
Introduction
Sickle cell anemia is characterized by recurring acute
vasoocclusive episodes and chronic damage to multiple
organs. The pathogenesis of sickle cell anemia is due to
a single point mutation that results in the substitution
of valine for glutamic acid at sixth position of the β
chain of the hemoglobin S (HbS) molecule. This single
point mutation results in the polymerization of HbS
and sickling of red cells under deoxygenated conditions.
Although HbS polymerization is central to the patho-
physiology of the disease, multiple factors may partici-
pate in the initiation of a vasoocclusive episode (1, 2).

In sickle cell anemia, at least two factors would con-
tribute persistently to the vascular pathology. These two
factors are sickling (oxy-deoxy cycles) and red-cell adhe-
sion to endothelium, either of which can damage
endothelium (1, 2). In addition, the initiation, progres-
sion, and resolution of a vasoocclusive episode may
present features common with “reperfusion injury.”
This term refers to vascular damage that is attributable
to the reintroduction of molecular oxygen and conse-
quent generation of oxygen radicals that occurs after an
ischemic episode (3, 4). In sickle cell disease, subclinical
vasoocclusive events involving a transient blockage of

vascular beds by red cell sickling and adhesion may be
very frequent. Repeated and random occurrences of
such events would adversely affect vascular endothelial
cell function and contribute to multiple organ damage.
Such episodes of reperfusion injury would result in a
proinflammatory state in sickle cell anemia.

Both reperfusion injury and the rheological insult by
SS red cells may lead to endothelial damage (5) and
endothelial cell detachment (6, 7), as reported for other
ischemic diseases (8). Recent studies have demonstrated
that circulating endothelial cells in patients with sickle
cell anemia have an abnormally activated phenotype (9,
10). A proinflammatory condition in sickle cell anemia
is further indicated by higher than normal leukocyte
counts (11, 12), elevated cytokines (13), and an increase
in soluble intercellular adhesion molecule-1 (ICAM-1)
and vascular cell adhesion molecules-1 (VCAM-1) (14,
15). Another potent inflammatory agent, platelet-acti-
vating factor (PAF), that participates in leukocyte-
endothelium interactions is elevated in patients with
sickle cell anemia (16). Enhanced SS red cell-endotheli-
um interaction can induce oxidant stress in cultured
endothelium, resulting in transendothelial migration of
monocytes (17). Interestingly, in patients with sickle cell
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genation promoting inflammation. Here, we have tested the hypothesis that hypoxia/reoxygenation
triggers inflammation in the transgenic sickle mouse. In these mice, even at ambient air, peripher-
al leukocyte counts are elevated by 1.7-fold and neutrophil counts by almost 3-fold. Two hours of
hypoxia, followed by reoxygenation, induced a greater than normal rolling flux and adhesion of
leukocytes in these mice, but no leukocyte extravasation. When 3 hours of hypoxia was followed by
reoxygenation, sickle mice, but not normal mice, showed a distinct inflammatory response charac-
terized by an increased number of adherent and emigrated leukocytes. Because these events, which
are exaggerated in sickle mice, are not seen in response to hypoxia alone, we conclude that they rep-
resent a form of reperfusion injury. Studies using an H2O2-sensitive probe revealed clear evidence
of oxidant production in vascular endothelial cells after hypoxia/reoxygenation in sickle mice. Infu-
sion of an anti–P-selectin antibody, but not an anti–E-selectin antibody, completely inhibited this
inflammatory response and significantly increased wall shear rates. These findings suggest that
leukocyte-endothelium interaction contribute to vasoocclusive events in the sickle mice and per-
haps in human sickle disease.
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anemia, infections are often followed by the occurrence
of a vasoocclusive crisis (18, 19). Despite the evidence for
a proinflammatory condition in sickle cell anemia, and
a causal relationship between infection and vasoocclu-
sion, there has been no study to our knowledge that
defines leukocyte flow dynamics under in vivo condi-
tions in the sickle context. Because leukocytes are more
rigid and have a larger volume than red cells, an increase
in their numbers and their enhanced interaction with
endothelium would adversely affect overall microvascu-
lar hemodynamics and vascular resistance.

Reperfusion injury is characterized by leukocyte
recruitment resulting in tissue dysfunction in various
organ systems including heart, skeletal muscle, lungs,
intestine, and skin (20–24). Leukocyte-endothelium
interaction involves initial rolling (repeated transient
contacts) of leukocytes along the endothelial surface
followed by their firm adhesion and diapedesis. The
rolling is mediated by selectins expressed on activated
(but not quiescent) endothelial cells (25–27). After
leukocyte rolling is initiated on the activated endothe-
lium, activation of leukocyte β2 integrins (CD11/CD18)
leads to leukocyte interaction with endothelial ligands
such as ICAM-1 (26, 28) and thereby results in arrest
and firm adhesion of leukocytes on endothelial surface.

