Msr17/-Apoe”~ and Cd367/~Apoe”~ mice, peritoneal macro-
phages elicited from these animals showed a significant reduction
in cholesterol and cholesterol ester accumulation (Table 2). Gas
chromatography-mass spectrometry (GC-MS) analysis revealed
a 40-60% reduction in cellular cholesterol and a corresponding
70-80% reduction in cholesterol ester in macrophages taken from
male Msr17/~Apoe”~ and Cd367/-Apoe”~ mice as compared with
those from control Apoe”~ male mice. Surprisingly, no significant
differences in macrophage cholesterol and cholesterol ester con-
tent were observed in female Msr17/~Apoe~ and Cd367-Apoe”~ mice
when compared with sex-matched controls lacking only Apoe. The
reason for this difference between sexes is unclear; however, mac-
rophages derived from male mice consistently showed 2-fold or
greater cholesterol ester levels than did those from female mice
despite similar total serum cholesterol levels in male and female
mice of each genotype.

Despite the reduction in peritoneal macrophage in vivo foam cell
formation observed in male mice lacking Msr1 or Cd36, these mice
showed increases in aortic sinus atherosclerosis (Figure 2). Cross-sec-
tional analysis revealed 40% greater lesion area in both male MsrI~~
Apoe”~ and male Cd367/-Apoe”/~ mice than in control Apoe”/~ mice
(Msr1/-Apoe /-, 252,447 + 74,658; Cd36 /- Apoe /-, 242,222 + 79,908;
and Apoe”~, 149,843 + 63,434), although greater variability in the
measurement of the Cd367/-Apoe~~ lesions prevented this difference
from reaching statistical significance (P = 0.087; Figure 2, A and B).
Significantly larger aortic sinus lesions were also observed in female
Apoe”~ mice lacking Cd36. These mice demonstrated a 20% increase
in mean lesion area as compared with female Apoe”~ control mice
(447,633 + 36,168 vs. 371,417 + 80,150). Mean lesion area in the
Msr17/-Apoe”~ female mice (307,339 + 52,553) was moderately lower
than that observed in the controls, but this was not statistically
significant. The differences in lesion area paralleled the percentage
increases observed in total serum cholesterol in both MsrI/~Apoe™”
and Cd367-Apoe”~ mice. These data indicate that loss of MsrI or
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Cd36 does not alleviate aortic sinus atherosclerosis, and in fact, may
increase lesion size in this site. It is interesting to note that male
Msr17-Apoe”~ and Cd367/-Apoe”~ mice showed the largest increase
in aortic sinus lesion area despite the reduction in peritoneal mac-
rophage cholesterol and cholesterol ester content.

To assess atherosclerotic lesion formation in areas outside of the
aortic sinus, we measured intimal lipid accumulation from the
arch to the ileal bifurcation of aortae stained with Sudan IV. No
significant differences in total lesion area of the en face aorta were
observed among male Apoe”~, Msr1/-Apoe”/~, and Cd36~/-Apoe”
mice (Figure 3A). Sudan IV staining assessment of lesions at dif-
ferent sites in the aortic tree revealed no significant differences in
the aortic arch or the ileal bifurcation among the 3 groups; Msr17~
Apoe”~ males showed a substantial increase in thoracic lesions and
a modest decrease in abdominal lesions, but substantial variabil-
ity among the animals assessed in this group makes it difficult
to conclude that the regional variations are meaningful (data not
shown). Similarly, no difference in total en face lesion area was
observed between female Apoe~ and Msr17/-Apoe”~ mice; however,
a 30% decrease that resulted from significantly less lipid accumu-
lation in the thoracic-abdominal region of the aorta was detected
in female Cd367/-Apoe”~ mice (2.92 + 1.19 Apoe”/~ vs. 1.43 + 0.70
Cd367/-Apoe~) (Figure 3, A and B). No significant differences in
en face lipid accumulation were detected in the aortic arch or ileal
bifurcation regions in these mice. Thus, there was a discordance in
the development of atherosclerotic lesions in the aortic sinus and
distal aorta in the absence of Cd36. The elimination of this scav-
enger receptor may alter cellular lipid accumulation in the arterial
tree, leading to decreased lesion area as detected by en face mea-
2194
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Figure 1

