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Critical Role of Platelet P-Selectin in the Response to
Arterial Injury in Apolipoprotein-E–Deficient Mice
David Manka, S. Bradley Forlow, John M. Sanders, Debra Hurwitz, Daniel K. Bennett,

Samuel A. Green, Klaus Ley, Ian J. Sarembock

Objective—Mice deficient in apolipoprotein-E (apoE�/�) experience severe hypercholesterolemia that is exacerbated by a
high-fat Western-type diet and atherosclerotic lesions spontaneously develop. In addition, we have reported that
deficiency of P-selectin dramatically protects against neointimal lesion formation after arterial injury in apoE�/� mice.
To define the mechanism, bone marrow transplantation (BMT) after lethal irradiation was used to generate apoE�/�

chimeric mice deficient in platelet, but not endothelial, P-selectin.
Methods and Results—Mice underwent vascular injury and were euthanized 4 weeks later. Absence of platelet P-selectin

(pPS) expression in apoE�/� mice after BMT was confirmed by flow cytometry and Western blot analysis. Lack of pPS
in apoE�/� mice resulted in a 62% reduction in neointimal area (45 000�27 000 versus 17 000�13 000 �m2,
P�0.000001) and a 30% reduction (P�0.02) in macrophage infiltration, compared with control apoE�/� BMT. Absence
of pPS was also associated with a reduction in plaque neovascularization as compared with pPS-competent controls (0/8
versus 3/8, P�0.05).

Conclusions—Lack of pPS significantly attenuates macrophage recruitment and neointimal lesion formation, indicating
that pPS on platelets lining the vessel wall plays a critical role in inflammation after wire-withdrawal injury of the
carotid artery in apoE�/� mice. (Arterioscler Thromb Vasc Biol. 2004;24:1124-1129.)
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Initiated by endothelial dysfunction or injury, atheroscle-
rotic neointimal lesions are composed largely of smooth

muscle cell, macrophages, and foam cells, and may result in
loss of lumen area. Smooth muscle cells are thought to
migrate toward and subsequently proliferate at the site of
injury.1 Macrophage entry into the vessel at sites of injury is
a hallmark of nascent atherosclerotic lesions and involves a
complex interaction of adhesion molecules, chemokines, and
cytokines. Similarly, the remodeling of the artery at the site of
injury is an inflammatory response that becomes pathogenic
when the balance shifts from a normal wound-healing event
to a chronic inflammatory fibroproliferative process.2

P-selectin, found in the storage granules of resting platelets
and endothelial cells, is rapidly translocated on activation to
the cell membrane from storage sites in Weibel-Palade bodies
(endothelium) and �-granules (platelets) and participates in
the initial steps of capture and binding of circulating neutro-
phils and monocytes during leukocyte rolling.3,4 After de-
struction of or damage to the endothelium, P-selectin and
integrins expressed on platelets and platelet particles depos-
ited on the provisional matrix at the site of injury may provide

a surface for recruitment and subsequent migration of leuko-
cytes, including monocytes, mediating the first steps of
injury-induced neointimal hyperplasia.3–8

The role of individual adhesion molecules in the response
to injury changes depending on the type of arterial insult. For
instance, absence of ICAM-1 or P-selectin substantially
protects against spontaneous atherosclerosis in the setting of
hyperlipidemia alone.9 Only absence of P-selectin, and not
ICAM-1, however, protects against wire-injury–induced neo-
intima formation, a more severe form of endothelial and
arterial injury.10 The lack of protection in ICAM-1–deficient
mice after injury demonstrates that the response to wire injury
is a complex process in which the role of a given adhesion
molecule cannot be predicted based on its role in inflamma-
tion or spontaneous atherosclerosis alone.

We previously reported that P-selectin is a crucial mediator
of monocyte trafficking into the vessel wall and neointimal
lesion formation after wire injury in apoE�/� mice.10,11 To
define the mechanism, we used bone marrow transplantation
(BMT) to generate chimeric apoE-deficient mice that lacked
platelet, but not endothelial, P-selectin to elucidate the role of
cell-type–specific P-selectin expression after arterial injury.
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Methods
Mouse Injury Model
The mouse carotid arterial injury model was used with minor
modification as described.10,12 Endothelial denudation has previ-
ously been confirmed by scanning electron microscopy.13 Injured
left and uninjured right carotid arteries were excised. Serial 5-�m
sections were cut from the paraffin-embedded blocks and prepared
for histomorphometry. Wire injury was performed at 20 weeks,
before sizeable lesions form spontaneously in the carotid artery,
which was verified by analyzing the contralateral, noninjured carotid
artery from each animal. In this way, this model is not a combination
of spontaneous atherosclerosis and mechanical-injury–induced
neointima.

BMT
Recipient mice received �1 to 2 million unfractionated donor bone
marrow (BM) cells via tail vein injection as described.14 Sixteen
apoE-deficient female mice were lethally irradiated at 13 weeks of
age. Eight were reconstituted with BM from a donor apoE/P-
selectin�/�/�/� female mouse (platelet P-selectin–positive, or pPS�
group) to control for lethal irradiation and BMT, and 8 were
reconstituted with donor cells from an apoE/P-selectin�/�/ �/� female
mouse (platelet P-selectin-negative, or pPS� group). We were
unable to perform the complementary set of experiments, namely
lethally irradiating and reconstituting apoE/P-selectin�/�/ �/� recipi-
ents with apoE/P-selectin �/�/�/� BM because of breeding difficulties
and thus inadequate numbers of double-knockout recipients, a
characteristic of apoE/P-selectin�/�/ �/� animals, consistent with
observations by Dong et al.15 These experiments would have
provided additional controls for the effects of BMT and a lack of
endothelial P-selectin alone. At 20 weeks of age, all 16 BMT mice
underwent wire withdrawal injury of the left carotid artery after 1
week of Western diet feeding (0.15% by weight cholesterol and
19.5% by weight casein without sodium cholate). All animals were
euthanized 4 weeks after injury and after 5 weeks of Western diet
feeding at 24 weeks of age.

