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Background
Abnormal adhesiveness of red blood cells to endothelium has been implicated in vaso-occlu-
sive crisis of sickle cell disease. The present study examined whether the SAD mouse model
exhibits the same abnormalities of red blood cell adhesion as those found in human sickle cell
disease.

Design and Methods
The repertoire of adhesive molecules on murine erythrocytes and bEnd.3 microvascular
endothelial cells was determined by flow cytometry using monoclonal antibodies or by west-
ern blotting. Adhesion was investigated in dynamic conditions and measured at different shear
stresses.

Results
CD36, CD47 and intercellular adhesion molecular-4, but not Lutheran blood group
antigen/basal cell adhesion molecule, are present on mouse mature erythrocytes. a4β1 are not
expressed on SAD and wild type reticulocytes. Endothelial bEnd.3 cells express aVβ3, a4β1,
CD47, vascular cell adhesion molecule-1, and Lutheran blood group antigen/basal cell adhesion
molecule, but not CD36. Adhesion of SAD red cells is: (i) 2- to 3-fold higher than that of wild
type red cells; (ii) further increased on platelet activating factor-activated endothelium; (iii) not
stimulated by epinephrine; (iv) inhibited after treating the endothelium with a peptide repro-
ducing one of the binding sequences of mouse intercellular adhesion molecular-4, or with mon-
oclonal antibody against murine av integrin; and (v) inhibited after pretreatment of red blood
cells with anti-mouse CD36 monoclonal antibodies. The combination of treatments with inter-
cellular adhesion molecular-4 peptide and anti-CD36 monoclonal antibodies eliminates excess
adhesion of SAD red cells. The phosphorylation state of intercellular adhesion molecular-4 and
CD36 is probably not involved in the over-adhesiveness of SAD erythrocytes.

Conclusions
Intercellular adhesion molecular-4/avβ3 and CD36/thrombospondin interactions might con-
tribute to the abnormally high adhesiveness of SAD red cells. The SAD mouse is a valuable ani-
mal model for investigating adhesion processes of sickle cell disease.
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phosphorylation.
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Introduction

The major complications of sickle cell disease are the
recurrent painful crises that result from vaso-occlusion
processes involving interactions between multiple types of
cells (endothelium, leukocytes, red blood cells, platelets).
Among these interactions, those between sickle red blood
cells (SS RBC) and microvascular endothelium have been
highlighted following the initial observation of Hebbel and
co-workers, two decades ago, of a significant positive cor-
relation between SS RBC–endothelium adherence and the
clinical severity of the disease.1 Indeed, the surface of ery-
throcytes bears a number of pro-adhesive proteins that are
potential receptors for endothelial or subendothelial adhe-
sion molecules. Since the 1980s, a large body of work has
shown that the increased propensity of SS RBC to adhere
to endothelium depends on the over-expression or the acti-
vation of adhesion molecules on the surface of SS RBC and
inflamed SS endothelium.2,3 Human mature RBC express
CD47, Lutheran blood group antigen/basal cell adhesion
molecule (Lu/BCAM), and Landsteiner-Weiner blood
group antigen/intercellular adhesion molecule-4
(LW/ICAM-4), with thrombospondin, laminin and aVβ3

integrins as their respective ligands on endothelium.
Interestingly, Lu/BCAM- and ICAM-4-mediated RBC
adherence to endothelium is enhanced by epinephrine, a
stress mediator released during crises.4,5 The signaling path-
way involves a rise in intracellular cAMP followed by pro-
tein kinase A-dependent phosphorylation and the activa-
tion of both adhesive proteins.4-6 Sickle human immature
reticulocytes express enhanced levels of CD36 and a4β1

(VLA-4) integrins that interact respectively with throm-
bospondin, and both thrombospondin and fibronectin,
localized on endothelial cells or on exposed subendothelial
cell matrix of inflamed endothelium.7,8