Distribution of cholesterol in plasma lipoproteins from Apoe~-, Cd36--
Apoe~-, and Msr1--Apoe~- mice. Pooled plasma samples (n = 3
mice) from male Apoe-, Cd367-Apoe~-, and Msr1--Apoe-- mice fed
a Western diet for 8 weeks were separated by FPLC, and fractions
were assayed for cholesterol. (A) FPLC profile demonstrating the con-
centration of cholesterol in each fraction. (B) Normalized FPLC profile
demonstrating a similar distribution of cholesterol to lipoproteins in all
3 genotypes when the cholesterol in each fraction is expressed as a
percentage of the total cholesterol recovered from the column. Closed
circles, Apoe~ mice; open squares, Cd36--Apoe~- mice; open trian-
gles, Msr1--Apoe~- mice.

surement, which is not reflected in the intimal area measurements
that are performed in the aortic sinus.

Histological analyses of aortic sinus lesions revealed no signifi-
cant differences in cellular lipid or smooth muscle cell content in
atherosclerotic plaques of Apoe™~, Msr17/-Apoe”~, and Cd367/~-Apoe™/~
mice. When normalized to percentage of total lesion area, the
amount of oil red O and a-SMA staining was similar in lesions
from mice of all 3 genotypes in both sexes (Figure 4A). Interest-
ingly, despite 20-40% increases in aortic sinus lesion area in
Cd367/-Apoe”/~ mice, there was a decrease in macrophage content
as measured by MOMA-2 staining (Figure 4B). This difference was
statistically significant only in female Cd367-Apoe”~ mice, in which
aortic sinus lesions contained 40% fewer macrophages per total
lesion area. During pathological examination of these lesions, we
observed a greater number of advanced lesions in Cd367/-Apoe”~
female mice than in Apoe”/~ mice of the same sex (Fig Sb). These
lesions contained large acellular regions, characteristic of a necrot-
ic lipid core, and few macrophage foam cells (Figures 4B and 5A).
Atherosclerotic lesions in Apoe~~ female mice contained smaller
cholesterol clefts and showed less medial damage and greater mac-
rophage accumulation. Levels of collagen content were similar in
lesions from all 3 genotypes (Figure 5B). This finding suggests that
loss of lipid uptake via CD36 may increase extracellular lipid accu-
mulation and/or contribute to apoptosis of macrophage foam
cells, leading to the formation of a necrotic core. Alternatively,
the reduction in macrophages in atherosclerotic lesions of Cd367~
Apoe”~ mice may be due to reduced macrophage recruitment or
retention, as we have previously shown that a CD36-associated sig-
nal transduction pathway activated by amyloid ligands modulates
expression of macrophage chemokines, including macrophage

Table 2
Reduced cholesterol ester accumulation in macrophages from
fat-fed Cd367-Apoe-and Msri--Apoe~-mice

Cholesterol (wg/mg protein)

Genotype n Free Esterified
Male

Apoe~- 7 1,485 + 691 1184 + 304
Cd367-Apoe~- 5 630 + 2497 356 + 156~
Msri1--Apoe~- 9 865 + 163~ 244 £ 123~
Female

Apoe~- 7 740 £ 132 124 + 121
Cd367-Apoe~ 7 718 £ 148 188 £ 177
Msr1--Apoe~- 3 491 + 228 107 £ 37