In the present studies, we used a transgenic mouse
model expressing human α- and βS-globins on a mouse
β-major thalassemic background (“βS mouse”) to test
the hypothesis that hypoxia-induced red cell sickling
followed by reoxygenation would trigger an inflamma-
tory response, as evidenced by leukocyte behavior
resembling that of known, previously studied models of
reperfusion injury. The present studies were designed to
compare leukocyte flow dynamics in control and trans-
genic mice both under steady-state conditions and after
hypoxia/reoxygenation, and to ascertain whether the
inflammatory response is associated with generation of
oxidants (i.e., H2O2) in vascular endothelium.

Methods
Transgenic mice. Transgenic sickle mice expressing
human α (αH) globins and βS globins on a homozy-
gous mouse βmajor deletional background [βMDD] and
symbolized as αHβS[βMDD] were kindly provided by
M.E. Fabry (Albert Einstein College of Medicine). In
these mice, βS globin levels are approximately 75% of
all β globin (29). We shall refer to these as βS mice. The
transgenic mice carrying the mutant gene were back-
crossed for a total of eight generations with C57BL/6J
mice (29). Systemic hematocrit (%) in βS mice is simi-
lar to that found for C57BL control mice (βS mice,
47.5 ± 3; controls, 46.5 ± 2.1) (30).

Intravital microscopy. Male C57BL/6J control (n = 28)
and transgenic βS (n = 36) mice weighing approximately
25–30 g (4–6-months old), were used. The mice were
maintained on a standard diet and water ad libitum.
Mice were anesthetized intraperitoneally with 10% ure-
thane and 2% α-chloralose in saline (5 mL/kg). The ani-
mals were tracheostomized. The right jugular vein was

cannulated for infusion of mAb’s. In vivo microcircula-
tory observations were made in the open cremaster mus-
cle preparation, prepared according to the method of
Baez (31). The suffusion and maintenance of the mouse
cremaster preparation was done as described previously
(32). Briefly, the preparation was suffused with a bicar-
bonate Ringer’s solution (135.0 mMol/L NaCl, 5.0
mMol/L KCl, 27.0 mMol/L NaHCO3, 0.64 mMol/L
MgCl2, and 11.6 mMol/L glucose); pH of the solution
was adjusted to 7.35–7.4 by continuous bubbling with
94.6% N2 and 5.6% CO2. The osmolarity of the solution,
as measured by a Microosmette (Precision Systems,
Sudsbury, Massachusetts, USA) was 330 mOsm, as
described for the mouse plasma (33). The temperature
of the suffusion solution (flow rate, 5–6 mL/min) was
maintained at 34.5–35°C, and monitored by a telether-
mometer (YSI Inc., Yellowsprings, Ohio, USA). Micro-
scopic observations were carried out using a Nikon
microscope (model E400; Nikon Inc., Melville, New
York, USA) equipped with a Dage-MTI CCD television
camera (model CCD-300T-RC; Dage-MTI Inc., Michigan
City, Indiana, USA) and a Sony U-matic video recorder
(model VO5800; Sony, Teaneck, New Jersey, USA).

Intravital measurements were initiated immediately
after the surgical procedure to exteriorize the tissue
(∼ 15 minutes). Red cell velocity (Vrbc) and leukocyte
flow dynamics were determined in postcapillary
venules (diameter, ∼ 25–35 µm). Vessel luminal diame-
ter (D) was measured online using an image shearing
device (model 907; Instruments for Physiology and
Medicine, San Diego, California, USA). Vrbc was meas-
ured along the vessel centerline using the “dual-slit”
photodiode and a velocity cross-correlator (34, 35)
(model 102 BF; Instruments for Physiology and Medi-
cine). The centerline Vrbc was converted to the mean Vrbc

across the vessel diameter using a conversion factor of
1.6 (Vrbc/Vmean = 1.6), originally described by Baker and
Wayland (36), and later validated by Seki and Lipowsky
(37). Volumetric flow rates (Q) were determined from
Vmean and the vessel cross-sectional area (BD2/4) as
described elsewhere (36, 38). Shear rates along the wall
of microvessel of a given luminal diameter (D) were cal-
culated using the relationship = 8 Vmean/D (38).

Rolling leukocytes were defined as those leukocytes
that distinctly roll along the endothelial surface. The
rolling leukocytes can be easily distinguished because
of their lower velocity compared with that of leukocytes
and red cells in the flow (28). Rolling leukocyte veloci-
ty (µm/s) represented the time required for a rolling
leukocyte to traverse a given length of venule. An aver-
age of rolling velocities of approximately ten leukocytes
per venule was determined by frame-by-frame analysis
of video replay. Rolling leukocyte flux (cells per
minute) was determined as the number of leukocytes
rolling through a given point in a vessel. A leukocyte
was considered adherent if it remained stationary for
longer than 30 seconds. Adherent leukocytes were
counted along the length of a given venule and
expressed as average number of cells per 100-µm length
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of the vessel. Emigrated leukocytes were determined as
the number of interstitial leukocytes in the field of view
adjacent (within ∼ 30 µm) to venules.