The physiological in vivo relevance of such an increased
adherence of SS RBC to vascular endothelial cells has essen-
tially been documented by ex vivo or in vivo trans-species
approaches. Accordingly, human SS RBC were infused into
mouse or rat vasculature (e.g. cremaster muscle, mesoce-
cum) cleared of endogenous blood, and intra vital videomi-
croscopy was conducted to quantify blood flow and cell
adhesion to vascular endothelium. Such studies showed
that tumor necrosis factor-a (TNFa)-induced retention of SS
RBC in the retinal microcirculation could be blocked by an
a4β1 antagonist9 and that platelet activating factor (PAF)-
induced adhesion of SS RBC to isolated artificially perfused
rat mesocecum vasculature could be blocked by monoclon-
al antibodies to the vitronectin receptor aVβ3 or by peptides
based on the aV-binding domains of ICAM-4.10,11 Data from
approaches looking at the hemodynamic behavior of
human RBC flowing in the vascular system of other species
may be flawed because of potential interspecies differences
in adhesion molecules and receptors. Additionally, most ex
vivo studies are performed in plasma-free medium that can-
not represent the complexity of the RBC adhesion process
in physiological conditions, in which the critical role of
plasma proteins (fibronectin, thrombospondin, von
Willebrand factor) and leukocytes is well established. For
these reasons, mouse models of SCD could constitute valu-
able tools to delineate the role of the different erythrocyte
and endothelial adhesion molecules in ideally homologous
physiological conditions, since the rheologic behavior of
labeled RBC can be analyzed in the vasculature of the
mouse from which they are collected.

Several strains of transgenic mouse expressing human
sickle β-globin chains have been generated.12 Some mod-
els, such as the Berkeley mouse, exclusively express
human globin chains and exhibit a very severe phenotype
entailing a very low percentage of viable pups, very short
lifespan, and extreme fragility during manipulation.13

Other models, such as the SAD mouse, have combined
murine and human globin chains.14 The SAD1 (SAD) Hbβ
single/single hemizygous mice used in this work harbor a
recombinant hβ-globin gene construct expressing human
hemoglobin SAD (a2β2SAD) which contains two muta-
tions [Antilles (β231) and D-Punjab (β121Q)] in addition to the
βs6v mutation. These two additional mutations result in
increased polymer formation in the presence of mouse
hemoglobin. The SAD mouse has mild sickle cell disease
with shortened survival, priapism, and kidney defects
typical of sickle cell disease.15 The strain is bred on the
C57Bl/6J genetic background (more than 12 backcrosses).
Their RBC contain 19% human Hb SAD. Their sickle
phenotype is mild in normoxic conditions, but becomes
severe during hypoxia.14

The purpose of the current study was to determine
whether SAD1 sickle transgenic mice display abnormali-
ties of RBC adhesion to endothelial cells, similar to those
of human sickle RBC, and could, therefore, serve as a use-
ful animal model for evaluating the in vivo efficacy of
potential anti-adhesogens.

Design and Methods

Details on animals, reagents, antibodies, cell culture, and RBC
purification and membrane preparation are provided in the Online
Supplementary Appendix.

Treatment of the bEnd.3 murine microvascular
endothelial cell line

As cerebrovascular complications occur recurrently in sickle cell
disease, we chose the mouse endothelioma cell line bEnd.3 as the
endothelial system (ATCC, Manassas, VA, USA). Endothelial cell
monolayers were activated by either 5 ng/mL of mouse TNFa (BD
Biosciences) or 0.2 ng/mL of PAF. In adhesion experiments, the
monolayers were treated with 250 mM peptides or 10 mg/mL anti-
bodies for 30 min.

Flow cytometry analysis of surface antigens 
of erythrocytes and bEnd.3 endothelial cells 

RBC were collected from SAD and wild-type mice before and
after a 48 h-period of 10% O2 hypoxia. Endothelial cells were
grown until 80% confluence before adding TNFa or PAF to the
culture medium. The flow cytometry procedure is detailed in the
Online Supplementary Appendix.