AP < 0.05, as compared with Apoe~-; 2-tailed Student’s t test.
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Disruption of Cd36 or Msr1 increases aortic sinus atherosclerosis in Apoe~- mice. Aortic sinus atherosclerotic lesion area was quantified from
serial sections (12 sections per mouse) cut through the aorta at the origins of the aortic valve leaflets that were stained with oil red O and hema-
toxylin. (A) Dot plot showing aortic sinus lesion area of individual mice, with mean lesion area shown in (B). *P < 0.05; significantly different from
Apoe- control mice. (C) Representative photographs of the aortic sinus from male Apoe~-, Cd36--Apoe~-, and Msr1--Apoe- mice stained with

H&E. Magnification, x60 (top row); x200 (bottom row).

chemoattractant protein-1 (MCP-1), known to play a role in ath-
erogenesis (19-21). We are currently conducting longer studies in
these mice to address how the loss of scavenger receptors affects
lesion progression and stability at later stages of atherosclerosis.
To explore further the relationship between macrophage scav-
enger receptor activity and in vivo foam cell formation, aortic
sinus lesions of all 3 mouse genotypes were assessed by electron
microscopy. Aortic sinus lesions of female Apoe~~, Msr17-Apoe™-,
and Cd367/-Apoe”/~ mice all showed dramatic accumulations of
lipid within cells in the intimal space that are characteristic of
macrophages (Figure 6A). Lower-power images confirmed an
abundance of lipid-laden foam cells in the intimas of Msrl7~
Apoe”/~ and Cd367/-Apoe”~ aortae that was indistinguishable
from that in control Apoe”~ mice (not shown). These images
establish that abundant foam cell formation occurs in the arteri-
al intima in the absence of SR-A or CD36, suggesting that other
scavenger receptors can fully compensate for these receptors or
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that lipid uptake occurs by alternative mechanisms. Although
the molecular structure of the lipoproteins taken up by lesional
macrophages remains uncertain, we tested whether aggregated,
nonoxidized LDL could be internalized by cells lacking either
scavenger receptor. Figure 6B shows that native monomeric LDL
causes very little cholesterol ester accumulation in macrophages
and that the small amount of lipid that is taken up under these
conditions is unaffected by the presence or absence of scavenger
receptors. In contrast, aggregated LDL causes a massive accumu-
lation of cholesterol ester, but this process is also not impaired
by the absence of scavenger receptors (Figure 6B). Taken togeth-
er, these findings demonstrate that in the setting of hyperlip-
idemia, abundant macrophage foam cell formation occurs in
vivo in both Msr1~/~Apoe~ and Cd367/-Apoe”~ mice and that it
is possible to generate macrophage foam cells in vitro using a
modified form of LDL that does not depend on scavenger recep-
tors for its uptake.
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Figure 3

Morphometric analysis of lesion area in the aortic tree. Aortae were stained en face with Sudan 1V, and lesion area was measured as a percent-
age of total aortic area. (A) Lesion area in male and female mice. *P < 0.05; significantly different from Apoe~- control mice. (B) Representative
photographs of the en face aortae from female Apoe-, Cd36-Apoe'-, and Msr1--Apoe~- mice. The boxed region indicates the area of reduced

lesions observed in the Cd36--Apoe~- female mice.

Discussion
Current concepts of atherogenesis attribute foam cell formation to
scavenger receptor-mediated macrophage lipid uptake pathways.
As foam cell formation has long been deemed critical to lesion
development, the scavenger receptors involved in lipid uptake have
been causally implicated in the pathogenesis of atherosclerosis.
Several studies, though not all, have shown that targeted deletion
of either Msr1 or Cd36 in hyperlipidemic mouse models leads to a
reduction in atherosclerosis (5-9). Furthermore, our own in vitro
studies have demonstrated that macrophages lacking both SR-A
and CD36 show an 80-90% reduction in the internalization and
degradation of lipoproteins modified by either acetylation or oxi-
dation (16). If the oxidized modified lipoproteins used in in vitro
experiments appropriately represent the major form of lipoprotein
taken up by macrophages in the arterial intima, these data suggest
that preventing lipid uptake via these 2 pathways might abrogate
macrophage foam cell formation in vivo and, subsequently, ath-
erosclerotic lesion development.

