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Summary

Resuscitation from hemorrhage induces profound pathophysiologic alterations and activates in-
flammatory cascades able to initiate neutrophil accumulation in a variety of tissues. This process
is accompanied by acute organ damage (e.g., lungs and liver). We have previously demon-
strated that significant leukocyte—endothelium interactions occur very early in other forms of
ischemia/reperfusion (i.e., splanchnic ischemia/reperfusion and traumatic shock) which are
largely mediated by increased expression of the adhesion molecule, P-selectin, on the vascular
endothelium. Here we postulated that increased endothelial expression of P-selectin in the mi-
crovasculature would play an essential role in initiating the inflammatory signaling of hem-
orrhagic shock. Using intravital microscopy, we found that hemorrhagic shock significantly
increased the number of rolling and adherent leukocytes in the mouse splanchnic microcircula-
tion. In contrast, mice genetically deficient in P-selectin, or wild-type mice given either an
anti—P-selectin monoclonal antibody or a recombinant soluble P-selectin glycoprotein ligand
(PSGL)-1 immunoglobulin, exhibited markedly attenuated leukocyte—endothelium interaction
after hemorrhagic shock. Thus, activation of P-selectin protein on the microvascular endothe-
lium is essential for the initial upregulation of the inflammatory response occurring in hemor-
rhagic shock. Moreover, endogenous levels of PSGL-1 mRNA were significantly increased in
the lung, liver, and small intestine of wild-type mice subjected to hemorrhagic shock. Since
PSGL-1 promotes adhesive interactions largely through P-selectin expressed on the vascular
endothelium, this result further supports the crucial role played by P-selectin in the recruitment
of leukocytes during hemorrhagic shock.
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H emorrhagic shock initiates an inflammatory response
characterized by the upregulation of cytokine expres-
sion (1) and emigration of neutrophils into a variety of tissues
(2). The accumulation of neutrophils in splanchnic and tho-
racic organs is likely to contribute to end-organ damage and
resultant dysfunction after this form of shock. The mecha-
nism by which hemorrhage triggers this inflammatory re-
sponse remains poorly understood. Heightened adrenergic
activity (3), increased production of reactive free radicals (4),
and systemic release of proinflammatory agents from the gut
(5, 6) have been hypothesized to contribute to acute organ
injury after hemorrhage. Nevertheless, none of these studies
has clarified the specific pathway that promotes leukocyte re-
cruitment into visceral organs during hemorrhagic shock.
Before transmigration into inflamed tissue, leukocytes must

initially interact with the vascular endothelium (7), as demon-
strated during ischemia/reperfusion (8) and in several experi-
mental models of circulatory shock (9). Moreover, we have
reported that under shock conditions very early endothelial
dysfunction (i.e., 2.5-5 min) is associated with increased en-
dothelial dysfunction (10, 11) and expression of the cell adhe-
sion molecule, P-selectin (12). P-selectin is able to initiate the
cascade of events that increases cell adherence and leukocyte
infiltration into injured tissues by first promoting leukocyte
rolling along the vascular endothelium (13, 14). Therefore,
we hypothesized that increased surface expression of P-selec-
tin in the microvascular endothelium would exert an essential
role in recruitment of leukocytes in the case of hemorrhagic
shock. Hemorrhage was therefore carried out in control
wild-type mice, in wild-type mice treated with anti—P-selec-
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tin mAb or with a recombinant soluble form of P-selectin
glycoprotein ligand (PSGL)-1,! and in mice genetically defi-
cient in P-selectin. Furthermore, mMRNA lung, liver, and
small intestine levels for the counter-ligand of P-selectin,
PSGL-1, were investigated in mice subjected to hemor-
rhagic shock. We report here that P-selectin deficiency or
blockade prevents the increase in leukocyte—endothelium
interaction observed in the mouse microcirculation after re-
infusion of hemorrhaged mice. These data strongly indicate
that increased P-selectin surface expression on the surface of
the microvascular endothelium plays an essential role in the
initiation of the inflammatory response observed in hemor-
rhage and reinfusion, and that this mechanism can be abro-
gated in a variety of ways.