Immunoprecipitation of phosphorylated proteins 
from red cell membranes

RBC membranes (200 mg protein) were solubilized in 1 mL
immunoprecipitation buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1
mM EDTA, protease and phosphatase inhibitors, 1% Triton X100
and 0.2% IGEPAL-CA630) for 1 h at 4°C. After centrifugation at
high speed, phosphorylated proteins of the supernatant were
immunoprecipitated overnight at 4°C with 30 mL agarose-conju-
gated monoclonal antibodies against either phosphorylated threo-
nine or phosphorylated tyrosine. The agarose beads were pelleted
and washed five times with immunoprecipitation buffer. The
beads were resuspended in 10 mL of 3X Laemmli buffer contaning
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3% β-mercaptoethanol, and boiled for 5 min. The supernatants
obtained after a final centrifugation were analyzed by
immunoblotting. The immunoblotting procedure is detailed in the
Online Supplementary Appendix.

Erythrocyte cyclic AMP assay
Freshly collected RBC (2¥108) were placed in 360 mL Hank’s bal-

anced salt solution and were stimulated by epinephrine (50 nM
final, 2 min at 37°C). Cells were lysed by addition of 40 mL of a
2.5% solution of dodecyltrimethylammonium bromide, followed
by vigorous agitation and incubation at room temperature for 10
min to achieve complete cell lysis. Cyclic AMP was measured in
40 mL of lysate by an enzyme immunoassay using cAMP-acetyl-
choline esterase conjugate as tracer, after acetylation of both sam-
ples and standards, according to the manufacturer’s instructions.

Erythrocyte adhesion assay under flow conditions
Endothelial bEnd.3 cells were cultured to confluence in flat glass

capillaries. As SAD and wild-type RBC were injected together into
the same capillary, they were discriminated by different fluores-
cent labels (PKH67 and PKH26, respectively). Their adhesion to
the endothelial monolayer was measured at four different shear
stresses, according to a previously described method.16 The adhe-
sion assay procedure is detailed in the Online Supplementary
Appendix.

Results

Adhesion molecules on mouse microvascular bEnd.3
endothelial cells

Levels of expression are depicted in Online Supplementary
Figure S1. Vascular cell adhesion molecule-1 (VCAM-1),
ICAM-1, E-selectin, and P-selectin were weakly expressed

on resting bEnd.3 cells, and were over-expressed after acti-
vation by TNFa for 4 or 16 h, confirming the endothelial
phenotype of bEnd.3 cells (Online Supplementary Figure
S1A). avβ3 and a4β1 integrins, as well as CD44 and CD47
were significantly expressed. On the other hand, CD36
was very moderately expressed. These levels of expres-
sion were unchanged by PAF activation for 16 h (Online
Supplementary Figure S1B). The presence of Lu/BCAM in
bEnd.3 cells was confirmed by immunoblotting (Online
Supplementary Figure S1C).

Adhesion molecules on mouse red blood cells 
Flow cytometry confirmed the previously reported find-