Although the scavenger receptor-foam cell paradigm has proven
very compelling, a number of studies have utilized nonoxidized
forms of LDL and generated macrophage foam cells via pathways
that remain undefined or do not have characteristics consistent
with scavenger receptor involvement. These alternative pathways
include both receptor- and nonreceptor-mediated mechanisms.
Kruth and colleagues have recently demonstrated that macrophages
can accumulate substantial quantities of lipids via macropinocy-
tosis of LDL particles, thus identifying a non-receptor-mediated
pathway by which foam cells could form in vivo (13, 22, 23). Other
investigators have shown that enzyme modifications generated by
exposure of LDL to secretory phospholipase A2 can convert native
LDL into a structure that readily engenders foam cell formation
(24). Both Fc and LDL receptor-related protein (LRP) receptors
have been implicated in the uptake of LDL that has been bound by
antibodies or modified by other processes (25-28). Thus, despite
substantial evidence that oxidized forms of LDL are produced
in the arteries of both mice and humans, there are no definitive
data that establish that the lipid that generates foam cells in either
species derives from oxidized lipoproteins, as opposed to native,
aggregated, or nonoxidatively modified forms of LDL. As the con-
2196
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centrations of native or aggregated LDL determined in human inti-
mal samples typically exceed 100 mg/dl, these forms of LDL may
provide substantially greater amounts of lipid than can be taken up
by the scavenger receptor pathways, which saturate at lipoprotein
concentrations of 25-50 ug/ml (29, 30). Moreover, if mice lacking
scavenger receptor expression take up fewer modified lipoproteins,
this raises the important issue of the fate of these lipoproteins in
the artery wall. Given the multiple cellular toxicities associated with
exposure to oxidized lipoproteins (31), it is not clear why a failure
to internalize such particles would result in reduced damage to the
artery wall. Thus, if scavenger receptor inactivation does result in
amelioration of atherosclerosis, this suggests that alternative, less
atherogenic uptake mechanisms compensate for the absence of
scavenger receptors or that oxidized lipoproteins might not be pres-
ent in sufficient amounts in the artery wall to cause the toxicities
reported in in vitro studies.

To explore this issue further, we set out to examine the impor-
tance of receptor-mediated lipid uptake by evaluating atheroscle-
rosis in Apoe”/~ mice with targeted deletions of both Msr1 and Cd36.
In the course of undertaking these experiments, we found that we
could not replicate the previously reported atherosclerosis benefit
in mice with individual deletions of Msr1 and Cd36. After 7 gen-
erations of backcrossing into the C57BL/6 genomic background,
Cd367-Apoe”/~ and Msr17/~Apoe”~ mice, which were our control
groups for triple-knockout (Cd367~-Msrl~~Apoe~~) mice, exhibited
increased serum cholesterol levels and larger aortic sinus athero-
sclerotic lesions, as compared with Apoe”~ mice. These findings
suggest that scavenger receptor-mediated lipid uptake protected
against atherosclerosis lesion formation rather than promoted it.

The results of our study, indicating that loss of either Msri- or
Cd36-mediated lipid uptake does not inhibit atherosclerotic lesion
progression, are not easily reconciled with several earlier studies
(6-9, 32). In the case of CD36, 2 studies have been reported that
directly addressed the role of atherosclerosis in mice lacking both
apoE and CD36. The first study used mice with a global deletion
of the receptor while the second utilized bone marrow transplanta-
tion of myeloid cells lacking the protein (8, 32). In the global dele-
tion experiment, Cd367/-Apoe”/~ mice backcrossed 4 generations
into the C57BL/6 background (~93.8% C57BL/6) and fed for 12
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Immunohistochemical characterization of aortic sinus atherosclerosis. Aortic sinus lesions from Apoe~-, Cd36--Apoe~-, and Msr1--Apoe'-
mice were stained for neutral lipid (oil red O), SMC (a-actin) and macrophage content (MOMA-2). Staining was quantified using IP Lab
Spectrum image analysis software and is presented graphically. (A) Representative photographs of aortic sinus lesions from male Apoe-,
Cd36-"-Apoe-, and Msr1--Apoe- mice stained with oil red O and anti-smooth muscle actin (a-SMA). Magnification, x400. (B) Representa-
tive photographs of aortic sinus lesions from male and female Apoe-, Cd36--Apoe~-, and Msr1--Apoe- mice stained with anti-MOMA-2
antibody to detect macrophages. Fewer macrophages were detected in female Cd36--Apoe~ mouse lesions than in Apoe~- mouse lesions.