Materials and Methods

Hemorrhagic Shock Protocol.  This study was performed in ac-
cordance with the National Institute of Health guidelines for the
use of experimental animals, and all animal protocols have been
approved by the Institutional Animal Care and Use Committee
(IACUC) of Thomas Jefferson University.

Wild-type (C57BL/6) mice and P-selectin—deficient (C57BL/
6J-Sel) mice were obtained from The Jackson Laboratory. Male
and female mice (8-14 wk old and 20-30 g body wt) were anes-
thetized with sodium pentobarbital (120 mg/kg) injected intra-
peritoneally. A tracheotomy was performed to maintain a patent
airway throughout the experiment. The left carotid artery was
cannulated for continuous blood pressure monitoring, and the
right jugular vein was cannulated for blood withdrawal and fluid
or antibody administration. Mice were subjected to hemorrhage
by withdrawal of blood to allow mean arterial blood pressure
(MABP)! to be maintained at 40 mmHg for 45 min. The mean
bleedout volume was 0.72 * 0.12 ml and 0.81 = 0.09 ml for the
wild-type and P-selectin—deficient mouse, respectively. Blood
was collected in a heparinized (5 U) syringe and kept at 37°C un-
til reinfusion. Mice were then resuscitated by infusion of the shed
blood and intravenous injection of 0.5 ml 0.9% NaCl alone or
with either an anti—P-selectin mAb or rs.PSGL.lg. Mice were
killed by exsanguination 45 min after resuscitation, after comple-
tion of intravital microscopy studies. Control wild-type mice un-
derwent cannulation and anesthesia for the same period of time as
hemorrhaged mice, but were not bled (n = 6). Wild-type and
P-selectin—deficient mice were randomly assigned to one of four
experimental hemorrhage groups: (i) wild-type mice receiving
saline (n = 7); (ii) P-selectin—deficient mice receiving saline (n =
6); (iii) wild-type mice receiving 1 mg/kg anti—P-selectin mAb
(RB40.34; PharMingen) (n = 6); and (iv) wild-type mice receiv-
ing 1 mg/kg high affinity mutant rs.PSGL.Ig (rsPSGL.47mutFc;
Genetics Institute, Inc.) (n = 6).

The total number of circulating white blood cells in all experi-
mental groups of mice was determined by hemocytometric count
of smears of blood, which was obtained through the jugular vein
cannula.

Intravital Microscopy of Mouse Peri-intestinal Venules. ~ All intra-
vital microscopy experiments were conducted in anesthetized
mice, which were surgically prepared as reported in the above
hemorrhagic shock protocol section. Intravital microscopy was

Abbreviations used in this paper: MABP, mean arterial blood pressure; PMNs,
polymorphonuclear leukocytes; PSGL-1, P-selectin glycoprotein ligand 1.

performed on mouse peri-intestinal venules, after exteriorization
of a loop of ileal tissue via a midline laparotomy. The ileum was
placed in a temperature-controlled fluid-filled plexiglas chamber
and transilluminated for brightfield observation of the peri-intes-
tinal microcirculation according to a previously described proce-
dure (15). The ileum and mesentery were superfused throughout
the experiment with a buffered Tyrode solution (pH 7.4, 37 +
1°C). Preparations were allowed to stabilize for 15 min. Observa-
tions of rolling and adherent leukocytes were made with a Mi-
crophot microscope and a 40 X salt water—immersion lens (Nikon
Corp.). Images were projected by a high-resolution color video
camera (DC-330; DAGE-MT], Inc.) onto a color Sony high res-
olution video monitor (Multiscan 200-sf), and the image was re-
corded with a videocassette recorder. All images were then ana-
lyzed using computerized imaging software (Phase 3 Image
System; Media Cybernetics) on a Pentium based IBM-compati-
ble computer (Micron Millenia Mxe; Micron Electronics Inc.).
Red blood cell velocity was determined on-line using an optical
Doppler velocimeter (16) obtained from the Microcirculation
Research Institute, College Station, TX. This method gives an
average red blood cell velocity, which is digitally displayed on a
meter, and allows for the calculation of shear rates (17). The
number of rolling and adhered leukocytes was determined off-
line by playback analysis of the videotape.