ing of a significantly higher percentage of reticulocytes in
the RBC population from SAD mice than from wild-type
mice (3.9±0.2% versus 2.9±0.3%, n=4). These percentages
were unchanged after a 48-h period of hypoxic stress (10%
oxygen). Flow cytometry also revealed that CD36, CD47,
and CD147 were expressed at higher levels on mouse retic-
ulocytes than on mature RBC (Figure 1A). The level of
CD36 on SAD RBC was half that on wild-type RBC
whereas CD47 and CD147 levels were similar on RBC of
the two types of mice (Figure 1A). The lower expression of
CD36 on SAD RBC was also revealed by western blot
analysis (Figure 1C). Hypoxia did not change the expres-
sion of CD36 and CD47, but significantly reduced that of
CD147 on both SAD and wild-type RBC and reticulocytes
(Figure 1A). a4β1 integrins were not detectable on either
mature RBC or reticulocytes from both SAD and wild-type
mice, in normoxia as well as after hypoxia (data not shown).
Our polyclonal antibody identified ICAM-4 in mouse RBC
membranes as a 37 KD glycoprotein and a 27 KD deglyco-
sylated protein (Figure 1B, upper panel). The antibody
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Figure 1. Adhesion molecules on erythrocytes of wild type and SAD mice. (A) Flow cytometry analysis of CD36, CD47, and CD147 on ery-
throcytes from mice bled before and after undergoing 10% O2 hypoxia for 48 h. Results are expressed as mean fluorescence intensity (MFI).
Columns represent the mean results from three means of three mice (white columns: wild-type mice; black columns: SAD mice). Bars rep-
resent SEM. **P< 0.01;  ***P<0.001 by ANOVA. (B) Western blot analysis of ICAM-4 in RBC membranes. Upper panel: Mouse ICAM-4 is
revealed as a 37 KD glycoprotein and a 27 KD deglycosylated protein, after digestion by N-glycosidase F (PNGase F). These bands are spe-
cific inasmuch as they were abated when the antibody was pre-incubated overnight at 4°C with a saturating concentration of the immuniz-
ing peptide or when the rabbit preimmune serum was used. Lower panel: Semi-quantitative western blot analysis of ICAM-4 expression in
RBC membrane of three different SAD and wild-type C57Bl/6 mice. Equal protein loading was demonstrated by Ponceau red staining. (C)
Immunoprecipitation of phosphorylated proteins from RBC membrane, followed by immunoblotting.
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specificity was validated since the protein bands were
abated when peptide-saturated antiserum or pre-immune
serum was used instead of immune serum (Figure 1B,
upper panel). Western blot analysis showed that expres-
sion of ICAM-4 was lower in three different SAD RBC
membrane preparations than in three different wild-type
RBC membrane preparations (Figure 1B, lower panel). 

Phosphorylation of intercellular adhesion 
molecule-4 and CD36

The amino acid sequence of the cytoplasmic domain of
mouse ICAM-4 contains three potential phosphorylation
sites: a carboxy-terminal threonine residue (position 264)
and two tyrosine residues (positions 255 and 259).17 It has
been reported that CD36 is constitutively phosphorylated
on threonine 92 of the thrombospondin binding sequence
in the ectodomain in human resting platelets and in a
megakaryocytic cell line.18 Immunoprecipitation assays
did not reveal phosphorylated ICAM-4 on either the thre-
onine or the tyrosine residues (Figure 1C). Likewise, no
phosphorylation of CD36 was detected (Figure 1C). As a
control, tyrosine phosphorylation of band 3 was deter-
mined and found to be stronger on SAD than on wild-type
membranes, as was previously reported for human sickle
cells19 (Figure 1C).

Higher adhesion to endothelium of sickle cell SAD 
red blood cells

In basal conditions, the number of SAD RBC adherent
to the bEnd.3 monolayer was 2.5-fold higher than that of
wild-type RBC, independently of shear stress levels rang-
ing from 0.04 to 0.4 Pa (Figure 2A).

Incubation of SAD red blood cells with epinephrine did
not increase their adhesion to endothelium

Neither SAD nor wild-type RBC were responsive to epi-
nephrine (50 nM) in terms of adhesion to endothelial cells
(Figure 2B and 2C). This absence of effect did not result
from unresponsiveness of the β2-adrenergic-receptors of
mouse RBC to epinephrine, since the cAMP content of
SAD RBC, which was similar to that of wild-type RBC in
basal conditions, was equally and strongly increased in
both types of erythrocytes after 2 min incubation with the
same concentration of hormone (Figure 2D).