*P < 0.05; ANOVA. Magnification, x100.

weeks with the same diet used in our study had profound (70-82%)
reductions in atherosclerosis, as detected by oil red O uptake in
the aortic tree, when compared with nonlittermate Apoe”~ mice
backcrossed 10 generations to C57BL/6. Interestingly, the aor-
tic sinus atherosclerosis measurements, which quantitate actual
lesion area and not just the area of aorta stained for lipid, were less
profoundly influenced. Cd367/-Apoe”~ male mice on the Western
diet had a 45% reduction in aortic sinus lesion size whereas the
atheromas in the Cd36/-Apoe”/~ females were slightly larger (not
statistically significant) than the atheromas in their wild-type
counterparts. However, these 2 measurements were performed on
a relatively small group of mice (# = 5-6; Cd367/). A larger group
of mice on a chow diet were analyzed (n = 9-13; Cd367/); in these,
lesion sizes were found to be smaller in both male and female
Cd367/-Apoe”~ mice, but the differences were only statistically sig-
nificant in males. A recently published bone marrow study (32)
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used mice backcrossed an additional time (~96.9% C57BL/6) and
reported an 88.1% decrease in total en face aortic lesion area in the
mice receiving marrow lacking CD36, using only the lipid staining
technique to quantitate atherosclerosis.

Three factors emerge as possible explanations for the different
outcomes we measured. The first is the difference in strain back-
ground, as our mice were backcrossed into C57BL/6 mice 2 to 3
generations more than those utilized in the reports just cited. That
strain background can influence outcome in mouse atherogenesis
studies is evident from several lines of investigation (33, 34). In
one especially relevant study of this issue, Ldlr~/~ mice with a tar-
geted deletion in Ragl were crossed 4 (93% C57BL/6) or 10 (99%
C57BL/6) generations into C57BL/6 with the finding that the
mice with the 6% lower C57BL/6 genome had 35-40% less aortic
sinus atherosclerosis (33). Given the growing number of mapped
atherosclerosis susceptibility loci in the mouse, it is perhaps not
Volume 115 2197
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surprising that differences in genomic strain composition outside
of a specifically targeted locus of interest might confound inter-
pretations of lesion development. While the use of littermate con-
trols can reduce the possibility of this confounding error, it does
not eliminate it. Moreover, the use of double- and triple-knockout
mice limits the ability to produce and use Apoe~~ littermates as the
control population. With the sequencing of the mouse genome, it
is now possible to develop many more polymorphic markers across
the genome. It may be prudent in future studies of murine athero-
sclerosis to characterize the homogeneity of the background strain
using these markers before undertaking the lengthy and laborious
task of quantitating atherosclerosis lesion area.

The second factor that emerges in the Cd367~ analyses revolves
around the method of quantitating atherosclerosis lesion area.
In our study, we also found decreases in lesion area in mice lack-
ing CD36 when this parameter was measured by en face staining
of lipid accumulation in the aortae. While the differences in en
face lesion area that we measured in Cd367/-Apoe”~ compared with
Apoe”~ mice were much less profound than those reported in the
previous studies (30% versus 70-90%) (8, 32) and were only statis-
tically significant in female mice, these findings were discordant
with the measurements of intimal lesion area at the aortic sinus.
As the elimination of either SR-A or CD36 can substantially alter
lipid uptake in macrophages and thus would be predicted to alter