Peripheral leukocyte counts on blood samples obtained
from mice were determined using a Neubauer chamber
as described previously (39).

Hypoxia/reoxygenation. Wild-type controls and βS mice
were subjected to 2- or 3-hour hypoxia using 10% oxy-
gen, 0.5% CO2, and balance nitrogen. After hypoxic peri-
ods, mice were returned to room air (reoxygenation).
The protocol consisted of the following experimental
groups. Group 1: This group (n = 4 each) served as nor-
moxic controls (room air). Group 2: The mice (n = 4
each) were subjected to 2 hours of hypoxia followed by
1 hour of reoxygenation. Group 3: The mice (n = 4 con-
trols, 3 βS mice) were subjected to 2 hours of hypoxia
and 2 hours of reoxygenation. Group 4: The mice (n = 3
controls, 4 βS mice) were subjected to 3 hours of hypox-
ia. Group 5: The mice (n = 3 each) were subjected to 3
hours of hypoxia and 4 hours of reoxygenation. Group
6: Mice (n = 4 each) were subjected to 3 hours of hypox-
ia and 18 hours of reoxygenation. In both control and
βS mice, hypoxia induced a decrease in arterial hemo-
globin oxygen (HbO2) saturation (monitored using
Ohmeda oximeter and oxytip probe; model 3770;
Ohmeda Inc., Madison, Wisconsin, USA) from the base-
line line values of approximately 90% and 85%, respec-
tively, to less than 70% in each case. Reoxygenation
resulted in a complete recovery of the arterial %HbO2.

In separate experiments wherein the βS mice were
subjected to 3 hours of hypoxia, murine mAb’s to P-
selectin (RB40.34; PharMingen, San Diego, California,
USA) or E-selectin (10E9.6; PharMingen) (each 100
µg/mouse) was infused via the jugular vein just before
reoxygenation. Intravital observations were performed
after 4 hours of reoxygenation.

Fluorochrome marker of oxidant generation. In selected
experiments, we used oxidant-sensitive fluorochrome
probe dihydrorhodamine 123 (DHR) (Molecular Probes
Inc., Eugene, Oregon, USA) in the suffusate bathing the
cremaster preparation. Stock solution of DHR in
DMSO was stored at –20°C. Working solution of DHR
(10 µmol/L) was made in bicarbonate Ringer (continu-
ously bubbled with 94.6% N2 and 5.6% CO2). The cre-
master preparation was suffused with DHR for 15 min-
utes. DHR has been previously used to detect
intracellular generation of H2O2 in a variety of cell types
including vascular endothelium (40–42). In the pres-
ence of oxidants, nonfluorescent DHR is oxidized to
fluorescent rhodamine 123 (RH123) that is localized in
mitochondria. Oxidation of DHR is not due to H2O2

alone but may involve potential intracellular reactions
involving secondary H2O2-dependent reactions (40).
Fluorescent images were videotaped using Nikon
microscope equipped with epifluorescence (model
E400; Nikon Inc.) and a low-light sensitive Dage-MTI
CCD-300 cooled TV camera in a fixed-gain mode.
Images were digitized into a Macintosh Quadra 840AV
computer (Apple Computer Inc., Cupertino, California,
USA) with a Quickcapture card with auto gain off. NIH-
Image (Bethesda, Maryland, USA) was used to quanti-
tate fluorescence intensities. To discern the spatial
dimension of DHR fluorescence in venules, the profile
of fluorescence intensity across vessel segments was
examined (Figure 1). To determine differences in the
fluorescence intensity in vessel endothelium, the aver-
age intensity in a 7 × 7 pixel area (gray level scale: 0–255)
was measured in the surrounding tissue and vessel
lumen (background) and in endothelial cells of the ves-
sel walls (7-µm width and ∼ 100-µm length) of a given
venular segment, as described elsewhere (43). The aver-
aged values for each (background and vessel wall) were
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Figure 1
Representative fluorographs of cremas-
ter venules in βS mice (top) and their
corresponding DHR fluorescence pro-
file analysis (bottom). (a) Normoxic
control. (b) After 3 hours of hypoxia
and 30 minutes of reoxygenation, the
peaks of DHR activity correspond to
fluorescence intensity in the vascular
endothelial cells. Bar = 10 µm.



determined, and their difference (delta intensity, ∆I) was
used to estimate the relative levels of oxidized DHR,
indicative of H2O2 formation. Fluorescence intensities
were measured in eight to 15 venular segments (total =
70 venular segments) under a given experimental con-
dition for control and βS mice (n = 2 each), i.e., normox-
ia, 3 hours of hypoxia plus 30 minutes of reoxygenation
(∼ 15 minutes of cremaster exteriorization plus 15 min-
utes of DHR application), and 3 hours of hypoxia plus
4 hours of reoxygenation. In transgenic mice (n = 2) in
which RH123 was used (10 µmol/L) as control, no sig-
nificant differences in fluorescence intensity were evi-
dent after 3 hours of hypoxia plus 4 hours of reoxy-
genation compared with normoxic condition.