Involvement of intercellular adhesion molecule-4/inte-
grin aV chain interaction in the increased propensity of
SAD red blood cells to adhere to endothelium

The contribution of ICAM-4 to over-adhesiveness of
SAD RBC was assessed with the octapeptide T-8-I, which
mimics one of the binding sites of human ICAM-4 to aV

integrin.10 The adhesion of SAD RBC to the ICAM-4 pep-
tide (T-8-I)-treated bEnd.3 monolayer was half that
recorded on control peptide (A-8-C)-treated endothelium.
This difference was maintained, irrespectively of the wall
shear stresses applied, and was statistically significant
(P<0.001, ANOVA) (Figure 3A). Likewise, the adhesion of
SAD RBC to endothelium treated with anti-aV monoclon-
al antibody was significantly reduced, by half, in compar-
ison to that recorded on endothelium treated with rat IgG
(Figure 3C). Wild-type RBC also adhered less to bEnd.3
cells pretreated with either T-8-I or anti-aV integrin mono-
clonal antibody (Figure 3B and D). However, the decrease
in the number of adhered wild-type RBC was much less
than that of SAD RBC. Moreover, it is of note that the

inhibition achieved by T-8-I peptide and anti- aV mono-
clonal antibody was of same magnitude.

Contribution of red blood cell CD36 to the exaggerated
adherence of SAD red blood cells

When function blocking anti-CD36 antibody was
applied to SAD RBC prior to the adhesion assay, the num-
ber of adherent RBC was reduced by 25%, as compared to
that of SAD RBC treated with control mouse IgG (Figure

Over-adhesiveness of mouse sickle erythrocytes

haematologica | 2010; 95(5) 733

Figure 2. The adhesion of SAD RBC to an endothelial monolayer is
greater than that of wild-type (WT) RBC, and not altered by epineph-
rine (50 nM) in spite of stimulation of cAMP synthesis. (A) Adherence
to endothelium in basal condition. (B) Adhesion of epinephrine-treat-
ed SAD RBC. (C) Adhesion of epinephrine-treated WT RBC. (D) Effect
of epinephrine on cyclic AMP content of RBC from five SAD (black
symbols and solid lines) and five WT mice (white symbols and dashed
lines). Columns denote means and bars denote SEM. **P<0.01
between SAD and WT by ANOVA.
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4A). Although moderate, the difference was statistically
significant. No such effect was found for wild-type RBC
treated with the antibody (Figure 4B).

We next determined the respective proportions of cells
adherent through ICAM-4 and cells adherent through
CD36 among the total over-adherent SAD RBC popula-
tion: we did this by measuring adhesion of CD36-
blocked SAD RBC on T-8-I pretreated endothelial cells.
The adhesion of SAD RBC in these conditions fell great-
ly (Figure 4C), to a level close to that recorded for wild-
type RBC in basal conditions (see Figure 2A). It is note-
worthy that for wild-type RBC, the combined treat-

ments also produced greater inhibition than individual
treatments (Figure 4D).

Increased adhesion of SAD red blood cells 
to endothelium treated with platelet activating factor 

Since the level of PAF in the blood has been reported to
be 2-fold higher in patients with sickle cell disease20 and to
enhance sickle cell adhesion in an ex vivo microcirculatory
preparation,10 we investigated SAD RBC adhesion on a
PAF-treated bEnd.3 monolayer. We found that PAF signif-
icantly increased the adhesion of SAD RBC (Figure 5A),
but not that of wild-type RBC (Figure 5B).

M.-M. Trinh-Trang-Tan et al.
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Figure 3. Inhibition of SAD RBC
adhesion on bEnd.3 endothelial
cells by ICAM-4 peptide and by
anti-aV integrin monoclonal anti-
body. Endothelial cell monolayers
on microslides were treated by 250
mM T-8-I (ICAM-4 peptide) or A-8-C
(control peptide), or 10 mg/mL anti-
aV integrin antibody or control rat
IgG, for 30 min before injection of
RBC. (A) Adherence of SAD RBC on
T-8-I peptide-treated endothelial
cells. (B) Adherence of wild-type
(WT) RBC on T-8-I treated endothe-
lial cells. (C) Adherence of SAD
RBC on endothelial cells treated
with aV integrin antibodies. (D)
Adherence of WT RBC on endothe-
lial cells treated with aV integrin
antibodies. ANOVA indicates that
the differences observed for SAD
RBC are highly significant (P<
0.001).

