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Platelets have been shown to be important in inflam-
mation, but their role in the cutaneous Arthus reac-
tion remains unclear. To assess the role of platelets in
this pathogenetic process, the cutaneous Arthus reac-
tion was examined in wild-type mice and mice lack-
ing E-selectin, P-selectin, or P-selectin glycoprotein
ligand-1 (PSGL-1) with or without platelet depletion
by busulfan, a bone marrow precursor cell-specific
toxin. Edema and hemorrhage induced by immune
complex challenge significantly decreased in busul-
fan-treated wild-type mice compared with untreated
mice. Busulfan treatment did not affect edema and
hemorrhage in P-selectin- or PSGL-1-deficient mice,
suggesting that the effect by busulfan is dependent
on P-selectin and PSGL-1 expression. The inhibited
edema and hemorrhage paralleled reduced infiltra-
tion of neutrophils and mast cells and reduced levels
of circulating platelets. Increased cutaneous produc-
tion of interleukin-6, tumor necrosis factor-� , and
platelet-derived chemokines during Arthus reaction
was inhibited in busulfan-treated wild-type mice rel-
ative to untreated mice, which paralleled the reduc-
tion in cutaneous inflammation. Flow cytometric
analysis showed that immune complex challenge
generated blood platelet-leukocyte aggregates that de-
creased by busulfan treatment. In thrombocytopenic
mice, the cutaneous inflammation after immune com-
plex challenge was restored by platelet infusion.
These results suggest that platelets induce leukocyte
recruitment into skin by forming platelet-leukocyte
aggregates and secreting chemokines at inflamed
sites, mainly through the interaction of P-selectin on

platelets with PSGL-1 on leukocytes. (Am J Pathol 2010,

176:259–269; DOI: 10.2353/ajpath.2010.081117)

The pathogenesis of autoimmune diseases frequently in-
volves the formation of IgG-containing immune com-
plexes (ICs) inducing inflammatory responses with sig-
nificant tissue injury, commonly referred to as type III
hypersensitivity reaction. This IC injury has been impli-
cated in the pathogenesis of vasculitis syndrome, sys-
temic lupus erythematosus, rheumatoid arthritis, and
cryoglobulinemia.1 The mechanisms by which the im-
mune system controls effector responses to ICs are of
central importance for developing therapeutic strategies.
The standard animal model for the inflammatory re-
sponse in these IC-mediated diseases is the Arthus
reaction.2 Analyses using gene knockout mice have
revealed that activation of the complement system,
especially C5a and its interaction with C5a receptor,
and of Fc receptors for IgG on inflammatory cells,
particularly mast cells, are both required to initiate the
Arthus reaction.3–8 In addition, accumulation of neutro-
phils and mast cells is necessary for the progression of
the IC-mediated vascular tissue damage, which results
in edema and hemorrhage.3–8

Leukocyte recruitment from the circulation to a site of
inflammation is an essential process in the inflammatory
response. Leukocytes first tether and roll on vascular
endothelial cells, before they are activated to adhere
firmly and subsequently immigrate into the extravascular
space. This multistep process is highly regulated by mul-
tiple cell-surface adhesion molecules.9,10 The selectins
cooperate to support leukocyte tethering and rolling
along inflamed vascular walls by mediating leukocyte
interactions with glycoconjugated counter-receptors ex-
pressed by endothelium, adherent platelets, or leuko-
cytes. The selectin family consists of three cell-surface
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molecules expressed by leukocytes (L-selectin), vascular
endothelium (E- and P-selectins), and platelets (P-selec-
tin).11 Although the adhesive mechanisms underlying the
capture and immobilization of circulating leukocytes in
inflamed blood vessels have been well described, factors
triggering and controlling the leukocyte recruitment into
inflamed sites are poorly understood.

The multistep process of leukocyte tethering and rolling,
followed by leukocyte activation and firm adhesion, also
occurs on activated platelets.12 Platelets are essential for
primary hemostasis, but they also play an important pro-
inflammatory role.13,14 Platelets normally circulate in a qui-
escent state, protected from untimely activation by inhibitory
mediators released from intact endothelial cells. Endothelial
dysfunction and changes in release of antiplatelet factors
lead to increased platelet activation followed by their inter-
action with leukocytes, and increased platelet adhesion and
aggregation.15,16 On activation, platelets can change their
shapes as well as the expression pattern of adhesion mol-
ecules, and secrete neutrophil and endothelial activators
inducing production of pro-inflammatory cytokines.17 These
changes are associated with the adhesion of platelets to
leukocytes and endothelium.14 Thus, platelets are important
amplifiers of acute inflammation.

Platelets accumulate in inflammatory lesions concom-
itantly with leukocytes and regulate a variety of inflamma-
tory responses by secreting or activating adhesion pro-
teins, growth factors, and coagulation factors.18,19 These
proteins induce widely differing biological activities, in-
cluding cell adhesion, chemotaxis, cell survival, and pro-
liferation, all of which accelerate the inflammatory pro-
cess.20 In vitro and in vivo studies have shown that
platelets bind to leukocytes through their surface pro-
tein.12,14,20,21 Indeed, previous studies have reported
that platelet-leukocyte aggregates are formed in circulat-
ing blood of asthmatic patients.22 Platelets express much
amounts of P-selectin than endothelium and also bind
endothelium via selectin dependent and independent
mechanisms.23–25 In addition to classical leukocyte re-
cruitment process, platelets bound to activated endothe-
lial cells can interact with leukocytes, which results in
secondary capture that induces interactions of leuko-
cytes with platelets first, followed by leukocyte-endothe-
lial cell interaction.26 Leukocytes within platelet-leukocyte
complexes have increased adhesive capacity to the
activated endothelium.27 Therefore, platelet can func-
tion as a bridge between the circulating leukocyte and
endothelium.