Statistical analysis. A total of 313 venules (in addition to
fluorescence studies) were analyzed for various micro-
circulatory flow parameters. The number of venules in
experimental groups ranged from 17 to 28. Statistical
analysis of the data was performed using one-way
ANOVA, followed by Newman-Keuls multiple compar-
isons. Comparisons between groups (control versus
transgenic) were made using the Student’s t test. Where
tests for normality failed, or Bartlett’s test for homo-
geneity of variance showed significant difference in the
SD, nonparametric tests such as Kruskal-Wallis test for
ANOVA or the Wilcoxon two-sample test were used. P <
0.05 was considered significant. The statistical analysis
was performed using Statgraphics Plus 3.0 program for
Windows (Manugistics Inc., Rockville, Maryland, USA).

Results
Peripheral leukocyte and neutrophil counts. To explore
whether transgenic sickle mice are predisposed to a
proinflammatory state, we compared peripheral
leukocyte and neutrophil counts in βS mice and con-
trol wild-type (C57) mice. During steady-state condi-
tions, the transgenic mice showed a 1.7-fold increase
in the peripheral leukocyte counts (P < 0.005) and an
almost threefold increase in neutrophil counts (P <
0.003) compared with control mice (Figure 2). The
neutrophil counts in control mice are in agreement
with previous studies (44, 45).

Hemodynamic parameters and leukocyte flow dynamics in
transgenic sickle mice under steady state conditions. Hemody-
namic parameters (Vrbc, wall shear rates, and Q) were
examined in the postcapillary venules (diameter, 20–40
µm) in the cremaster muscle preparations of wild-type
controls and βS mice (Table 1). Under steady-state (nor-
moxic) conditions, the βS mice showed 50% lower Vrbc

and wall shear rates (each P < 0.0001) compared with
control wild-type mice, accompanied by a greater than
50% decrease (P < 0.001) in the venular blood flow (Table
1). Of interest is the observation that in the βS mice, the
higher leukocyte counts were associated with approxi-
mately a 40% decrease in leukocyte rolling velocity (P <
0.0001) and more than a twofold increase in the baseline
leukocyte rolling flux (P < 0.0001) compared with con-
trols (Figures 3 and 4a). The increase in leukocyte rolling
flux in normoxic βS mice was associated with increased
number of adherent leukocytes (P < 0.01) (Figure 4b).

The effect of hypoxia-reoxygenation. Because hypoxia is
expected to cause increased in vivo sickling and ischemia
only in the transgenic sickle mice, we evaluated whether
hypoxia followed by reoxygenation would trigger a
greater response in the βS sickle mice. Mice were sub-
jected to 2 or 3 hours of hypoxia using 10% oxygen in a
breathing mixture (plus 0.5% CO2 and balance nitrogen)
followed by return to ambient (normoxic) conditions.

The effect of hypoxia. Hemodynamic parameters and
leukocyte flow dynamics were examined in control and
βS mice subjected to 3 hours of hypoxia. Hypoxia alone
did not cause significant changes in Vrbc, wall shear rates,
or the flow compared with the baseline values in either
group of mice (Table 1). Hypoxia resulted in a slight but
insignificant increase in the leukocyte rolling velocity in
both controls and βS mice (Figure 3). Compared with the
baseline normoxic values, leukocyte rolling flux showed
an increase in controls (P < 0.05) but not in the βS mice
(Figure 4a). There was a decrease in adherent leukocytes
that was significant (P < 0.05) for βS mice (Figure 4b).
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Figure 2
Peripheral leukocyte and neutrophil counts in control and βS mice.
AP < 0.005–0.003.

Figure 3
The effect of hypoxia/reoxygenation on leukocyte rolling velocity in
control and βS mice. AP < 0.001 versus corresponding wild-type con-
trols (Student’s t test); BP < 0.05 versus respective normoxic values
(Newman-Keuls multiple comparisons).



The effect of reoxygenation

Hemodynamic parameters. Table 1 depicts hemodynamic
parameters after hypoxia/reoxygenation in wild-type
controls and βS mice. Two hours of hypoxia followed by
1 hour of reoxygenation induced significant decreases
in Vrbc, wall shear rates, and Q (P < 0.05) in both groups
of mice (Table 1). After 2 hours of reoxygenation, these
parameters showed a significant improvement in con-
trol mice (P < 0.05), but not in the βS mice. When 3
hours of hypoxia was followed by 4 hours of reoxygena-
tion, Vrbc, wall shear rates and the flow in the βS mice
showed a significantly greater decline (∼ 40%) compared
with controls (P < 0.03–0.001). After 18 hours of reoxy-
genation, Vrbc, wall shear rates, and Q in βS mice
remained lower compared with those of corresponding
controls (P < 0.01–0.003) but were not significantly dif-
ferent from the normoxic baseline values (Table 1).