Figure 4. Additive contributions of
ICAM-4 and CD36 to increased
adhesion of SAD RBC to endotheli-
um. A and B: RBC were incubated
in the presence 10 mg/mL mono-
clonal antibody anti-mouse CD36
or control mouse IgG, for 30 min.
Anti-CD36 antibody significantly
reduced the adhesion of SAD RBC
(P<0.05) (A), but not that of wild-
type (WT) RBC (B). C and D: RBC
were treated with anti-CD36 mono-
clonal antibody or control IgG, and
bEnd.3 cell monolayers with 250
mM T-8-I or A-8-C peptide, for 30
min. The double treatment result-
ed in a highly significant fall of
SAD RBC adhesion (C) and a mod-
erate fall of WT RBC adhesion (D)
(P<0.001 by ANOVA). Columns rep-
resent mean results from four dif-
ferent mice, and bars represent
SEM.

A

B

A B

C D

D

C

0.04 0.1 0.2 0.40.04 0.1 0.2 0.4

0.04 0.1 0.2 0.4

0.04 0.1 0.2 0.4 0.04 0.1 0.2 0.4

0.04 0.1 0.2 0.40.04 0.1 0.2 0.4

0.04 0.1 0.2 0.4

Shear stress (Pa)Shear stress (Pa)

Shear stress (Pa)

Shear stress (Pa) Shear stress (Pa)

Shear stress (Pa) Shear stress (Pa)

Shear stress (Pa)

bEnd.3 + rat IgGs
bEnd.3 + anti-alphaV MabbEnd.3 + A-8-C (control)

bEnd.3 + T-8-I (ICAM-4)

bEnd.3 + A-8-C (control)
bEnd.3 + T-8-I (ICAM-4)

A-8-C (control)+mouse IgGs
T-8-I (ICAM-4)+anti-CD36 Mab

mouse IgGs
anti-CD36 Mab

mouse IgGs
anti-CD36 Mab

A-8-C (control)+mouse IgGs
T-8-I (ICAM-4)+anti-CD36 Mab

SAD

SAD

WT

WT

bEnd.3 + rat IgGs
bEnd.3 + anti-alphaV Mab

500

400

300

200

100

0

500

400

300

200

100

0

500

400

300

200

100

0

500

400

300

200

100

0

600

500

400

300

200

100

0

600

500

400

300

200

100

0

600

500

400

300

200

100

0

600

500

400

300

200

100

0

Ad
he

re
nt

 S
AD

 R
BC

/m
m

2

Ad
he

re
nt

 S
AD

 R
BC

/m
m

2

Ad
he

re
nt

 W
T 

RB
C/

m
m

2

Ad
he

re
nt

 W
T 

RB
C/

m
m

2

Ad
he

re
nt

 R
BC

/m
m

2

Ad
he

re
nt

 R
BC

/m
m

2
Ad

he
re

nt
 R

BC
/m

m
2

Ad
he

re
nt

 R
BC

/m
m

2

©Ferr
ata

 S
tor

ti F
ou

nd
ati

on



Discussion

The SAD mouse model of sickle cell disease offers the
opportunity to work in a perfectly homologous system
for evaluating the in vivo efficacy of potential anti-adhe-
sogens. We examined whether RBC from these mice
exhibit the abnormally high adhesiveness to endothelial
cells reported for human sickle RBC. 

We first identified the adhesion molecules expressed
on mouse RBC and on the mouse microvascular
endothelium cell line bEnd.3, which was used in this
study because brain microcirculation complications are
important features of sickle cell disease. We found that
the expression of these molecules differs somewhat from
that on the human counterparts.