We previously showed that mice lacking P-selectin
(P-selectin�/�) or mice treated with anti- P-selectin gly-
coprotein ligand-1 (PSGL-1) antibody (Ab) exhibited re-
duced Arthus reaction that is associated with decreased
infiltration of neutrophils and mast cells.28,29 In addition to
interacting with selectins and selectin ligands on endo-
thelial cells, leukocytes can also interact with selectins
and selectin ligands presented by platelets or their mi-
croparticle fragments, which are all found at sites of
inflammation.30 This indicates that observations of al-
tered leukocyte recruitment in selectin- and selectin li-
gand-deficient mice must be discussed in light of altered
selectin and selectin-ligand expression not only by endo-

thelial cells, but also by platelets. Recently, involvement
of platelets has been demonstrated in the pathogenesis
of inflammatory disorders, including asthma,22,31 arthri-
tis,18 inflammatory bowel disease,32 and chronic allergic
dermatitis.33 Although the role of platelets in inflammatory
process is being increasingly recognized, it remains un-
known how platelets induce leukocyte recruitment in the
cutaneous Arthus reaction. A recent report has identified
a role of platelets in promoting IC-induced leukocyte
recruitment to the cremaster muscle in a murine model of
reverse passive Arthus reaction.34 However, the relative
role of each leukocyte and adhesion molecule in the inflam-
mation varies according to the tissue site and the nature of
inflammatory stimuli.29 Therefore, to clarify the impor-
tance of platelets, their surface adhesion molecule ex-
pression, and platelet-derived chemokines on leuko-
cyte recruitment, we examined the cutaneous Arthus
reaction in wild-type, P-selectin�/�, E-selectin�/�, and
PSGL-1�/� mice, with or without treatment with busul-
fan, a bone marrow precursor cell-specific toxin.

Materials and Methods

Mice

P-selectin�/�,35 E-selectin�/�,35 PSGL-1�/�,36 and wild-
type C57BL/6 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). All mice were healthy, fer-
tile, and did not display evidence of infection or disease.
All mice were backcrossed between 5 and 10 genera-
tions onto the C57BL/6 genetic background. Mice used
for experiments were 8 to 12 weeks old. Wild-type and
P-selectin�/� mice were used at the age of 6 to 8 weeks
old for studies of platelet restoration. All mice were
housed in a pathogen-free barrier facility and screened
regularly for pathogens. All studies and procedures were
approved by the Committee on Animal Experimentation
of Nagasaki University Graduate School of Biomedical
Sciences.

Busulfan-Induced Platelet Depletion

Busulfan (Sigma-Aldrich, St. Louis, MO), a bone marrow
precursor of cell-specific toxin, was used to deplete
platelets, as previously described.37 Busulfan was pre-
pared in polyethylene glycol 400 (25 mg/ml) at room
temperature for 1 hour and then heated at 65°C to 70°C
until the mixture went into solution before dilution (1:8) in
warm saline for injection. It induces a gradual, long-term,
nonimmune thrombocytopenia. Anesthetized mice re-
ceived 0.2 ml of busulfan (20 mg/kg) or vehicle intraperi-
toneally on days 0 and 3.

Platelet and Leukocyte Counts in Blood

Blood was collected before IC challenge from mice via
lateral caudal vein using glass pipettes dipped in 3.8%
sodium citrate solution (Sigma-Aldrich) for platelet and
leukocyte enumeration. Blood was smeared onto micro-
scope slides for differential leukocyte counts using the
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DiffQuik method. Platelets were counted using the method
of Brecher and Cronkite.38

Reverse Passive Arthus Reactions

For cutaneous reverse passive Arthus reactions, mice
anesthetized by inhalation of diethyl ether were shaved
on their dorsal skin and wiped with 70% alcohol. After 14
days from first busulfan treatment, rabbit IgG anti-
chicken egg albumin Abs (60 �g/30 �l; Cappel, Aurora,
OH) were injected intradermally with a 29-gauge needle,
followed immediately by intravenous injection of chicken
egg albumin (20 mg/kg; Sigma-Aldrich).5 The intradermal
injection of purified polyclonal rabbit IgG (60 �g/30 �l;
Sigma-Aldrich) followed by intravenous installation of
chicken egg albumin served as a control. The solution of
chicken egg albumin contained 1%Evans blue dye (Sigma-
Aldrich). Tissues were harvested 4 or 8 hours later and
assessed for edema, hemorrhage, and numbers of infil-
trating neutrophils and mast cells.

