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Abstract

P-selectin is expressed on activated endothelium and plate-
lets where it can bind monocytes, neutrophils, stimulated T
cells, and platelets. Because recruitment of these cells is crit-
ical for atherosclerotic lesion development, we examined
whether P-selectin might play a role in atherosclerosis. We
intercrossed P-selectin—deficient mice with mice lacking the
low density lipoprotein receptor (LDLR) because these mice
readily develop atherosclerotic lesions on diets rich in satu-
rated fat and cholesterol. The atherogenic diet stimulated
leukocyte rolling in the mesenteric venules of LDLR-defi-
cient mice, and the increase in adhesiveness of the vessels
was P-selectin—-dependent. Most likely due to the reduced
leukocyte interaction with the vessel wall, P-selectin—defi-
cient mice on diet for 8-20 wk formed significantly smaller
fatty streaks in the cusp region of the aortae than did P-selec-
tin—positive mice. This difference was more prominent in
males. At 37 wk on diet, the lesions in the LDLR-deficient
animals progressed to the fibrous plaque stage and were dis-
tributed throughout the entire aorta; their size or distribu-
tion was no longer dependent on P-selectin. Our results
show that P-selectin-mediated adhesion is an important
factor in the development of early atherosclerotic lesions,
and that adhesion molecules such as P-selectin are involved
in the complex process of atherosclerosis. (J. Clin. Invest.
1997. 99:1037-1043.) Key words: cell adhesion « hypercholes-
terolemia « animal model for atherosclerosis « macrophage «
endothelium

Introduction

An early event in atherosclerosis is the attachment of circulat-
ing monocytes to injured or otherwise stimulated endothelium
(1-3). This step may involve complementary adhesion mole-
cules on the endothelium and the monocytes. The monocytes
then migrate across the endothelium and ingest lipids, thus be-
coming foam cells in fatty streaks. Platelets interacting with
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the transmigrating monocytes contribute additional choles-
terol and growth factors to the lesion (2, 4). An adhesion re-
ceptor that can mediate both the binding of monocytes to in-
jured endothelium and of activated platelets to monocytes is
P-selectin.

P-selectin is a member of the selectin family of adhesion re-
ceptors that mediates interaction among vascular cells through
a COOH-type lectin domain located at the NH, terminus of
the molecule. The lectin domain is followed by an EGF-like
domain, several repeats shared with the complement binding
proteins, a transmembrane domain, and finally a short cyto-
plasmic tail (5, 6). P-selectin is stored in Weibel-Palade bodies
of endothelial cells (7, 8) and alpha-granules of platelets (9,
10). Upon stimulation by agonists, many of which are gener-
ated by injury (11), P-selectin is rapidly exocytosed to the cell
surface where it can bind monocytes, neutrophils, platelets,
and lymphocytes (5, 12). In addition, the synthesis of P-selectin
is upregulated upon stimulation by various cytokines (13, 14).
P-selectin is required for efficient recruitment of neutrophils in
acute inflammation (15), of macrophages in later stages of the
inflammatory response (16), and of CD4" T cells in contact hy-
persensitivity response (17). P-selectin, therefore, functions in
both acute and chronic processes and could play a role in the
development of vascular lesions in atherosclerosis.

The mouse subjected to a high-fat diet has become an ac-
cepted animal model to study factors involved in the develop-
ment of atherosclerosis (18). To address the possible role of
P-selectin in the formation of atherosclerotic lesions, we have
taken advantage of two genetically altered murine lines gener-
ated by homologous recombination in embryonic stem cells.
The first line lacks P-selectin (15). In these mice, leukocytes
and platelets no longer roll on the endothelium of stimulated
blood vessels, indicating that the initial adhesion contact of
these cells is disrupted (15, 19, 20). The second line repre-
sents an animal model of the human disease, homozygous fa-
milial hypercholesterolemia. These mice lack the low density
lipoprotein-receptor (LDLR)' (21) and develop prominent
atherosclerotic lesions when fed a high-fat diet (22). We have
intercrossed the P-selectin—deficient mice with the LDLR-
deficient line, thus developing an animal model highly suscep-
tible to atherosclerosis in which the proposed role of P-selectin
in lesion development could be tested.