Figure 6

Abundant foam cell formation occurs in the absence of SR-A and
CD36. (A) Electron photomicrographs demonstrating cellular lipid
accumulation in the intima of aortic sinus lesions from Apoe~-, Cd36--
Apoe-, and Msr1--Apoe-- mice. Magnification, x3900. (B) Aggregat-
ed, but not native, LDL (AgLDL) induces abundant cholesterol ester
accumulation in Apoe~ macrophages that is independent of Cd36 or
Msr1. Cellular cholesterol ester was measured by GC-MS in triplicate
samples and is expressed as the mean + SD.
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the pattern and intensity of oil red O staining in the arterial tree,
we think it likely that the use of lipid staining as an indicator of
lesion size could be problematic under these circumstances. As
noted above, the previous study in CD36 null mice in which aortic
sinus lesion area was directly measured showed less atherosclerosis
only in males (8), and this difference was much smaller than that
seen when quantitation of oil red O staining was employed.
Finally, our study was conducted for 8 weeks in order to assess
early lesion initiation and progression, while the first report of the
impact of CD36 on atherosclerosis in mice was a 12-week investi-
gation. Although the time frame of analyses can certainly affect
atherosclerosis outcome, van der Westhuyzen and colleagues have
reported a 16-week study of atherosclerosis in Ldlr~/~ mice trans-
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planted with marrow cells lacking CD36; this study also failed to
detect any impact of this receptor on atherosclerosis (personal
communication, Deneys van der Westhuyzen, Chandler Medical
Center, University of Kentucky, Lexington, Kentucky, USA). These
results differ from those seen in the bone marrow transplanta-
tion experiment in the Apoe”~ mice described above (32). A recent
study from the van der Westhuyzen group has shown that LDL
derived from Apoe”~ mice is a better ligand for CD36 and SR-A
than that from Ldlr~~ mice, which can promote macrophage foam
cell formation without prior modification. The atherogenicity of
Apoe”’~ LDL was shown to be due to an increased state of oxidation
and cholesterol content, which may lead to differences in these 2
mouse models of atherosclerosis (35). While differences between
Apoe”~and Ldlr7~ mice could account for the divergent results, the
findings suggest that the role of CD36 in hyperlipidemic athero-
sclerosis may not be as critical as previously thought.

While several of the same considerations apply to the study of
Msr17/- mice, a larger and more complex set of studies have been
performed in both Apoe”~ and Ldlr7~ models of murine athero-
sclerosis (5-7,9, 17, 36). These have provided conflicting results,
making the contribution of SR-A to atherogenesis more contro-
versial. In perhaps the most widely quoted study of SR-A involve-
ment in atherosclerosis, in Ldlr7/~ mice fed a butterfat diet, Babaev
et al. reported a marked reduction in atherosclerosis in mice lack-
ing SR-A (7). These authors also cited genomic background dif-
ferences in their attempt to resolve the discrepant SR-A results
reported. In their own studies, they addressed this issue by using
mice that had been backcrossed 6 generations into the C57BL/6
background (~98.4%). Some of the studies of SR-A involvement in
murine atherosclerosis that have yielded results more consistent
with our own findings (17, 36-38) appear to have used approaches
in which the issues of background strain differences have been well
addressed, but in others, the genomic background may well have
played a significant role in the reported outcome. Interestingly,
comparisons of atherosclerosis-susceptible and -resistant mouse
and rabbit models have shown that SR-A expression is increased
in animals with low atherosclerotic responses, further suggesting
that this pathway is protective (39, 40).

A particularly intriguing finding of our study is that male Cd367~
and MsrI7/~ mice, which exhibited the most profound reduction
in in vivo foam cell formation as measured by the cholesterol and
cholesterol ester content of peritoneal macrophages, were the
animals with the greatest increase in atherosclerosis lesion size
in the aortic sinus. The reason for the difference between sexes in
lipid accumulation in macrophages is unclear, but the results in
the males suggest that lipid uptake by scavenger receptors may in
fact protect against atherosclerosis lesion development. Further
studies of mice lacking both Msrl and Cd36 should help clarify
this issue and permit some further refinement in the paradigm of
scavenger receptor involvement in atherogenesis.