Quantitation of Edema and Hemorrhage

Edema was evaluated by measuring the vascular leak 4
hours after IC challenge.5 Mice were sacrificed, and the
skin containing the injection site was removed at the level
of fascia above skeletal muscle and was reversed. The
diameter of extravascular Evans blue dye on the fascia
side of the injection site was measured directly. Evans
blue dye binds to serum proteins and thereby can be
used to quantify alterations in vascular permeability. The
diameter of the major and minor axis of the blue spot was
averaged for analysis. The amount of hemorrhage was
assessed 8 hours after IC challenge by direct macro-
scopic measurement of the purpuric spot. The diameter
of the major and minor axis of the purpuric spot was
averaged for analysis.

Histological Examination

Tissues were harvested 4 or 8 hours after IC challenge
using a disposable, sterile, 6-mm punch biopsy (Maruho,
Osaka, Japan) and assessed for tissue damage and
number of infiltrating neutrophils and mast cells. Tissues
were cut into halves, fixed in 3.5% paraformaldehyde,
and then paraffin-embedded. Six-micrometer sections
were stained using H&E for neutrophil evaluation and
toluidine blue for mast cell staining. Neutrophil and mast
cell infiltration was evaluated by counting extravascular
neutrophils and mast cells in the entire section and aver-
aging the numbers present in 10 serial skin sections from
the injection site. Each section was examined indepen-
dently by three investigators in a blinded fashion, and the
mean was used for analysis.

RNA Isolation and Real-Time PCR

Total RNAs were extracted from frozen wounded skin
samples using Qiagen RNeasy spin columns (QIAGEN,

Crawley, UK) and subsequently were reverse transcribed
to cDNA using Ready-To-Go real-time reverse transcrip-
tase (RT)-PCR Beads (GE Health care, Buckinghamshire,
UK), according to the manufacturer’s protocols. Real-
time quantitative RT-PCR was performed using the Taq-
Man system (Applied Biosystems, Foster City, CA) on ABI
Prism 7300 Sequence Detector (Applied Biosystems) ac-
cording to the manufacturer’s instructions. TaqMan
probes and primers for interleukin (IL)�6, tumor necrosis
factor (TNF)-�, platelet factor 4 (PF4)/CXCL4, monocyte
chemotactic protein-1 (MCP-1)/CCL2, regulated on acti-
vation normal T expressed and secreted (RANTES)/
CCL5, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were purchased from Applied Biosystems. Rel-
ative expression of PCR products was determined using
the ��CT method. Briefly, each set of samples was nor-
malized using the difference in threshold cycle (CT) be-
tween the target gene and housekeeping gene (GAPDH):
�CT � (CT target gene � CT GAPDH). Relative mRNA levels
were calculated by the expression 2���CT, where
��CT � �CT sample � �CT calibrator. Each sample was
examined in duplicate and the mean CT was used in the
equation. For real-time RT-PCR analysis of growth factor
mRNA expression, 5 to 8 mice were used in each group.

Flow Cytometric Analysis

Blood (50 �l) was obtained via retro orbital route before
and at 2 and 4 hours after IC challenge and incubated
with fluorescein isothiocyanate-labeled rat anti-CD41 (BD
Pharmingen, San Diego, CA) Ab and peridinin cholor-
phyll protein-labeled rat anti-CD45 (BD Pharmingen) or
isotype control antibodies within 10 minutes of sampling.
After 10 minutes incubation at room temperature, 200 �l
of FACSlyse solution (BD Pharmingen) was added for a
further 10 minutes before the addition of 500 ml of para-
formaldehyde (1% in PBS). These samples were ana-
lyzed using Epics XL ADC flow cytometer (Beckman
Coulter, Fullerton, CA). Live gating was performed for
leukocyte-sized events, the forward and side scattering
characteristics of which exclude the presence of single
platelet alone as described previously.39 Events staining
positive for both CD45 and CD41 were considered to
represent platelet-leukocyte aggregates and were distin-
guishable from events staining for CD45 alone.

Isolation of Murine Platelets

Blood was obtained by means of cardiac puncture from
anesthetized mice, mixed with acid citrate dextrose (Sigma-
Aldrich) at a 9:1 ratio, and then centrifuged at 150 � g for
10 minutes. The platelet-rich plasma obtained was
washed using the method of Mustard et al.40 Washed
platelets were suspended in minimal essential medium
(Gibco, Grand Island, NY) containing 300 ng/ml prosta-
glandin I2 (Sigma-Aldrich) and 10% fetal calf serum (ICN
Biomedicals, Aurora, OH). The cellular content of the
suspension was greater than 99% platelets, as demon-
strated by flow cytometry light scattering analysis. Con-
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tamination with leukocytes and erythrocytes represented
less than 1% of the cellular content (data not shown).

Restoration of Platelet Population in
Platelet-Depleted Mice

Washed platelets were isolated from the blood of wild-
type and P-selectin�/� mice. The resulting platelet sus-
pension or vehicle was injected intravenously into
busulfan-treated wild-type mice 20 minutes before IC
challenge. The injection volume of 100 �l contained 5.5
to 6.0 � 108 platelets. Platelet reconstitution restored
the circulating platelet population to 90 to 95% of the
control level.

Statistical Analysis

The Mann-Whitney U-test was used for determining the
level of significance of differences in sample means and
Bonferroni’s test was used for multiple comparisons.
Spearman’s rank correlation coefficient was used to ex-
amine the relationship between two continuous variables.
A P value less than 0.05 was considered significant.