Methods

Mice. P-selectin—deficient (P-selectin™'~) mice were descendants of F2
intercrosses between the C57BL/6 and 129Sv strains (15). P-selectin ™/~
mice from this background were intercrossed with LDLR-deficient

1. Abbreviation used in this paper: LDLR, low density lipoprotein re-
ceptor.
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(LDLR™") mice, also from a C57BL/6J and 129Sv hybrid back-
ground (21). Littermates from the F2 generation of this intercross
were genotyped by Southern blotting and used to establish LDLR ™/~
P-selectin™'~ matings and LDLR ™'~ P-selectin™* matings. The prog-
eny of these matings were used in our study. Mice were maintained on
12-h dark and 12-h light cycles and given food and water ad libitum.

Diet. (a) A normal chow diet of Agway Prolab 3000 from Agway
Inc. (Syracuse, NY) that contained 5.0% (wt/wt) fat was fed to chow
control mice in all experiments. (b) A commercially available 1.23%
cholesterol diet, dairy butter diet for mice from ICN Biomedicals
(Aurora, OH), based on the diet described in (23) containing 17.84%
(wt/wt) butter, 0.98% (wt/wt) corn oil, and 0.48% (wt/wt) sodium
cholate was fed to 6-8-wk old LDLR™~/P-selectin™'~ or */* mice for
varying lengths of time as described below.

Cholesterol determination. Blood was obtained from the retro-
orbital venous plexus of nonfasted mice. Cholesterol concentrations
(24) in total plasma and lipoprotein fractions were measured using an
enzymatic microtiter assay with the A-Gent Cholesterol Reagent
from Abbott Laboratories Diagnostic Division (Chicago, IL). The
Matrix Plus Cholesterol reference kit from Verichem Laboratories
(Providence, RI) was used for standards, and Lipid Control-N and -E
from Sigma Diagnostics (St. Louis, MO) for interassay standardiza-
tion.

Triglyceride determination. Triglyceride concentrations were de-
termined using a microtiter enzymatic assay and the Triglyceride
(INT 10) Reagent from Sigma Diagnostics. Standards and controls
were as above.

Lipoproteins determination. Lipoproteins were separated using
density gradient ultracentrifugation (25). The separation was carried
out using an SW-55Ti rotor from Beckman Instruments Inc. (Fuller-
ton, CA) for 44 h at 40,000 rpm at 15°C in a Beckman XL80 ultracen-
trifuge.

Intravital microscopy. Mice were fed either normal chow or the
high fat/cholesterol diet for 2 wk before surgery. The mesentery was
prepared (15) and venules 15 to 25 pm in diameter were recorded for
10 min. The flux of rolling leukocytes was quantitated by counting the
number of cells passing through a perpendicular plane in 1 min. Five
1-min counts were then averaged to determine rolling leukocytes per
minute.

Microscopic quantitation of aortic sinus lesions. Hearts from mice
on diet for 2, 4, 8, and 20 wk were processed according to Paigen et al.
(26). After blood collection from the retroorbital venous plexus,
anesthetized mice were killed by cervical dislocation. The heart and
attached aorta were removed and placed in 0.9% saline for 1 h, then
fixed in 10% buffered formalin for 4-7 d, infiltrated with gelatin, em-
bedded in OCT obtained from Miles Laboratories Inc. (Elkart, IN)
and frozen. Mice on diet for 37 wk were bled from the retroorbital
venous plexus and hearts were perfused in situ with 4% paraformal-
dehyde (wt/vol) for 15 to 20 min. The hearts and aortas were col-
lected, placed in 4% paraformaldehyde for 4 to 6 h, followed by 30%
sucrose (wt/vol) for 2 to 3 d. Hearts were then embedded in OCT and
frozen. All hearts were sectioned using a cryostat and sections dis-
carded until reaching the junction of the heart muscle and aorta
where the valve cusps become visible and the aorta is rounded. Once
the area was localized, four consecutive 10 wm sections were col-
lected for each slide. Sectioning continued for ~ 350 pm (9-10 slides/
heart) towards the aortic arch and exiting the valve region. Sections
were collected onto gelatin-coated glass slides and odd-numbered
slides were stained with oil red-O and hematoxylin, and counter-
stained with light green. Five sections, each 80 um apart, were scored
for each animal without knowledge of the genotype. The area of the
lesion was measured with an ocular micrometer. Values reported rep-
resent the mean lesion area from five sections for each animal.