Methods

Mice. Msr17~ mice were originally provided by T. Kodama (University of
Tokyo, Tokyo, Japan) (9) and were crossed with C57BL/6] Apoe”/~ mice
from Jackson Laboratory to generate Msr1*/~Apoe*~ mice. These mice were
backcrossed an additional 6 generations into the C57BL/6] strain and
intercrossed to generate Msr17/~Apoe”~ mice. Cd367/-Apoe”/~ mice back-
crossed 4 generations into the C57BL/6] strain were originally provided
by R. Silverstein and M. Febrraio (Weill Medical College of Cornell Uni-
versity, Ithaca, New York, USA) (8) and were backcrossed into the same
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strain an additional 3 generations. Cd36"-Apoe*~ mice were intercrossed
to produce Cd367/-Apoe”~ mice at the expected ratio of 1:16. After 7 gen-
erations of backcrossing, these mice are predicted to have approximately
99% of their genome derived from the C57BL/6]J strain. The genetic
backgrounds of both the Msr17/~Apoe”~ and the Cd367-Apoe”~ mice were
assessed by genome scanning, using 100 polymorphic markers that dis-
tinguish the C57BL genome from the mouse strain in which the original
targeted recombination event took place (i.e., 129Sv). A total of 97 or 98 of
100 markers mapped to CS7BL/6] in each of the 2 strains, with the mice
retaining 129 markers at the sites closest to the genes targeted for inactiva-
tion and selected for retention in the breeding program (e.g., the marker
closest to the Apoe locus on chromosome 7). C57BL/6] Apoe”~ mice from
the Jackson Laboratory were used as controls. Beginning at 6-8 weeks of
age, mice were fed a Western-type diet (Teklad Adjusted Calories 88137:
21% [wt/wt] fat; 0.15% [wt/wt] cholesterol; 19.5% [wt/wt] casein, no sodium
cholate). After 8 weeks on the diet, mice were euthanized and tissue, blood,
and aorta samples were collected for analysis and genotyping as we pre-
viously described (41). Serum total cholesterol and triglyceride concen-
trations were determined by enzymatic assay (Sigma-Aldrich). Mice were
maintained in a pathogen-free environment. Experimental procedures
were approved by the Massachusetts General Hospital’s Subcommittee on
Research Animal Care and were conducted in accordance with the USDA
Animal Welfare Act and the Public Health Service Policy for the Humane
Care and Use of Laboratory Animals.

In vivo and in vitro foam cell formation assays. For assessment of in vivo foam
cell formation, peritoneal macrophages were isolated from hyperlipidemic
mice after 8 weeks on the Western diet as previously described (16). Briefly,
mice were injected i.p. with 1 ml of 3% thioglycollate, and peritoneal exu-
dates were collected by lavage after 4 days. Cells were cultured overnight in
DMEM containing 5% FBS, and adherent macrophages were stained with
oil red O or extracted with hexane:isopropanol as previously described (42).
Total cholesterol and cholesterol ester were determined from lipid extracts
by GC-MS as we previously described (42). Similar techniques were used
to measure in vitro foam cell formation with aggregated LDL, except that
peritoneal macrophages were elicited from mice that were chow fed. LDL
was aggregated by vortexing (1 minute) and collected by centrifugation at
12,000 g for 15 minutes as described (43). The supernatant was subjected
to vortexing and centrifugation an additional 3 times, and precipitates
were recombined. Macrophages were incubated with 100 pug/ml of aggre-
gated LDL or native LDL for 48 hours, and lipids were extracted with hex-
ane:isopropanol for GC-MS analysis as described above.