Results

Effect of Busulfan Administration on Peripheral
Blood Cell Numbers

To study the role of platelets in cutaneous Arthus reac-
tion, we induced platelet depletion by injection of busul-
fan. Busulfan administration depleted blood platelet
counts by 40% (busulfan-treated wild-type mice: 3.8 �
1.0 � 105/�l versus untreated wild-type mice: 6.4 � 1.3 �
105/�l, P � 0.01; Table 1). Injection of control vehicle did
not alter platelet counts (data not shown). No significant
differences in the total number of circulating leukocytes
and neutrophils were observed in 5 to 10 experimental
groups of mice. Busulfan treatment only marginally af-
fected total circulating leukocytes (busulfan-treated wild-
type mice: 8.2 � 2.3 � 103/�l versus untreated wild-type
mice: 9.3 � 2.5 � 103/�l; 12% depletion), but it did not
significantly reduce blood neutrophil numbers (busulfan-
treated wild-type mice: 1.8 � 0.6 � 103/�l versus un-
treated wild-type mice: 2.0 � 0.7 � 103/�l; 10%
depletion).

Effect of Platelet Depletion by Busulfan on the
Cutaneous Arthus Reaction

Cutaneous inflammation induced by the Arthus reaction
can be separated into two distinct responses: edema,
which reaches a maximum at 3 to 4 hours after IC chal-
lenge, and hemorrhage, which peaks in intensity at 8
hours.7 To assess the role of platelets in the cutaneous
Arthus reaction, edema and hemorrhage were evaluated
4 and 8 hours after IC challenge, respectively, in P-se-
lectin�/�, E-selectin�/�, PSGL-1�/�, and wild-type mice
with or without treatment with busulfan. Edema and hem-
orrhage were not detected in mutant and wild-type mice
following intradermal injection of rabbit polyclonal IgG
with systemic chicken egg albumin (Figure 1 and data
not shown). When edema was assessed by measuring
the diameter of Evans blue dye in the extravascular
space, edema was significantly reduced in P-selectin�/�

(35% decrease, P � 0.001), PSGL-1�/� (58%, P �
0.0001) and, to a lesser degree, busulfan-treated wild-
type (25%, P � 0.001) mice compared with untreated
wild-type mice (Figure 1A). However, E-selectin�/� mice
developed edema that was similar to that found in wild-
type mice. Busulfan administration in E-selectin�/� mice
before the induction of the Arthus reaction inhibited
edema by 24% relative to untreated E-selectin�/� mice
(P � 0.05). By contrast, the inhibitory effect by busulfan
was not observed in P-selectin�/� or PSGL-1�/� mice.
Busulfan treatment in wild-type mice inhibited edema to a
similar level of untreated P-selectin�/� mice, but the in-
hibitory effect was smaller than the inhibition associated
with PSGL-1�/� mice (P � 0.001).

Hemorrhage was macroscopically quantitated after 8
hours by measuring the size of the purpuric spot. Hem-
orrhage was significantly inhibited in P-selectin�/� (51%
decrease, P � 0.01), PSGL-1�/� (54%, P � 0.01), and
busulfan-treated wild-type (28%, P � 0.05) mice com-
pared with untreated wild-type mice (Figure 1B). E-selec-
tin�/� mice treated with busulfan exhibited significantly
reduced hemorrhage compared with untreated E-selec-
tin�/� mice (P � 0.05). By contrast, busulfan treatment
did not affect hemorrhage in P-selectin�/� and PSGL-
1�/� mice. In addition, the difference between busulfan-
treated wild-type and untreated PSGL-1�/� mice was no
longer observed for hemorrhage. Thus, platelet depletion
by busulfan administration resulted in a greater inhibition

Table 1. Circulating Blood Cell Numbers in Whole Blood from Wild-Type Mice, Wild-Type Mice Treated with Busulfan (Wild-Type �
Busulfan), E-selectin (E-sel)�/� Mice, P-selectin (P-sel)�/� Mice, and PSGL-1�/� Mice Before IC Challenge

Blood cell type Wild-type Wild-type � busulfan E-sel�/� P-sel�/� PSGL-1�/�

Leukocytes (103/�l) 9.3 � 2.5 8.2 � 2.3 6.0 � 0.8 7.8 � 2.0 9.6 � 0.6
Neutrophils (103/�l) 2.0 � 0.7 1.8 � 0.6 1.8 � 0.4 2.3 � 0.8 2.4 � 0.4
Lymphocytes (103/�l) 7.3 � 2.3 6.4 � 2.0 4.0 � 0.8 5.5 � 1.7 6.6 � 0.2
Monocytes (102/�l) 1.9 � 0.4 1.5 � 0.3 1.8 � 0.3 1.6 � 0.3 2.2 � 0.4
Platelets (105/�l) 6.4 � 1.3 3.8 � 1.0 8.2 � 1.0 9.8 � 2.3 10.2 � 1.0

Data are presented as mean � SEM of results obtained from 5 to 10 mice in each group.
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of edema and hemorrhage in wild-type and E-selectin�/�

mice, but not in P-selectin�/� and PSGL-1�/� mice.