Morphometric quantitation of lesions in entire aorta. After 4% para-
formaldehyde perfusion, aortae were collected between the subcla-
vian and iliac branches from mice on diet for 37 wk and prepared
along with hearts as described above. However, after 2 to 3 d in 30%
sucrose, the aortae were stored in 10% formalin for later analysis.
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The aortae were rinsed in 70% (vol/vol) ethanol for 30 s, stained with
0.5% (wt/vol) Sudan IV in 35% ethanol/50% acetone for 15 min with
continuous shaking, destained in 80% ethanol until background was
clear, and then washed briefly with water (22). Aortae were opened
longitudinally and mounted on slides using glycerol gelatin from
Sigma Chemical Co. For quantitation of Sudan IV stained surface
area, mounted aortae were visualized through a JVC TK-1280U color
video camera into a Leica Q500MC image analysis program (Leica
Inc., Deerfield, IL). Percent area covered by lesion was determined
by Sudan IV covered area divided by total aorta area.

Identification of macrophages and smooth muscle cells. For iden-
tification of macrophages frozen heart sections (10-pm thick) from
mice on atherogenic diet for 8 wk were fixed in cold acetone for 5 min
then incubated with avidin blocking solution followed by biotin
blocking solution (N0.004303; Zymed Labs, Inc., S. San Francisco,
CA) for 30 min each. Endogenous peroxidase activity was blocked by
incubating slides in a solution of 3% hydrogen peroxidase for 5 min.
Slides were then incubated with a biotin-conjugated anti-Mac-1 anti-
body (No. 01712D, dilution 1:5; Pharmingen, San Diego, CA) for 4 h
at room temperature followed by Vectorstain ABC reagent from
Vector Laboratories. Antibodies were visualized by chromogenic de-
tection with diaminobenzidine as substrate then counter stained with
hematoxylin. Antibody was omitted from control section. Smooth
muscle cells were stained with a mouse monoclonal antibody against
human «-actin directly coupled to horseradish peroxidase (No.
U7033, dilution 1:2; Dako Corp., Carpinteria, CA) as described previ-
ously (27). Briefly, cryostat cut sections (10-wm thick) of the aortic si-
nus of the heart from mice fed an atherogenic diet for 37 wk and per-
fused with 4% paraformaldehyde solution were used. After blocking
endogenous peroxidase activity as described above, slides were incu-
bated with the antibody for 4 h. Visualization of antibody and counter
staining of slide were same as described above. Control slides were
incubated with diluted normal mouse serum.

Statistical analysis. Data are presented as mean*=SEM. Statisti-
cal significance was assessed by Student’s ¢ test.