Leukocyte rolling velocity, rolling fluxes, and adhesion. As is
evident from Figure 3, in both control and βS mice,
leukocyte rolling velocity in normoxic conditions and
after hypoxia-reoxygenation essentially followed the
same pattern as shown for wall shear rates in Table 1.
Apparently, at least within the range depicted in Table
1, wall shear rates seem to affect leukocyte rolling veloc-
ity in both groups.

Two hours of hypoxia followed by 1 hour of reoxy-
genation induced significant increases in the rolling
fluxes in both groups of mice (Figure 4a). However, the
βS mice had an approximately 50% greater leukocyte
rolling flux (P < 0.001), accompanied by more than 2.5-
fold greater numbers of adherent leukocytes (P < 0.001;
Figure 4b) compared with controls. After 2 hours of
reoxygenation, the rolling fluxes, as well as the num-
ber of adherent leukocytes, decreased in both groups.
When 3 hours of hypoxia was followed by 4 hours of
reoxygenation, the βS mice showed a decrease in the
rolling flux compared with the baseline normoxic val-

ues (P < 0.05). Notably, at 4 hours of reoxygenation,
the decrease in the rolling flux in the βS mice was
accompanied by a more than twofold increase in
adherent leukocytes over the baseline (normoxic) val-
ues for these mice (P < 0.05) and a 2.6-fold increase
over the values for controls subjected to the same pro-
tocol (P < 0.0001; Figure 4b). Further, at 18 hours of
reoxygenation, the βS mice showed a 1.6-fold increase
in adherent leukocytes compared with the baseline
normoxic values (P < 0.05), and almost threefold
greater adhesion (P < 0.0001) compared with corre-
sponding values for control mice (Figure 4b), con-
firming an adverse effect of reoxygenation in the trans-
genic mice. Thus, in the βS mice, a greater proportion
of rolling leukocytes was able to adhere to the
endothelium with increases in hypoxic and reoxy-
genation periods. On the other hand, at 18 hours of
reoxygenation, in control mice, both the leukocyte flux
and adhesion showed significant decreases (P < 0.05)
compared with the values at 4 hours of reoxygenation
and were closer to the baseline (normoxic) values.

Leukocyte emigration. In transgenic sickle mice, inflam-
matory response to hypoxia/reoxygenation was evident
by leukocyte extravasation (Figure 5). In contrast, wild-
type controls showed no significant changes in leuko-
cyte emigration with reoxygenation. Transgenic mice
showed an approximately fourfold increase in emigrat-
ed leukocytes after 4 hours of reoxygenation (P < 0.01
versus normoxic values and corresponding wild-type
controls) and a greater than 15-fold increase after 18
hours of reoxygenation (P < 0.0001 versus normoxic val-
ues and corresponding wild-type controls) (Figure 6).

The effect of anti–P- and anti–E-selectin antibodies. Next, we
investigated whether hypoxia/reoxygenation-induced
increase in leukocyte recruitment in βS mice was pre-
ventable using mouse-specific anti–P- or anti–E-selectin
antibodies. mAb’s to murine P-selectin (RB40.34) or E-
selectin (10E9.6) (each 100 µg/mouse) was infused just
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Table 1
The effect of hypoxia/reoxygenation on hemodynamic parameters in the microcirculation of wild-type controls and βS mice

Parameter Normoxia Hypoxia Hypoxia/reoxygenation

2 hours/1 hour 2 hours/2 hours 3 hours/4 hours 3 hours/18 hours

Venular diameter, µm

Wild-type 30.1 ± 1.7 (24)A 31.8 ± 1.2 (21) 26.9 ± 1.3 (26) 27.4 ± 1.4 (24) 28.6 ± 1.5 (17) 28.9 ± 1.0 (20)
Transgenic 28.7 ± 1.1 (28) 32.8 ± 1.3 (23) 27.1 ± 1.2 (20) 26.6 ± 0.9 (28) 27.1 ± 0.8 (19) 27.3 ± 1.1(23)

Red cell velocity, mm/s

Wild-type 4.0 ± 0.35 4.6 ± 0.46 1.7 ± 0.14B 2.6 ± 0.39B 2.6 ± 0.32 3.6 ± 0.46
Transgenic 1.9 ± 0.15C 2.1±0.19C 1.2 ± 0.09B,C 1.5 ± 0.08B,C 1.4 ± 0.16B,C 1.9 ± 0.2C

Wall shear rate, s–1

Wild-type 684 ± 64 737 ± 77 311 ± 26B 485 ± 79B 397 ± 30B 598 ± 71
Transgenic 339 ± 30C 323 ± 26C 235 ± 21B,C 282 ± 18 247 ± 26B,C 364 ± 46C

Venular blood flow, nL/s

Wild-type 1.96 ± 0.31 2.38 ± 0.31 0.66 ± 0.09B 1.0 ± 0.15B 0.96 ± 0.18B 1.65 ± 0.29
Transgenic 0.78 ± 0.08C 1.21 ± 0.15C 0.47 ± 0.05B 0.54 ± 0.05B,C 0.5 ± 0.08B,C 0.77 ± 0.15C

Values are mean ± SE. ANumbers in parentheses represent the number of venules examined for hemodynamic parameters. BP < 0.05 versus respective 
normoxic values. CP < 0.04–0.0001 versus corresponding wild-type controls.



before reoxygenation. Intravital observations were per-
formed after 4 hours of reoxygenation.