Histologic Assessment of Neutrophil Infiltration and Immunohisto-
chemistry of P-selectin.  The number of neutrophils (PMNs) infil-
trating into lung, liver, and intestine was determined in both
wild-type and P-selectin—deficient mice. At the end of the 45
min reinfusion period, mice were killed and the pulmonary cir-
culation was flushed by injecting PBS into the right ventricle.
Lungs were injected with formalin through the trachea, then re-
moved and placed into 4% formalin. Similarly, the splanchnic or-
gans were perfused through the superior mesenteric artery and
fixed in vivo by infusion of formalin (15). Lungs, liver, and intes-
tine were then cut into blocks and dehydrated in graded acetone
washes at 4°C. Tissue blocks were embedded in plastic (Immu-
nobed; Polysciences, Inc.), and 4-pm-thick sections were cut
and transferred to Vectabond-coated slides (Vector Laboratories,
Inc.). The slides were soaked in ethanol for 10 min to remove the
plastic embedding material and to allow staining of the tissue. Af-
ter the 10-min ethanol wash, the tissue sections were stained with
hematoxylin and eosin and examined blindly. The number of
PMNs was counted and tallied. Five fields from each of two slides
were counted from each organ, and three mice were studied per
group. In addition, grading of the histopathologic changes in the
lung (i.e., neutrophil infiltration, interstitial edema, and intra-
parenchymal hemorrhage) was performed on a 0 to 3 scale (with
0 being normal and 3 being the most severe abnormality).

Immunohistochemical localization of P-selectin was deter-
mined in ileal samples after intravital microscopy was completed,
according to previously described methods (15). mAb PB1.3 only
recognizes surface expressed P-selectin (18). Quantification of
P-selectin was accomplished using the avidin-biotin immunoper-
oxidase technique (Vectastain ABC Reagent; Vector Labs.) as
previously described by Weyrich et al. (18). 50 venules were ana-
lyzed per tissue section, 20 sections were examined per group,
and the percentage of positive staining venules was tallied.

Quantification of P-selectin and PSGL-1 mRNA Expression by Ribo-
nuclease Protection Assays. Immediately after intravital micros-
copy was performed, mouse lungs, liver, and small intestine were
removed for total RNA extraction. Total RNA was extracted
from these tissues using the acid guanidium-phenol-chloroform
extraction method described by Chomczynski and Sacchi (19).
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The concentration of RNA suspended in ribonuclease-free water
was determined spectrophotometrically.

The plasmid containing the full-length mouse P-selectin
cDNA was provided by Professor Dietmar Vestweber (Institut fur
Zellbiologie, ZMBE, Westfalische Wilhelms Universitat Munster,
Munster, Germany). The plasmid for synthesis of mouse tissue
P-selectin probe for ribonuclease protection assays was created by
recloning of a Pstl-Avrll fragment of mouse P-selectin (from
1878 to 2270; sequence data available from EMBL/GenBank/
DDBJ under accession number M87861) into a Pstl-Spel site of
pBluescript 11 SK* vector (Stratagene). This plasmid was digested
with Xhol and used as a template for in vitro transcription of a
474-base radiolabeled antisense probe containing a 393-base pro-
tected fragment using T3 RNA-polymerase (Boehringer Mann-
heim) in the presence of [3P]JUTP (Amersham Corp.).