Results

LD LR-deficient mouse model for atherosclerosis. Mice are gen-
erally resistant to atherosclerosis and form only small lesions
on a high fat diet. Therefore, several mouse models genetically
susceptible to atherosclerosis have been developed (28). In
some of these models, such as the apolipoprotein E-deficient
mouse, lesions develop spontaneously (29-31); in others, such
as the LDLR-deficient mouse (21, 22), lesion formation is in-
duced by a high fat diet, and can thus be tightly controlled.
Mice deficient in LDLR have elevated lipoproteins (VLDL,
IDL and LDL), and in mice on high fat/cholesterol diets cho-
lesterol-laden macrophages accumulate in fatty streaks (Fig.
1 B) in the walls of the entire aortic and proximal coronary
vessels (22, 32). Because it has not been previously reported
whether the lesion in the LDLR-deficient mice can progress to
the fibrous plaque stage (28), we have submitted these mice to
8.5 mo of the high fat/cholesterol diet. We observed that at this
time the lesions in the LDLR-deficient mice indeed pro-
gressed to form fibrous plaques. The lesions had a characteris-
tic fibrous cap, positive for a-actin, indicating the presence of
smooth muscle cells (Fig. 1 D). Considering this normal pat-
tern of lesion progression and the capacity to control lesion on-
set, we decided to use the LDLR-deficient genetic background
to study the role of P-selectin in atherosclerotic lesion develop-
ment. For this purpose, we intercrossed P-selectin—deficient
mice (15) with the LDLR™/~ mice (21) to obtain a line defi-
cient in both genes (LDLR™~/P-selectin™~).



Diet-induced leukocyte rolling. LDLR™~ mice, with and
without P-selectin, were fed either mouse chow or a high-fat/
cholesterol diet. To examine the systemic effect the diet may
have on leukocyte interaction with blood vessel walls, the mice
were subjected to intravital microscopy of mesenteric venules
(15) after 2 wk on the diet. The number of rolling leukocytes in
the venules was increased threefold in the LDLR™~/P-selectin*/*
mice on the high fat/cholesterol diet in comparison with
LDLR /~/P-selectin*/* mice maintained on mouse chow (Fig.
2). This effect was dependent on P-selectin, as the numbers of
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Figure 1. Photomicrographs showing cellu-
lar composition of aortic sinus lesions of
LDLR-deficient male mice on the high fat/
cholesterol diet. Sections were obtained
from mice that were on the diet for 8 wk
(A, B) and for 8.5 mo (C, D). (B) Section
was immunostained with a rat monoclonal
antibody to Mac-1 (ayf,), showing a fatty
streak laden with Mac-1-positive macro-
phages. (D) Section was stained with a mouse
monoclonal anti-a-actin antibody visualiz-
ing smooth muscle cells in a fibrous plaque.
(A and C) represent controls without rele-
vant antibody. All sections were counter
stained with hematoxylin. Bar, 120 pm.

rolling leukocytes remained minimal in LDLR~~/P-selectin™~
mice on either diet (Fig. 2). Our results indicate that the high
fat/cholesterol diet led to an increase in leukocyte interaction
with the vessel wall of the mesenteric venules. This could be
due to either increased endothelial expression of P-selectin or
changes in the P-selectin ligand on the leukocytes induced by
the atherogenic diet.

Total plasma cholesterol and triglyceride levels. To study the
role of P-selectin in atherosclerotic lesion development, we
first made sure that the LDLR™/~/P-selectin*/* and LDLR~/~/

Figure 4. Representative atherosclerotic
lesions in LDLR-deficient male mice. Male
mice were killed after 8 wk (A, B) and 37
wk (C, D) on the high fat/cholesterol diet.
8-wk hearts were fixed in 10% buffered for-
malin, 37-wk hearts were perfused with 4%
paraformaldehyde and the processed hearts
were stained (26). LDLR ~~/P-selectin™'*
(A, C) and LDLR /~/P-selectin™~ (B, D)
aortae with lesion areas close to the mean
value are shown. Arrowheads indicate le-
sions in the 8-wk samples where the differ-
ence in size between the two genotypes is
pronounced. With increasing time on diet,
the oil red-O—positive staining has progres-
sively changed from a uniform staining pat-
tern in the typical fatty streak (A, B) to
more luminal distribution in the fibrous
plaque type lesion (C, D). This change oc-
curred equally in both P-selectin—positive
and —negative hearts. Bar, 300 pm.
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cient mice on high fat/
cholesterol diet.
LDLR ~/~/P-selectin*/*
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cells passing through a perpendicular plane in 1 min. Significant leu-
kocyte rolling was seen only in P-selectin—positive mice, and this was
stimulated further by the atherogenic diet. n = 7-11; *comparison by
Student’s ¢ test P < 0.02.