Leukocyte and Mast Cell Infiltration in the
Cutaneous Arthus Reaction

Numbers of neutrophils that migrated outside the blood
vessels were assessed in the skin tissues by H&E stain-
ing (Figures 2 and 3). Before IC challenge, there were no
significant differences in cutaneous neutrophil numbers
between mutant and wild-type mice. After 4 hours of IC
formation, neutrophil numbers were significantly reduced
in P-selectin�/� (38% decrease, P � 0.001), PSGL-1�/�

(50%, P � 0.001), and busulfan-treated wild-type (29%,
P � 0.001) mice compared with untreated wild-type mice
(Figures 2A and 3A). Neutrophil numbers were similar
between E-selectin�/� and wild-type mice. There were no
significant differences between busulfan-treated wild-

type, untreated P-selectin�/�, and untreated PSGL-1�/�

mice. Similar results were obtained after 8 hours of
IC formation except for significant difference between
busulfan-treated wild-type or untreated P-selectin�/�

mice and untreated PSGL-1�/� mice (P � 0.001; Figures
2A and 3B).

Four hours after IC challenge, mast cell numbers were
significantly reduced in P-selectin�/� (34% decrease,
P � 0.001), PSGL-1�/� (41%, P � 0.001), and busulfan-
treated wild-type (30%, P � 0.001) mice relative to un-
treated wild-type mice (Figures 2B and 3C). Mast cell
numbers did not significantly differ between E-selec-
tin�/� and wild-type mice. There were no significant dif-
ferences between busulfan-treated wild-type, untreated
P-selectin�/�, and untreated PSGL-1�/� mice. However,
8 hours after IC challenge, no significant difference in
mast cell numbers was observed among any groups
(Figures 2B and 3D). No neutrophil and mast cell influx

Figure 1. The effect of platelet depletion on edema and hemorrhage in the cutaneous reverse passive Arthus reaction. Mice were injected intradermally with rabbit
IgG anti-chicken egg albumin Ab, then intravenously with chicken egg albumin and 1% Evans blue dye. After 4 or 8 hours, dorsal skins were assessed from
wild-type, P-selectin (P-sel)�/�, E-selectin (E-sel)�/�, and PSGL-1�/� mice with or without busulfan treatment. Edema was evaluated after 4 hours as the diameter
of extravasated Evans blue spot (A). Hemorrhage after 8 hours was assessed as the diameter of the purpuric spot (B). Wild-type mice that received an intradermal
injection of polyclonal rabbit IgG followed by intravenous installation of chicken egg albumin served as controls (control). Horizontal bars indicate mean values
of each group. N.S. � not significant. *P � 0.05, **P � 0.01, ***P � 0.001.

Figure 2. Arthus reaction-induced recruitment
of neutrophils and mast cells in the skin from
wild-type mice, wild-type mice treated with
busulfan, E-selectin (E-sel)�/� mice, P-selectin
(P-sel)�/� mice, and PSGL-1�/� mice at 4 and 8
hours after IC challenge. Numbers of neutrophils
and mast cells per skin section were examined in
H&E- and toluidine blue-stained skin sections,
respectively. All values represent the means �
SEM calculated on the results obtained from 5 to
10 mice in each group. Statistical analysis is pro-
vided in the Results section.
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was detected in mice following intradermal injection of
rabbit polyclonal IgG with systemic chicken egg albumin
(data not shown). In addition, no significant differences in
the total number of circulating leukocytes and neutrophils
were observed in 5 to 10 experimental groups of mice, so
that the changes in edema, hemorrhage, and leukocyte
infiltration could not be attributed to leukopenia (Table 1).

Further we assessed the association of blood platelet
numbers with edema, hemorrhage, or cutaneous leuko-
cyte numbers in thrombocytopenic mice. Regarding
edema and hemorrhage formation during the cutaneous
Arthus reaction, blood platelet numbers were correlated
positively with these parameters (P � 0.05, r � 0.525,
and P � 0.05, r � 0.509, respectively; Figures 4). In
addition, cutaneous neutrophil numbers at 4 hours were
also correlated positively with blood platelet numbers
(P � 0.05, r � 0.443). Moreover, the inhibitory effect on
neutrophil recruitment at 8 hours tended to correlate with

decreased levels of blood platelet counts (P � 0.07, r �
0.410). However, no significant correlation was found
between blood platelet numbers and mast cell accumu-
lation in the skin during the cutaneous Arthus reaction.
Collectively, platelet depletion by busulfan treatment had
inhibitory effects on leukocyte recruitment in the cutane-
ous Arthus reaction.