Measurement of atherosclerotic lesions. Atherosclerotic lesion area was quanti-
fied on cross-sections of the aorta beginning at the level of the aortic sinus
and en face in the aortic arch and descending aorta by Sudan IV staining
as we described (41, 44, 45). Mice were anesthetized by i.p. injection with
Avertin (0.4 mg/g body wt), and the arterial system was perfusion-fixed with
10% formalin. The heart and upper section of aorta was removed, cleaned of
peripheral fat under a dissecting microscope, and sectioned directly under
and parallel to the aortic leaflets. The upper section was embedded in OCT
medium and snap-frozen. Every third section (5-um thick) throughout the
aortic sinus (400 um) was taken for analysis. Sections were stained with
H&E and oil red O and quantified using digitally captured sections and the
quantitative image analysis software IP Lab Spectrum version 3.9 (Scanalyt-
ics). Lesion area is reported as the mean of 12 sections per mouse. The delin-
eation of atherosclerotic lesion area was determined by a single observer,
blinded to the genotype of the mice. For quantification of lesions in the
descending aorta, the aorta was dissected so that it was free of all branching
vessels, stained, en face, with Sudan IV for 15 minutes, destained with 70%
ethanol for 30 seconds, and stored in water. Stained aortae were incised
ventrally from the aortic root to the bifurcation of the iliac arteries, laid flat
Volume 115 2199

Number 8  August 2005



research article

on glass slides, and covered by a coverslip. Images of stained aortae were
digirtally captured and lesion area selected with IP Lab Spectrum software
using predefined Sudan IV staining parameters to distinguish atheroscle-
rotic regions within the aorta. Lesion area was calculated as a percentage of
the total area of the whole aorta or defined regions of the aorta, including
the aortic arch, thoracic, abdominal, or ileal areas.

Mouse aortic sinus lesions were characterized according to severity as
previously described (46, 47) and classified into 3 groups: (a) early lesions
containing only foam cells; (b) moderate lesions consisting primarily of
macrophage foam cells and some smooth muscle cells in the intima and
cap; and (c) advanced lesions containing large extracellular cholesterol clefts
or lipid cores and exhibiting disruption of the coherence of the media and
thick layers of fibrous connective tissue. The number of lesions of each type
was quantified for each genotype and sex, and the lesion distribution was
expressed as a percentage of total lesions counted in each group (n = 21).

Staining. Immunostaining for macrophage MOMA-2 (Rat IgG2b; Sero-
tec) and a-SMA (DakoCytomation) and cytostaining with oil red O,
H&E, picrosirius red, and Movat’s stains were performed as we previously
described (41, 44, 45). Immunostaining and oil red O lipid staining were
quantified using IP Lab Spectrum image analysis software and expressed
as a percentage of lesion area.

Electron microscopy. Hearts were postfixed overnight in 2% glutaraldehyde
in 0.1 M sodium cacodylate buffer, pH 7.4 at 4°C, rinsed in cacodylate buf-
fer, and treated with 1% osmium tetroxide in cacodylate buffer for 1 hour
at room temperature. The samples were rinsed in buffer, then in distilled
water, and stained en bloc in 2% aqueous uranyl acetate for 1 hour. Sam-
ples were then rinsed in distilled water and dehydrated through a graded

series of ethanol to 100%. Samples were infiltrated overnight on a shaker
in a 1:1 solution of Epon-812 resin: 100% ethanol at room temperature.
Following further infiltration in 100% Epon-812 (Electron Microscopy
Sciences), samples were embedded in fresh Epon-812 overnight at 60°C.
Thin sections were cut on a Reichert Ultracut E ultramicrotome through
the aortic sinus, collected onto formvar-coated slot grids, poststained with
uranyl acetate and lead citrate, and viewed in a Philips CM 10 transmission
electron microscope at 80 kV.

Statistics. Statistical analysis was performed with 1-way ANOVA for mul-
tiple group comparisons using SigmaStat software. A P value of less than
0.05 was considered significant. All data are presented as the mean + SD.
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