P-selectin *+/* P-selectin ~/-

P-selectin™~ mice responded similarly to the high fat/choles-

terol diet as demonstrated by comparable levels of cholesterol
and triglycerides in the blood. After 2 wk on the high fat/cho-
lesterol diet, the total plasma cholesterol was > 2,000 mg/dl in
male and ~ 1,300 mg/dl in female LDLR ™'~ mice, independent
of P-selectin genotype (Table I). At 4 wk, the cholesterol levels
in the males decreased to levels detected in the females and re-
mained similar for the length of the study (Table I). The mice
maintained on chow diet had lower cholesterol levels, and again
these were similar for both genotypes (LDLR™'~/P-selectin*/*
261.3+15.3 mg/dl; LDLR™"/P-selectin™’~ 223.2+13.5 mg/dl).
After 8 wk on diet, 5 LDLR ™/~ animals of each P-selectin geno-
type and sex were also analyzed for cholesterol distribution
among lipoprotein fractions by density gradient ultracentrifu-
gation. Consistent with earlier studies (22), the increased
plasma cholesterol levels were mainly due to an accumulation
of B-VLDL (not shown). No statistically significant differences
in the cholesterol distribution among lipoproteins for the two
P-selectin genotypes were detected. Triglyceride levels were
also determined for several animals of each group on the high
fat/cholesterol diet and were found to be similar among all
sexes and genotypes.

Lesion development in the first 8 wk on diet. LDLR™~ mice
on chow diet for 8 wk did not develop atherosclerotic lesions.
In contrast, all groups of LDLR™~ mice (males or females,
positive or negative for P-selectin) developed small lipid-con-
taining lesions in the cusp region of the aorta in the first 2 wk
on the high fat/cholesterol diet. There was little change in le-

sion size between 2 and 4 wk in LDLR/~/P-selectin™/~ and
LDLR/~/P-selectin*/* mice (Fig. 3). However, the 8 wk aor-
tae had large intimal collections of cholesterol-laden foam cells
resulting in conspicuous projections into the sinus region (Figs.
1 and 4). The lesion areas in females were similar for both
P-selectin®’* and P-selectin™'~ mice (Fig. 3 B) but were smaller
than in P-selectin*’* males (P = 0.005). Comparison of lesion ar-
eas in the 8-wk-old male samples showed that the P-selectin®/*
male mice had lesions twofold larger than the P-selectin™/~
males (P = 0.0001; Fig. 3 A, and Fig. 4, A and B). The gender
difference in P-selectin—dependence was reproducible; the
data presented in Fig. 3 were combined from two independent
experiments yielding identical results (for the 8 wk time point,
experiment 1: males P = 0.031, females P = 0.20; experiment
2: males P = 0.023, females P = 0.73). When mean lesion areas
of all (male and female) LDLR~~/P-selectin™* (n = 27) and
LDLR /7/P-selectin™~ (n = 26) animals were compared, the
difference between the two groups was also statistically signifi-
cant (P = 0.0012, Fig. 3 C).

Lesions in mice on long-term diet. To examine the role of
P-selectin in lesion progression we maintained a group of
LDLR /7/P-selectin™* and LDLR™/"/P-selectin™/~ mice on
the high fat/cholesterol diet up to 8.5 mo. In mice killed after
20 wk on the diet, a sex difference in lesion size was no longer
evident (not shown). A slightly larger lesion size was observed
in both sexes in the LDLR™"/P-selectin*/* animals as com-
pared to LDLR~/~/P-selectin™'~, and this 20% difference was
statistically significant when females and males were combined
(13 LDLR/~/P-selectin*/* and 14 LDLR~'~/P-selectin™~; P <
0.05; Fig. 5). Sections of the base of the aorta showed that, de-
spite their increased size, the lesions were still predominantly
of the fatty streak type without an obvious fibrous cap. At 20
wk, the lesion also involved the root of the coronary artery.
This occurred in both P-selectin genotypes (not shown).