Pro-Inflammatory Cytokine and Platelet-Derived
Chemokine mRNA Expression in the Cutaneous
Arthus Reaction

Expression of IL-6, TNF-�, PF4, MCP-1, and RANTES in
the skin tissue was quantitated after 4 and 8 hours of IC
formation by real-time PCR (Figure 5). There was no
significant difference in any cytokine expression between
E-selectin�/� and wild-type mice. By contrast, mRNA

Figure 3. Representative inflammatory cell recruitment in the skin from wild-type mice, wild-type mice treated with busulfan (wild-type � busulfan), P-selectin
(P-sel)�/� mice, E-selectin (E-sel)�/� mice, and PSGL-1�/� mice. A, B: Neutrophils were detected by H&E staining at 4 and 8 hours after IC challenge. Original
magnification, �100. Scale bars � 50 �m. C, D: Mast cells (arrows) were detected as cells with metachromatic staining of granules in toluidine blue-stained
sections at 4 and 8 hours after IC challenge. Original magnifications, �50. Scale bars � 100 �m.
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levels of all cytokines examined in this study were signif-
icantly reduced in busulfan-treated wild-type, untreated
P-selectin�/�, and untreated PSGL-1�/� mice relative to
untreated wild-type mice at 4 hours after the IC chal-
lenge. However, such difference was not observed at 8

hours after IC challenge. There were no significant differ-
ences in any cytokine expression between busulfan-
treated wild-type, untreated P-selectin�/�, and untreated
PSGL-1�/� mice. Thus, the reduced cutaneous inflam-
matory responses by platelet depletion were generally

Figure 4. Correlation of circulating platelet counts against edema, hemorrhage, and neutrophil recruitment in the skin during the cutaneous reverse passive Arthus
reaction. Edema, hemorrhage, and neutrophil recruitment were induced and evaluated in wild-type mice treated with busulfan, as described in Figure 1.

Figure 5. Arthus reaction-induced expression of IL-6, TNF-�, PF4/CXCL4,
MCP-1/CCL2, and RANTES/CCL5 in the skin from untreated wild-type mice,
wild-type mice treated with busulfan (wild-type � busulfan), P-selectin
(P-sel)�/� mice, E-selectin (E-sel)�/� mice, and PSGL-1�/� mice at 4 and 8
hours after IC challenge. Total RNA was isolated from frozen skin tissues,
reverse transcribed into cDNA, and then amplified using primers. Relative
mRNA levels of IL-6, TNF-�, PF4, MCP-1, and RANTES in the skin samples were
measured by real-time PCR and normalized relative to that of GADPH as an
endogenous control. All values represent the mean � SEM of results obtained
from 5 to 8 mice in each group. *P � 0.05, **P � 0.01, ***P � 0.001.
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associated with the reduced release of IL-6, TNF-�, PF4,
MCP-1, and RANTES.

Detection of Platelet-Leukocyte Aggregates by
Flow Cytometry

Reduced Arthus reaction-induced leukocyte accumula-
tion in busulfan-treated mice indicates a role of platelets
in leukocyte recruitment. To further investigate whether
circulating platelets can interact with leukocytes during
the cutaneous Arthus reaction, platelet-leukocyte aggre-
gates in circulating blood of mice were examined by flow
cytometry. The accuracy of the identification of leuko-
cytes by forward and side scatter was confirmed by
staining with an antibody to CD45. More than 98% of cells
gated on these characteristics of size and granularity
were CD45 positive. Percentages of leukocytes positive
for the platelet-specific marker CD41 were measured in
five experimental groups of mice before and after 2 and
4 hours of IC formation. These represent the frequency of
platelet-leukocyte aggregates. The frequency of platelet-
leukocyte aggregates was significantly increased by 5.6-
fold after 2 hours and 9.1-fold after 4 hours of IC formation
compared with the levels before IC challenge in wild-type
mice (P � 0.001 and P � 0.001, respectively; Figure 6).
A similar increase in the frequency of platelet-leukocyte
aggregates was observed in E-selectin�/� mice. In
thrombocytopenic mice, the frequency of platelet-leuko-
cyte aggregates was elevated at 2 hours (P � 0.05), but
was 39% lower than those found in wild-type mice at the
same time point (P � 0.09). Four hours after IC challenge,
further increased tendency for platelet-leukocyte aggre-
gate formation in thrombocytopenic mice was not ob-
served: the frequency of platelet-leukocyte aggregates
was reduced by 67% compared with those found in

wild-type mice (P � 0.01). Additionally, P-selectin�/� and
PSGL-1�/� mice showed no significant increase in the
frequency of platelet-leukocyte aggregates after IC chal-
lenge. These results indicate that the cutaneous Arthus
reaction induces formation of platelet-leukocyte aggre-
gates that decreased by busulfan administration. More-
over, P-selectin and PSGL-1 expression was shown to be
important for induction of platelet-leukocyte aggregate
formation during the cutaneous Arthus reaction.

Effect of Platelet Restoration on Cutaneous
Arthus Reaction

The increase in P-selectin and PSGL-1-dependent plate-
let-leukocyte aggregates after IC challenge suggests that
P-selectin on platelets may play an important role in
leukocyte recruitment during cutaneous Arthus reaction.
To investigate the role of platelet P-selectin on leukocyte
recruitment in cutaneous Arthus reaction, the effects of
platelet restoration were examined in busulfan-treated
wild-type mice. Washed platelets obtained from P-selec-
tin�/� or wild-type mice were injected intravenously into
busulfan-treated wild-type mice 20 minutes before IC
challenge. The edema and hemorrhage formation after IC
challenge significantly increased after platelet restoration
compared with that under thrombocytopenic condition
(P � 0.001 and P � 0.05, respectively; Figures 7A and
7B). In contrast, when busulfan-treated wild-type mice
restored with platelets obtained from P-selectin�/� mice,
these parameters were similar to those seen in thrombo-
cytopenic mice. In addition, injection of platelets ob-
tained from wild-type mice led to increased neutrophil
infiltration after 4 and 8 hours (P � 0.01 and P � 0.01,
respectively; Figure 7C) and mast cell accumulation after
4 hours of IC formation (P � 0.05; Figure 7D) in the skin
relative to those found in busulfan-treated wild-type mice.
However, platelets obtained from P-selectin�/� type mice
did not affect cutaneous neutrophil and mast cell num-
bers after IC challenge. These results indicate that plate-
let P-selectin is important for leukocyte recruitment in the
skin.