Wall shear rates showed approximately a twofold
increase in anti–P-selectin–treated βS mice compared
with untreated mice subjected to hypoxia/reoxygena-
tion protocol (from 247 ± 26 s–1 to 468 ± 72 s–1; P <
0.004), whereas anti–E-selectin had no effect on wall
shear rates (283 ± 23 s–1; P > 0.16 versus untreated
group) (Table 2). Evidently, the increases in Vrbc and
wall shear rates in the anti–P-selectin group (Table 2)
were consequent to complete inhibition of leukocyte
rolling and adhesion as shown in Figure 7, a and b, and
there was no leukocyte emigration into the interstitial
tissue. In contrast, there was no effect of anti–E-selectin
mAb on these variables compared with the untreated
group (Figure 7, a and b).

Endothelial oxidant production. In selected experiments,
DHR fluorescence intensity differences (∆I) were deter-
mined between the background and the venular
endothelium (Figure 1) during normoxia, at 3 hours
hypoxia plus 30 minutes of reoxygenation and after 3
hours hypoxia plus 4 hours of reoxygenation. Figure 8
shows that maximal differences in the averaged DHR
fluorescence intensity were recorded in βS mice after 3
hours of hypoxia plus 30 minutes of reoxygenation 
(P < 0.0002 versus respective controls). After 3 hours of

hypoxia and 4 hours of reoxygenation, ∆I for βS mice
showed a decrease, but was still significantly higher
than the corresponding control values (P < 0.0001), as
well as the normoxic values (P < 0.05). In contrast, ∆I
for controls at 3 hours hypoxia plus 4 hours reoxy-
genation was not significantly different from the con-
trol normoxic values. These results show a clear evi-
dence of DHR oxidation in endothelial cells under
hypoxia/reoxygenation and an exaggerated response to
hypoxia and reoxygenation in the βS mice. No DHR
oxidation was evident in leukocytes.

Discussion
Previous studies in normal animals have shown that
the inflammatory response evoked by ischemia/reper-
fusion is characterized by increased rolling flux and
adhesion of leukocytes in postcapillary venules fol-
lowed by their extravasation (3). In the present studies,
we have compared the effect of hypoxia/reoxygenation
in control and transgenic sickle mice to test our
hypothesis that hypoxia-induced in vivo red cell sick-
ling followed by reoxygenation would result in an exag-
gerated inflammatory response in the transgenic mice,
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Figure 4
(a) The effect of hypoxia/reoxygenation on leukocyte rolling flux in con-
trol and βS mice. (b) The effect of hypoxia/reoxygenation on leukocyte
adhesion in control and βS mice. AP < 0.01–0.0001 versus correspon-
ding wild-type controls (Wilcoxon two-sample test); BP < 0.05 versus
respective normoxic values (Kruskal-Wallis test for ANOVA).

Figure 5
Photomicrographs of cremaster venules after 3-hour hypoxia plus 18
hours of reoxygenation. (a) Normal mouse shows few emigrated
leukocytes (arrowheads) in the cremaster. (b) In contrast, βS mouse
shows a large number of emigrated leukocytes adjacent to a venule
(arrowheads). Large arrows depict the flow direction. Next to the
venule in the upper middle part is the image of photodiode fibers for
Vrbc measurement. Bar = 20 µm.



but not in control mice. We did this by inducing mod-
est hypoxia with exposure to 10% oxygen. Thus, our
approach markedly differs from previous studies in
which reperfusion injury was induced after acute
ischemia (i.e., complete or significant occlusion of
blood supply). In our model, however, hypoxia/reoxy-
genation is not expected to result in much of an
inflammatory response in normal mice in which no
sickling (and therefore no ischemia) is expected. This
contrast is well established by our results that demon-
strate, for the first time to our knowledge, that com-
pared with control mice, hypoxia/reoxygenation
induces a exaggerated inflammatory response in trans-
genic sickle mice.