At 37 wk of diet, the lesion composition appeared qualita-
tively different from those seen at the earlier time points (Fig.
4). The oil red-O staining was mainly confined to lumena sur-
face rather than being evenly distributed throughout the lesion
as seen in the earlier fatty streak lesions. The lesions con-
tained a necrotic core and were positive for a-actin (Fig. 1)
indicating that they had progressed to the fibrous plaque stage.
Quantitation of lesion size in the cusp region no longer showed
a statistically significant difference between P-selectin—positive
and —negative animals (Fig. 5). While at 8 wk on the high fat/
cholesterol diet we found no obvious lesions in a segment of
the aorta dissected between the subclavian branch and iliac
branch in either P-selectin genotype (not shown), lesions were
numerous in this segment at 37 wk. To quantify the lesions, 5
LDLR/~/P-selectin*/* and 5 LDLR~/~/P-selectin™'~ male aor-
tae were stained with Sudan IV (Fig. 6). The percent surface

Table I. Total Plasma Cholesterol (mg/dl) in LD LR-Deficient Mice on 1.23% Cholesterol Diet

2 wk 4 wk 8wk 20 wk 37 wk
P-selectin™'* males 2381169 (14)* 135970 (10) 109383 (13) 134484 (7) 1538=75 (5)
P-selectin~/~ males 2151320 (12)* 1433138 (10) 110446 (12) 1229+139 (6) 1285109 (6)
P-selectin*'* females 135281 (18)* 131232 (7) 99636 (14) 1334146 (7) 1476 (1)
P-selectin~/~ females 1302+53 (12)F 1396119 (13) 1047+25 (14) 1292+194 (7) 1626268 (4)

Mice were fed high fat/cholesterol diet for 2, 4, 8, 20, or 37 wk at which time plasma was collected and analyzed for total cholesterol. The values rep-
resent the mean=SEM. The values in parentheses represent the number of animals evaluated. Comparison by Student’s ¢ test *P < 0.0001; *P < 0.02.
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area occupied by the lesions in these preparations was compa-
rable for both genotypes (LDLR'~/P-selectin®/* 53.7% and
LDLR/7/P-selectin™~ 51.0%, P = 0.84).

The above results indicate that P-selectin-mediated adhe-
sion plays an important role in the initial stages of atheroscle-
rotic lesion development, i.e., fatty streak formation, and that
its involvement is no longer significant when lesions progress
to later stages.

Discussion

The suggestion that Weibel-Palade bodies may be involved in
atherosclerosis dates back to the 1970s, as these organelles that
are known to contain the adhesion molecules von Willebrand
factor (33) and P-selectin (7, 8) were shown to be more numer-
ous at sites of atherosclerotic lesions (34). Increased mem-
brane expression of P-selectin and of two other adhesion mol-
ecules for leukocytes, ICAM-1 and VCAM-1, has been shown
in human and rabbit atherosclerotic plaques (35-38). Oxi-
dized LDL, a risk factor for atherogenesis, can induce sustained
P-selectin expression in human umbilical vein endothelial cells
and on rat aortic rings in vitro. Anti-P-selectin antibodies in-
hibit monocyte adhesion to the oxidized-LDL-treated endo-

1.5+
-~ T
E 1.0 <
£ T
@
S = *
£ T
@ 0.5
-
0.0
20 weeks 37 weeks
{n=13-14) (n=6-10)