Discussion

In the present study, IC-mediated edema and hemor-
rhage were significantly inhibited in busulfan-treated
wild-type mice compared with untreated wild-type mice.
This inhibitory effect of platelet depletion on the cutaneous
Arthus reaction was generally associated with reduced
infiltration of neutrophils and mast cells and decreased
expression of various pro-inflammatory cytokines and
platelet-derived chemokines. Furthermore, platelet-leu-
kocyte aggregates were formed in circulating blood of
wild-type mice that received IC challenge. In addition,
platelet depletion by busulfan administration before the
induction of Arthus reaction led to a significant decrease
in the percentage of leukocytes attached to platelets.
Furthermore, the cutaneous Arthus reaction in thrombo-
cytopenic mice was restored by platelet infusion. Taken

Figure 6. Arthus reaction-induced platelet-leukocyte aggregate formation in
whole blood from wild-type mice, wild-type mice treated with busulfan
(wild-type � busulfan), E-selectin (E-sel)�/� mice, P-selectin (P-sel)�/�

mice, and PSGL-1�/� mice before and at 2 and 4 hours after IC challenge.
The percentages of leukocytes bound to platelets were assessed by flow
cytometry. Platelets were identified with an anti-CD 41 antibody. Leukocyte-
sized events were selected on the forward and side scattering profiles and the
accuracy of the gating confirmed by staining with CD45. Events staining
positive for both CD45 and CD41 were considered to represent platelet-
leukocyte aggregates and were distinguishable from events staining for CD45
alone. All values represent the mean � SEM of results obtained from five
mice in each group. *P � 0.05 and **P � 0.001, versus levels before IC
challenge in each group of mice.
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together, the results of this study demonstrate an essen-
tial role of platelets for the leukocyte recruitment to the
skin in a murine model of cutaneous Arthus reaction.

Busulfan administration in E-selectin�/� mice inhibited
the cutaneous Arthus reaction to a similar extent of the
inhibition observed in busulfan-treated wild-type mice. In
contrast, busulfan treatment did not affect the cutaneous
Arthus reaction in P-selectin�/� or PSGL-1�/� mice, sug-
gesting that P-selectin and PSGL-1 are important for the
platelet-mediated recruitment process. In vitro studies
have shown that PSGL-1 binds P-selectin, but also binds
E- and L-selectins with lower affinity.41–44 At 4 hours after
IC challenge, edema formation in busulfan-treated wild-
type mice was inhibited to a similar level of untreated
P-selectin�/� mice, suggesting that P-selectin plays a
major role in the platelet-mediated recruitment process.
By contrast, inhibition of edema in untreated PSGL-1�/�

mice was greater than that found in busulfan-treated
wild-type mice. However, such difference was not ob-
served at 8 hours after IC challenge. Therefore, these
results suggest that in early phase of the cutaneous
Arthus reaction, PSGL-1 interacts with E-selectin in addi-
tion to P-selectin. Nonetheless, P-selectin and PSGL-1
interaction appeared to play a predominant role in the
platelet-mediated recruitment process during the cutane-
ous Arthus reaction.

P-selectin is an integral membrane glycoprotein ex-
pressed by platelets and activated endothelial cells. P-
selectin expression on platelets, but not on endothelial
cells, has been shown to be responsible for leukocyte
rolling along endothelium.45,46 P-selectin on platelets is

an important adhesion molecule for PSGL-1-bearing im-
mune cells, as it mediates adhesion of activated platelets
to monocytes, neutrophils, and lymphocytes, resulting in
the formation of platelet-leukocyte complexes that sup-
port leukocyte rolling and arrest on surface-adherent
platelets.45–47 Consistently, our results from flow cyto-
metric analysis indicate the interactions between plate-
lets and leukocytes during the cutaneous Arthus reaction.
Furthermore, our platelet restoration studies showed that
P-selectin on platelets is necessary for platelet-mediated
recruitment process during cutaneous Arthus reaction.
Platelet attachment to leukocytes, by binding of P-selectin
on platelets to its ligand PSGL-1 on leukocytes, increases
the expression of adhesion molecules on the surface of
leukocytes, priming them for diapedesis through vessel
walls.48 Additionally, recent studies have shown that pu-
rified P-selectin stimulates platelet-leukocyte aggregation
and adhesion of leukocytes to intercellular adhesion mol-
ecule-1 on endothelium.49,50 Collectively, these observa-
tions suggest that P-selectin on platelets is crucial for the
recruitment of immune cells by dual action as an adhe-
sion and signaling molecules.