In the βS mice, the higher peripheral leukocyte
counts and a greater baseline leukocyte flux are indica-
tive of endothelial activation and a proinflammatory
state even under ambient air conditions that also char-
acterizes human sickle cell disease (10–12). The base-
line Vrbc, wall shear rates, and the volumetric flow in
the βS mice were significantly lower than those in con-
trol mice, further suggesting that increased leukocyte
counts and the rolling fluxes along with red cell rheo-
logical abnormalities contribute significantly to the
impaired microvascular flow in the transgenic mice.
When 2 hours of hypoxia was followed by 1 hour of
reoxygenation, there was a significant increase in the
leukocyte rolling fluxes in both control and βS mice.
Although the βS mice showed a greater leukocyte
rolling flux and adhesion compared with controls (see
Figure 4, a and b), notably there was no leukocyte emi-
gration (data not shown) after 2 hours of reoxygena-
tion in either group. A greater number of adherent
leukocytes and a distinct inflammatory response were
observed in the βS mice when 3 hours of hypoxia was
followed by 4 hours of reoxygenation. In the βS mice,
the inflammatory response was characterized by
leukocyte emigration that increased significantly with
increased duration of reoxygenation period to 18
hours (see Figure 5). Control mice showed no increase

in extravasated leukocytes over the baseline values at
any period of reoxygenation, confirming a lack of
major inflammatory response.

The greater leukocyte rolling fluxes, adhesion, and
emigration in the βS mice after reoxygenation are like-
ly due to relative ischemia resulting from abnormal red
cell rheology (intravascular sickling) during the hypox-
ic period. Therefore, the relative unresponsiveness of
normal mice to exposure of equivalent hypoxia strong-
ly suggests that red cell sickling is etiologic here.

The increased abnormality with reoxygenation after
hypoxia is consistent with the known understanding of
reperfusion. Recent studies by Osarogiagbon et al. (46)
have shown that both lipid peroxidation and OH radical
generation do occur in the same sickle mouse model
under the same experimental conditions. In the present
studies, we have monitored generation of oxidants in
cremaster venules using DHR, a H2O2 sensitive fluo-
rochrome. As reported previously, generation of H2O2 in
vascular endothelial cells after application of inflamma-
tory stimuli results in oxidation of nonfluorescent DHR
to fluorescent rhodamine (40). The results show maxi-
mal DHR oxidation in vascular endothelial cells of βS

mice after a brief reoxygenation following hypoxia. The
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Figure 6
The effect of hypoxia/reoxygenation on leukocyte emigration in con-
trol and βS mice. AP < 0.01 and BP < 0.0001 versus corresponding
wild-type controls (Wilcoxon two-sample test).

Figure 7
(a) Hypoxia/reoxygenation in the βS mice: the effect of anti–P- and
anti–E-selectin antibodies on leukocyte rolling flux. (b) Hypoxia/reoxy-
genation in the βS mice: the effect of anti–P- and anti–E-selectin anti-
bodies on leukocyte adhesion. AP < 0.05 versus normoxic values;
BP < 0.05 versus other groups (Newman-Keuls multiple comparisons).



reoxygenation period (30 minutes) is attributable to cre-
master tissue exteriorization (∼ 15 minutes) under ambi-
ent conditions and the application of DHR suffusate (15
minutes) after the hypoxic period. Further, after 4 hours
of reoxygenation, βS mice show a distinct decrease in
DHR oxidation, but an increase in adherent and emi-
grated leukocytes. This may indicate that initial oxida-
tive stress subsequently results in endothelial expression
of adhesion molecules. Also, DHR oxidation in βS mice
is distinctly exaggerated compared with normal mice,
which may also account for the observed differences in
leukocyte-endothelium interactions between the two
groups. Thus, our observations provide evidence of DHR
oxidation in endothelial cells under the described exper-
imental conditions, with distinct differences between
normal and βS mice. However, DHR fluorescence results
must be interpreted cautiously, as future studies will be
needed to obtain direct evidence for H2O2 generation in
vivo (e.g., decreased fluorescence after catalase infusion).

These results strongly suggest that the overall process
is related to sickling as the proximate event. The spe-
cific factor that stimulates endothelium may be sickled
cells or other activating effects that accompany the
proximate sickling event, i.e., oxidants generated by
leukocytes, cytokine release, and so forth. These are
novel findings with potential pathophysiological sig-
nificance that indicate that both red cell rheology and
leukocyte-endothelium interaction will contribute to
the pathology in transgenic sickle mice. Leukocyte
recruitment in postcapillary venules is known to
increase vascular resistance dramatically (47), and may
affect recovery from ischemic episodes (48). Future
studies will be needed to ascertain the time sequence of
peroxide generation and the expression of endothelial
adhesion molecules after hypoxia/reoxygenation.

Given that rolling precedes firm adhesion and
recruitment of leukocytes, inhibition of initial leuko-
cyte rolling may present a therapeutic opportunity to
prevent leukocyte-dependent inflammation and dam-
age in a particular tissue (49). The results of the pres-
ent studies demonstrate that infusion of monoclonal

murine P-selectin antibody before reoxygenation com-
pletely abolished leukocyte rolling, adhesion, and
extravasation in transgenic sickle mice. In contrast, at
least within the time frame of our experimental proto-
col, infusion of monoclonal murine E-selectin antibody
affected neither leukocyte rolling flux nor reoxygena-
tion-induced inflammatory response in the cremaster
muscle of the βS mice.