Figure 5. Atherosclerotic lesion size in LDLR-deficient mice with
and without P-selectin on long-term atherogenic diet. 6-8-wk-old
mice were fed a high fat/cholesterol diet for 20 and 37 wk. Hearts
were processed and vascular lesions were measured: LDLR ~/~/
P-selectin™* (open bars) and LDLR ~~/P-selectin™~ (black bars).
Mean values of 5 sections (n = 1/mouse) were used for comparison
by Student’s ¢ test. *P < 0.05.
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thelium (39, 40). Similarly, in an in vivo model using the skin-
fold chamber, injection of oxidized LDL caused an increase in
leukocyte rolling and adhesion to endothelium in both venules
and arterioles. Leukocyte adhesion to venular and arteriolar
endothelium in this model was significantly reduced by infu-
sion of anti—P-selectin antibodies (41). Comparably, in the
LDLR-deficient mice we observed a threefold increase in leu-
kocyte rolling in the mesenteric venules when these mice were
subjected to high fat/cholesterol diet for one (not shown) or
two weeks (Fig. 2). This increase in adhesiveness was com-
pletely prevented by the absence of P-selectin. This indicates
that P-selectin is the responsible adhesion molecule and that
other adhesion molecules, such as E-selectin, do not play a pri-
mary role at this early stage. Because high fat/cholesterol diet
induces not only leukocyte rolling in the venules of the
LDLR ™~ mice but also leukocyte transmigration in the aortae
leading to fatty streak formation (22, 32), we hypothesized that
P-selectin may also be involved in the latter process.

Indeed, we observed that the absence of P-selectin reduces
the size of the fatty streaks formed in the LDLR-deficient mice
(Figs. 3-5), and this was especially pronounced in the males
(Fig. 3 A, and Fig. 4, A and B). It is likely that in these animals
there is a sex difference in upregulation of P-selectin, and thus

Figure 6. Aortae of LDLR-defi-
cient mice on atherogenic diet for
37 wk. Aortae of male mice were
dissected, opened, and stained
with Sudan IV. (A) shows an
LDLR"/P-selectin*/* and (B)
shows an LDLR ~/~/P-selectin™/~
specimen.
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it may play a more important role in the male mice than in fe-
males. Recently, studies in vitro with human umbilical vein en-
dothelial cells, have shown that the presence of the female sex
hormone 17B-estradiol strongly inhibited the IL-1-induced
upregulation of the leukocyte adhesion molecules ICAM-1,
VCAM-1, and E-selectin (42). Although the effect of this hor-
mone on P-selectin expression, which is also up regulated by
cytokines (14), was not examined in that study, we hypothesize
that P-selectin may be under a similar regulatory effect of es-
trogen. Downregulation of P-selectin expression by estrogen
may at least in part explain why P-selectin plays a more domi-
nant role in the male mice. Similarly, less expression of several
leukocyte adhesion molecules in the LDLR-deficient female
mice combined with lower cholesterol levels at 2 wk, may re-
sult in the formation of smaller fatty streak lesions in the fe-
males than seen in the males (P = 0.005; Fig. 3). Others found
a comparable sex difference in lesion size in LDLR-deficient
mice maintained for 6 mo on a 1% cholesterol diet (32). In ad-
dition, the LDLR-deficiency changes the lipoprotein profile of
the mouse so that it becomes similar to that of humans, with
non-HDL lipoproteins dominating the lipoprotein species
(22). Therefore, LDLR-deficiency has made mice more like
humans (43) with respect to gender-related susceptibility to
diet-induced atherosclerosis. This sex difference combined
with our demonstration that the LDLR-deficient mice develop
similar fibrous plaque lesions (Fig. 1) as seen in humans, shows
that the LDLR-deficient mice indeed constitute an interesting
animal model to study the genes involved in atherogenesis.
From our study it is apparent that P-selectin played a sig-
nificant role in the formation of the fatty streak type lesions
(8-20 wk on diet) and its importance declined when the lesion
reached the fibrous plaque stage (37 wk on diet). The reason
for this may be that the fatty streak formation and growth re-
lies heavily on the recruitment of monocytes/macrophages
(44), and lipid-filled macrophages are the main component of
the fatty streak (Fig. 1 B). P-selectin is an excellent candidate
to play a role in this recruitment as it was shown to promote re-
cruitment of monocyte/macrophages in thioglycollate-induced
inflammation (16), in contact hypersensitivity response (17),
and together with E-selectin in skin excisional wounds (44a). It
is possible that E-selectin also plays a role in monocytes re-
cruitment to the fatty streak and that the growth of the lesions
will be further delayed in mice deficient in both of the endothe-
lial selectins. The normal progression from fatty streak to fibrous
plaque occurred in both P-selectin—positive and negative ani-
mals, as indicated by the similar intensity of a-actin staining in
the lesions of mice of both genotypes (not shown). At 37 wk,
we have observed that the lesions in the two genotypes
LDLR/7/P-selectin*/* and LDLR™/~/P-selectin™/~ were of
comparable size as determined both from sections in the cusp
region and by computer analyses of lesion areas in the isolated
aortae (Fig. 4 C and D, and Fig. 6). The lesion size in the cusp
region was shown previously to correlate well with the extent
of lesions in the rest of the aorta (32). Despite the fact that ad-
ditional recruitment of monocytes and lymphocytes contrib-
utes to lesion growth also at the fibrous plaque stage, the le-
sion sizes in the P-selectin—deficient animals caught up with
those of wild types. This suggests that other adhesion mole-
cules must play a role at these later stage or that they are at
least able to replace P-selectin in its absence. The importance
of P-selectin may return when the atherosclerotic lesion
progresses further to the complex stage where thrombus forma-
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tion with fibrin and platelet deposition are apparent. P-selectin
was shown to be important for leukocyte recruitment into
platelet thrombi under flow (Ruggeri et al., unpublished obser-
vations) and for fibrin deposition onto vascular grafts (45).
The hypothesis that P-selectin may play a role in the complex
lesion could not be tested as the known mouse models for ath-
erosclerosis do not appear to progress to this stage (28).