Activated platelets secrete a number of potent inflam-
matory and mitogenic substances into the local microen-
vironment.14 These mediators modulate functions of
other platelets, leukocytes, and endothelial cells. Pro-
inflammatory cytokines, including TNF-� and IL-6, are
produced and released by mast cells, neutrophils, and
monocytes.51,52 PF4, MCP-1, and RANTES, released on
platelet activation, are chemotactic and can activate leu-
kocytes. In this study, mRNA expression of IL-6, TNF-�,

Figure 7. The effect of platelet restoration on
edema and hemorrhage formation and leukocyte
recruitment in the skin during the cutaneous re-
verse passive Arthus reaction. Washed platelets
were isolated from the blood of wild-type or P-se-
lectin�/� mice. The resulting platelet suspension
was injected intravenously into busulfan-treated
wild-type mice 20 minutes before the IC challenge.
Edema (A) and hemorrhage (B) were induced and
evaluated in wild-type mice, busulfan-treated wild-
type mice (wild-type � busulfan), busulfan-treated
wild-type mice restored with platelets obtained
from wild-type mice (wild-type � busulfan �
P-sel�/� platelet), or busulfan-treated wild-type
mice restored with platelets obtained from P-selec-
tin�/� mice (wild-type � busulfan � P-sel�/�

platelet), as described in Figure 1. Numbers of
neutrophils (C) and mast cells (D) were also
examined in H&E- and toluidine blue-stained
skin sections, respectively. Horizontal bars indi-
cate mean values of each group (A, B). All val-
ues represent the means � SEM calculated on the
results obtained from 5 to 10 mice in each group
(C, D). N.S. � not significant. *P� 0.05, **P� 0.01,
***P � 0.001.
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PF4, MCP-1, and RANTES was significantly elevated in
wild-type mice that received IC challenge, whereas levels
of these cytokines significantly decreased in busulfan-
treated wild-type, P-selectin�/�, and PSGL-1�/� mice at
the early phase. A previous study has shown that activa-
tion of either leukocytes or platelets alone has the same
effects as simultaneous activation of both cell types, sug-
gesting that leukocytes and platelets activate each other.27

Moreover, platelet-derived chemokines attract and
stimulate leukocytes and further activate other platelets.
In the presence of appropriate co-stimuli such as TNF-�,
PF4 can activate neutrophils and induce exocytosis and
firm neutrophil adhesion to endothelial cells.53 PF4 can
also influence platelet function by inducing platelet
aggregation, stimulating platelet adhesion to collagen
and fibrinogen, and increasing P-selectin expression.54

MCP-1 and RANTES do not have dramatic effects on
neutrophils, but enhance paracrine activation of other
platelets.14 In addition to interacting with neutrophils,
platelets interact with other leukocyte subpopulations.14

MCP-1 released by platelets plays a key role in the reg-
ulation of monocyte recruitment to inflamed tissue. Inter-
leukin-1�, also released from activated platelets, promote
neutrophil and monocyte adhesion to the endothelium.20

RANTES is mainly a monocyte chemoattractant, but it can
also attract various T cell subtypes. P-selectin on acti-
vated platelets has been shown to be necessary for the
presentation of inflammatory mediators to monocytes,
allowing RANTES-dependent monocyte recruitment in
the process that requires the formation of circulating
platelet-monocyte aggregates.55,56 In addition, a previ-
ous study have shown that injection of supernatant of
activated platelets, which contained various chemokines
including RANTES, into the skin induces leukocyte infil-
tration.33 Thus, platelets not only bind to different subsets
of leukocytes, enhancing their contact with endothelium,
but also can secrete mediators, triggering leukocyte ar-
rest and inducing transendothelial migration.

In the current study, cytokine production in thrombo-
cytopenic mice was significantly reduced at 4 hours after
IC challenge. In flow cytometric analysis, formation of
platelet-leukocyte aggregates in untreated wild-type
mice was gradually increased till 4 hours, whereas that in
busulfan-treated wild-type mice peaked at 2 hours after
IC challenge: as a result, the frequency of platelet-leuko-
cyte aggregates was reduced by 67%, as compared with
that in untreated wild-type mice. Therefore, there were
significant differences in the frequency of platelet-leuko-
cyte aggregates between untreated and busulfan-treated
wild-type mice. Previous study has shown that activation
of either leukocyte or platelet alone has the same effects
as simultaneous activation of both cell types, suggesting
that leukocytes and platelets activate each other and
thereby influence the release of cytokines from these
cells.27 Thus, decreased formation of platelet-leukocyte
aggregates and impairment of mutual cell activation may
contribute to markedly reduced release of cytokines after
4 hours of IC formation in thrombocytopenic mice. Inter-
actions between neutrophils and platelets promote mu-
tual cell activation and platelet-endothelial interactions
facilitate the secondary capture of neutrophils and other

leukocytes.57 Following the initiation of neutrophil-platelet
interaction, the reciprocal activation of both cells via out-
side-in signaling mechanisms could account for the sub-
sequent firm adhesion of neutrophils. In addition, platelet-
leukocyte aggregate formation has been shown to increase
the expression of endothelial adhesion molecules such as
intercellular adhesion molecule-1 and cytokine release from
endothelial cells.20,27 Thus, leukocytes within platelet-leuko-
cyte complexes have increased capacity to the activated
endothelium. Collectively, these findings suggest that the
development of the cutaneous Arthus reaction is dependent
in part on the presence of platelets by interacting with
leukocytes.
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