Flow Cytometry
Platelet-rich plasma (PRP) was prepared from mouse blood centri-
fuged for 5 minutes at 200g. Platelets were stimulated with thrombin
and incubated with a fluorescein isothiocyanate (FITC)-conjugated
rat anti-mouse P-selectin monoclonal antibody (RB.40.34; BD
PharMingen, San Diego, Calif) or an isotype-matched control
antibody to detect pPS expression with flow cytometry.

Western Blotting
Platelets were recovered from equal volumes of PRP by centrifuga-
tion at 12 000g for 10 minutes, lysed in electrophoresis sample
buffer, resolved on 7.5% acrylamide gels, and transferred to nitro-
cellulose membranes as described.13 P-selectin was detected by
enhanced chemiluminescence using antipeptide rabbit antiserum,
recognizing the COOH-terminus of P-selectin and horseradish
peroxidase-conjugated goat anti-rabbit IgG (Cappel ICN, Costa
Mesa, Calif) as described.16

Complete Blood Counts and Lipoprotein Levels
Blood samples were collected by cardiac puncture at the time of
euthanization into EDTA-containing microtainer tubes (for complete
blood count, differential) or serum separator tubes (Becton-
Dickinson, Franklin Lakes, NJ) for lipoprotein levels. Complete
blood counts, automated differential leukocyte counts, and lipid
levels were determined by the University of Virginia Clinical
Pathology Laboratory.

Quantitative Histopathology
and Immunohistochemistry
The arterial segments were dehydrated in ethanol and xylene and
embedded in paraffin. Sections (5-�m thick) were stained using the
Russell-Movat pentachrome stain.17 For quantitative histopatholog-

ical comparisons, beginning at the carotid bifurcation, sections were
collected every 55 �m, and every fourth (every 220 �m) section was
analyzed. The area and circumference of the lumen, internal elastic
lamina, and external elastic lamina, along with maximum neointima
thickness, were determined by planimetry using Image Pro Plus 3.0
(Media Cybernetics, Silver Springs, Md). From these measurements,
the plaque area, medial area, intima-to-media (I/M) ratio and overall
vessel area were calculated. Data were compared using NCSS 97
(Kaysville, Utah) by 1-way analysis of variance (ANOVA) followed
by a 2-tailed Student’s t test or Fisher’s exact test for binary response
variables to evaluate levels of significance at 95% confidence.
Differences were determined to be significant when P�0.05.

For immunohistochemistry, serial sections were stained as de-
scribed with primary antibodies for monocyte/macrophages (Mac-2
antigen Clone M3/38; Accurate Chemical), endothelial cells
(PECAM-1 or CD31 goat polyclonal antibody M-20; Santa Cruz
Biotechnology), �-smooth muscle actin (clone 1A4; Dako Corp), or
platelets (rabbit antimouse thrombocyte antiserum, mouse adsorbed;
Accurate Chemical & Scientific Corp, Westbury, NY). Tissue
sections were stained with the same polyclonal antibody directed
against P-selectin that was used for Western blotting. To assess
plaque neovascularization in BMT and nonBMT apoE�/� mice, the
section with the largest plaque of 15 sampled sections every 220 �m
from the injured carotid artery of each animal was selected for
staining with anti-PECAM-1 antibodies to visualize endothelial cells
and vascular lumens within the neointima.

Results
Reconstitution of lethally irradiated apoE�/� mice with apoE/
P-selectin�/�/ �/� BM (pPS�) resulted in a complete absence
of pPS, confirmed by flow cytometry and Western blot
analysis of blood drawn from 3 of these animals (Figure I,
available online at http://atvb.ahajournals.org). Lack of pPS
resulted in a reduction in wire-injury–induced neointima
lesion formation along the length of the carotid for every
point examined compared with lethally irradiated apoE�/�

control mice reconstituted with apoE/P-selectin�/�/�/� BM
(pPS�; Figure 1). There was no difference in plasma cho-
lesterol levels between the 2 groups (data not shown). The
percent reduction in neointima area varied from 40% to 70%
(P�0.05) compared with control vessels at each 220-�m
point along the axial length of the injured carotid arteries,
with an average reduction of 62%; Table). There were no
significant differences with respect to complete blood counts,

Figure 1. Neointimal lesion formation in the axial direction for
each BMT treatment group after wire injury. Beginning 800 �m
from the carotid bifurcation (origin), the neointimal area was cal-
culated for each injured vessel. This measurement was repeated
every 220 �m until 3000 �m from the carotid bifurcation. Data
are represented as the mean neointimal area for 8 injured
carotid arteries from each treatment group �standard error of
the mean. *P�0.05 compared with pPS� control group at each
position along the axis of the carotid artery. Animals were 24
weeks of age at the time of euthanization.
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