We have not addressed whether it is endothelial P-selectin,
platelet P-selectin, or both that promote fatty streak growth.
P-selectin on platelets mediates rosetting with monocytes and
neutrophils (46, 47). This interaction could bring platelets,
with all of their biological activities, into the lesion (2, 48). Fur-
thermore, platelets can contribute cholesterol esters to mac-
rophages (49, 50). Thus it is possible that endothelial P-selectin
is responsible for the adhesion of monocytes to the lesion site,
whereas platelet P-selectin may contribute to cholesterol accu-
mulation in macrophages in situ. We have previously demon-
strated that platelets roll on endothelium in a manner similar
to leukocytes (19). This rolling is dependent on endothelial
P-selectin providing yet another mechanism for platelet accu-
mulation at sites of vascular lesions.

Chemokine/cytokine secretion most likely cooperates with
adhesion molecules to magnify the recruitment of monocytes
to lesion sites and P-selectin may also play a role in this process.
Monocyte binding to endothelial P-selectin in the presence of
platelet activating factor induces secretion of monocyte
chemotactic protein-1 and tumor necrosis factor-« (TNF-q;
51). Moreover, TNF-a can increase expression of endothelial
P-selectin (14), possibly further potentiating monocyte recruit-
ment to the lesion. Perhaps one of the housekeeping functions
of endothelial P-selectin is to recruit monocytes/macrophages
to scavenge small lipid deposits in the subendothelium. Similar
to the situation in chronic inflammation, normal leukocyte re-
cruitment, and vessel wall surveillance may become excessive in
a diseased vessel leading to atherosclerotic lesion development.

Atherosclerosis is a polygenic disease. The majority of pre-
viously known genes are directly linked to lipid metabolism.
We now show that the gene for an adhesion molecule, P-selec-
tin, and likely also those involved in the regulation of its sur-
face expression, could play a role in atherosclerosis.
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