CD36 expression was found to be significant on both
mature and young mouse RBC, but lower on SAD than
on wild-type RBC, and not altered by hypoxia. These
findings differ from the previously reported faint and
exclusive expression of CD36 on human reticulocytes,
increased during sickle cell anemia.8,21 Given its signifi-
cant expression on both young and mature SAD RBC in
association with hyper-reticulocytosis, and in spite of its
weaker expression, CD36 may contribute significantly to
RBC adhesiveness by binding to endothelial throm-

bospondin.22 Thrombospondin is also a ligand of CD47
which is highly expressed on mouse RBC, as it is on
human RBC.8 CD47 levels on SAD and wild-type RBC
are similar and not altered by hypoxia. 

CD147 expression is 10-fold lower than CD47 expres-
sion, on both young and mature mouse erythrocytes,
paralleling findings for human RBC.8 The level of CD147
expression on both SAD and wild-type RBC is the same
and significantly lowered by hypoxia. If CD147 plays a
role in the recirculation of mature erythrocytes from the
spleen into the general circulation, as was recently sug-
gested,23 the reduction in CD147 expression may reflect
spleen sequestration of deoxygenated RBC. In humans,
α4b1 integrins are not present on mature RBC and only
very faintly expressed on reticulocytes. However, the
expression of α4b1 integrins is increased on reticulocytes
of subjects with sickle cell disease.8,24 We could not detect
α4b1 integrins on either mature or young mouse RBC
(data not shown). ICAM-4 is an erythrocyte-specific inter-
cellular adhesion molecule which binds to αVb3 integrins
on endothelial cells. Like Lu/BCAM, which is not present
on mouse RBC,25 it can be activated by signal transduc-
tion pathways. We show here that ICAM-4 is indeed
present in mouse as it is in human RBC membranes, and
that its protein level is lower in SAD RBC membranes
than in wild-type ones. 

bEnd.3 cells have maintained a typical endothelial phe-
notype as indicated by their higher expression of
VCAM-1, ICAM-1, E-selectin and P-selectin following
TNFα activation. Like human endothelial cells, such as
human umbilical vein endothelial cells, the cell type
most widely used in previous studies, b.End.3 cells
express αVb3 integrins, the ICAM-4 counter-receptor.
Lu/BCAM has been found on bEnd.3 cells as it was on
the renal vascular endothelium of mice.25 Low levels of
CD36 and α4 integrin, and a high level of b1 integrin are
found on bEnd.3 cells as on human microvascular
endothelial cells.26-28

It has been reported that resting SS and normal human
RBC do not adhere much to a human umbilical vein
endothelial cell monolayer, and that brief epinephrine
treatment hugely increases the adhesion of SS but not
normal RBC.5 Such a selective effect was attributed to
the activation of ICAM-4 on SS RBC through a signaling
pathway involving increased cAMP synthesis and phos-
phorylation of ICAM-4 by protein kinase A. However,
this effect of epinephrine was observed on RBC collect-
ed from only 50% of the cohort of patients. 

Our findings in a mouse model of sickle cell disease are
somewhat at variance with these reported for humans.
We found that, in basal conditions, SAD RBC are much
more adherent to endothelium than are wild-type RBC.
We assume that reticulocytes, which are more abundant
and express more adhesion molecules in SAD mice, may
contribute to the hyper-adhesiveness. Moreover, SAD
RBC do not adhere more after epinephrine treatment in
spite of an elevation of intracellular cAMP. 

Our work shows that ICAM-4 and CD36 are respon-
sible for all the over-adhesiveness of resting SAD RBC,
since simultaneous blocking of these two ligands lowers
the adhesion of SAD RBC to the level of that of wild-
type RBC. The involvement of reticulocyte CD36 in the
adhesion process of human SS RBC to endothelium was
demonstrated by inhibition with anti-CD36 antibodies.29