Our results are in overall agreement with previous
studies depicting P-selectin as the dominant receptor
for leukocyte rolling in postischemic venules (4, 25),
although species-to-species and organ-to-organ varia-
tions cannot be ruled out (50, 51). Moreover, our
results are supported by recent studies in gene-target-
ed mice. For example, in P-selectin–deficient mice,
baseline leukocyte rolling was completely absent in
mesenteric venules, and stimulation with calcium
ionophore or with H2O2 failed to have any detectable
effect (44). Kanwar et al. (51), using the cremaster mus-
cle preparation, showed that in contrast to wild-type
mice, reperfusion did not induce any increase in leuko-
cyte recruitment in P-selectin–deficient mice. Also, a
mouse-specific anti–P-selectin antibody abolished
reperfusion-induced leukocyte accumulation in wild-
type mice. On the other hand, E-selectin–deficient mice
show normal baseline leukocyte rolling, before or after
stimulation with TNF-” (52). Also, there is no evidence
in the literature for a role of E-selectin in reperfusion-
induced injury in the muscle microvasculature (51).

Because of endothelial injury and activation in trans-
genic sickle mice (53), it is plausible that low levels of
P-selectin are expressed even during basal conditions,
which may result in the greater baseline leukocyte
rolling flux in these mice. Increased oxygen radical gen-
eration, as exemplified by peroxynitrite formation in
the βS mice (54), could potentially induce P-selectin
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Table 2
The effect of anti–P- and anti–E-selectin antibodies on Vrbc and wall
shear rates in βS mice

Mice No. of venules Vrbc Wall shear rates
mm/s s–1

Wild-type 24 4.0 ± 0.35 684 ± 64
(normoxiaA)
βS mice
1. NormoxiaA 28 1.9 ± 0.15B 339 ± 30B

2. 3-hour hypoxia/4 hour reoxygenation
i. UntreatedA 19 1.4 ± 0.16C 247 ± 26C

ii. Anti–P-selectin 17 3.2 ± 0.54D 468 ± 72D

iii. Anti–E-selectin 23 1.4 ± 0.1C 283 ± 23

Values are mean ± SE. ABased on the values given in Table 1. BP < 0.001 
versus wild-type controls. CP < 0.05 versus normoxic values in βS mice. 
DP < 0.002–0.006 versus untreated and E-selectin groups.

Figure 8
Differences in dihydrorhodamine 123 (DHR) intensity (∆I) between
background and venular endothelial cells in normal and βS mice dur-
ing normoxia and after hypoxia/reoxygenation. βS mice showed
greater ∆I compared with corresponding wild-type controls in any
experimental group (AP < 0.0002–0.0001), with maximal ∆I record-
ed at 30 minutes after the hypoxic period. BP < 0.05 compared with
respective normoxic values (Newman-Keuls multiple comparisons).



expression on the activated endothelium (3). Ley and
coworkers (55, 56) showed that although baseline
leukocyte rolling was totally absent in the cremaster
muscle preparation of P-selectin–deficient mice for
first 30–60 minutes, significant leukocyte rolling was
seen by 80 minutes. This delayed onset of leukocyte
rolling was L-selectin dependent. Thus, we cannot rule
out a role of L-selectin, as we have not examined time-
dependent leukocyte flow dynamics in the exteriorized
cremaster tissue of βS mice receiving P-selectin anti-
body before reoxygenation.

In the present studies, the choice of the transgenic βS

mouse that exhibits a slower progression of the disease
compared with transgenic-knockout mice expressing
exclusively human “- and βS globins (57) enabled us to
investigate the effect of relatively long duration of hypox-
ia, and thereby establish the role of relative ischemia
(sickling-induced)/reoxygenation in leukocyte-endothe-
lium interactions. In contrast, greater pathology of the
more severe knockout model may already be affected by
leukocyte and endothelial activation owing to extensive
intravascular sickling and recurring vasoocclusive events,
and hypoxia may only worsen the pathology irretriev-
ably. Thus, our studies show the practicality of using a
transgenic sickle mouse with mild pathology in this type
of hypoxia/reoxygenation studies.

In conclusion, our studies provide evidence for a proin-
flammatory state in the βS mice, and demonstrate for
the first time that hypoxia/reoxygenation, depending on
the duration of hypoxia, can result in a distinct inflam-
matory response in the βS mice. Consistent with this, the
present studies show evidence of oxidant generation in
endothelial cells, corroborating parallel biochemical evi-
dence for oxidant stress related to reperfusion injury in
βS mice subjected to hypoxia/reoxygenation (46). Thus,
in the βS mice, a chronic proinflammatory condition
associated with red cell rheological abnormalities would
result in endothelium activation. The implications of
this are that the consequent facilitation of leukocyte-
endothelium interactions, and presumably red cell-
endothelium interaction via VCAM-1 (58), would con-
tribute to vasoocclusive complications of this disease.
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