However, the contribution of CD36 has been called into
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Figure 5. The adhesion of SAD RBC on PAF-activated endothelium
is increased. Confluent endothelial monolayers on microslides were
treated with PAF (0.2 ng/mL) for 10 min before injection of RBC. (A)
At all four wall shear stresses, SAD RBC adhered in higher numbers
to PAF-treated than to untreated endothelial cells (P<0.05 by
ANOVA). (B) The adherence of wild-type (WT) RBC on PAF-treated
endothelium was equivalent to that on non-treated endothelium.
Columns represent the mean results from six different mice and
bars represent SEM. 
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question by the finding that sickle cell patients who have
a CD36 deficiency of reticulocytes and mature RBC can
have a normal clinical course.30 Our results suggest that
in the mouse model, the participation of CD36 in in vivo
adhesive processes might be of significance, given that
CD36 is expressed at high levels on both reticulocytes
and mature RBC.

We also observed that, like human SS RBC, which
exhibit increased adhesiveness in the blood vessels of
PAF-treated mesocecum of the rat,11 mouse SAD RBC are
more adherent to mouse endothelium pretreated with
PAF. An increased expression of endothelial adhesion
molecules does not account for this effect. 

The intriguing finding of this work is the mediation of
the increase in adhesion of SAD RBC by under-expressed
adhesion molecules, i.e., ICAM-4 and CD36. Such disso-
ciation between adhesiveness and adhesion molecule
level is not without precedent. For instance, Lu/BCAM
was found to be over-expressed on RBC of sickle cell
patients treated with hydroxyurea8 when adhesive prop-
erties of sickle cells were reduced.24 It is, therefore, con-
ceivable that ICAM-4 and CD36 of SAD RBC, although
present in reduced amounts, might be activated by a
state of abnormal constitutive phosphorylation. Under
our experimental conditions, we did not detect phospho-
rylation on tyrosine or threonine residues of ICAM-4,
either from SAD or wild-type mice. A possible hypothe-
sis concerning CD36 was that it is constitutively
ectophosphorylated on wild-type RBC, and dephospho-
rylated on SAD RBC, resulting in increased throm-
bospondin binding, as reported for platelets and
megakaryocytes.18 This mechanism can be ruled out
since we did not detect phosphorylation of CD36 in RBC
membranes of either SAD or wild-type mice (Figure 2C).
Alternatively, ICAM-4 molecules on SAD RBC could be
gathered as clusters, enabling stronger binding to aVβ3

integrin clusters on endothelial cells.31,32 Likewise, an
increased clustering of CD36 on SAD RBC, as observed
by electronic microscopy in platelet membranes,33 may
strengthen the interaction between erythrocyte CD36

and endothelial thrombospondin.
Why are ICAM-4 and CD36 less expressed in the SAD

RBC membrane? The low membrane expression of
ICAM-4 might result from the release of a soluble iso-
form into the plasma: this has been reported to occur in
the mouse, with the postulated function of modulating
the binding of membrane-associated ICAM-4 for ery-
throblast release from erythroblastic islands.17 By com-
peting with RBC membrane-associated ICAM-4 for
binding to endothelial aVβ3 integrins, soluble ICAM-4
might reduce red cell/endothelium interactions thereby
moderating an otherwise exaggerated adhesiveness of SS
RBC to the vascular wall. The reduced level of CD36 on
SAD RBC could result from the high plasma level of
endothelin-1 found in both SS patients and SAD mice,34,35

which decreases CD36 protein expression, an effect
recently reported for vascular smooth muscle cells.36

In conclusion, the present work shows an over-adhe-
siveness to endothelium of SAD mouse RBC, with this
phenomenon depending on two adhesion proteins,
ICAM-4 and CD36, as previously reported for human SS
RBC. Thus, the transgenic SAD mouse could serve as a
useful model for investigating the individual contribu-
tions of the different erythrocyte and endothelial adhe-
sion molecules to vaso-occlusive events, and for evaluat-
ing the therapeutic efficacy of blocking peptides or mon-
oclonal antibodies. However, unlike human SS RBC,
mouse SS RBC are unresponsive, in terms of endothelial
adhesion, to β2-adrenergic stimulation.
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