Mouse PSGL-1 cDNA was synthesized by reverse transcriptase
PCR using mouse lung total RNA and oligo(dT), and was
amplified using forward primer (5'-CCTGGGAATTCACCT-
GCCCC-3’) and reverse primer (5'-GAGAGTGGAGCTAG-
CAAAGG-3’). These oligonucleotides correspond to amino acid
sequences 267-283 and 394-388 of mouse PSGL-1, respectively
(sequence data available from EMBL/GenBank/DDBJ under ac-
cession number X91144). A 384-bp PCR fragment was cloned
using PCR 2.1-TOPO Cloning Kit (a gift from Invitrogen
Corp.). The Sst I-Xbal fragment of this plasmid was recloned in
pTRIPLEscript vector (pTRlamp 18; Ambion). This plasmid
was digested with Xbal to make, with T7 polymerase, a 570-base
radiolabeled antisense probe that contained a 384-base protected
fragment. All constructs used in this investigation were verified
by sequencing the insert in the plasmid. These sequences were
found to be 100% identical to the published sequences. The ex-
pression of PSGL-1 mRNA was analyzed by reverse transcriptase
PCR analysis. Amplified PCR products were analyzed by elec-
trophoresis on a 1.5% agarose gel. The intensity of each P-selec-
tin and PSGL-1 mRNA band was normalized for GAPDH (data
not shown).

Mouse B-actin antisense RNA probes were used to evaluate
total RNA, which in turn were used for P-selectin and PSGL-1
MRNA expression analysis. The mouse B-actin plasmid for the
synthesis of the antisense RNA probe was received from Am-
bion. For the ribonuclease protection assay, 2 g of total RNA
for detection of B-actin mRNA, and 60 g for detection of
PSGL-1 mRNA in the lung, liver, and small intestine have been
used accordingly to previously described procedures (20). The
intensity of each P-selectin and PSGL-1 mRNA band was nor-
malized for B-actin mMRNA levels.

Statistical Analyses. All values for data listed in the text and
figures are presented as means = SEM of n independent experi-
ments. Data were compared by analysis of variance using post-
hoc analysis with Fisher’s correct t test. P =< 0.05 was considered
significant in all cases.

Results

Hemodynamic Changes Induced by Hemorrhagic Shock.  Fig. 1
illustrates the time course of systemic MABP in the five
experimental groups of mice. All groups of mice exhibited
initial MABP values in the range of 110-120 mmHg (Fig.
1). In control wild-type mice, MABP did not significantly
change over the entire 90-min observation period (Fig. 1).
In hemorrhaged mice, MABP was maintained at 40 mmHg
for 45 min. After reinfusion of the shed blood to hemor-
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Figure 1. Time course of MABP over the course of hemorrhage and

reinfusion for the five experimental groups of mice. Wild-type and P-selec-
tin—deficient (P-selectin™~) mice were subjected to hemorrhagic shock.
Functional blockade of P-selectin in wild-type mice was achieved by sys-
temic administration of either anti—P-selectin mAb (1 mg/kg) or
rs.PSGL.Ig (1 mg/kg). Each point represents mean values = SEM; num-
bers indicate surviving rats at each interval. *P < 0.05 and **P < 0.01
versus wild-type control mice. O, control wild-type (n = 6); B, hemor-
rhage wild-type (n = 7); @, hemorrhage P-selectin™’~ (n = 6); O, hem-
orrhage wild-type + anti—P-selectin mAb (n = 5); <, hemorrhage wild-
type + rs.PSGL.Ig (n = 5).

rhaged mice, MABP increased to values not significantly
different from control wild-type mice at that time (Fig. 1).
In the wild-type hemorrhaged group receiving only saline,
MABP progressively decreased to 90 = 5 mmHg at the
end of the experiment. In contrast, hemorrhaged P-selec-
tin—deficient mice as well as hemorrhaged wild-type mice
receiving either the anti-P-selectin mAb or the rs.PSGL.lg
maintained a significantly higher MABP at the end of the
45-min observation period in the range of 115-125 mmHg
(P < 0.05, Fig. 1). This higher MABP was not due to de-
creased bleedout volumes, since the volume of shed blood
was not significantly different among all groups of mice.
These final blood pressures were also not statistically different
from the initial MABP in these same groups of mice. Thus,
either gene deficiency or functional inactivation of P-selectin
expressed on the vascular endothelium limits the systemic
hemodynamic consequences of hemorrhagic shock.

Venular shear rates for the five experimental groups of
mice are reported in Table I. No significant differences
were observed in initial shear rates among the five groups
of mice. After hemorrhage, shear rates in peri-intestinal
venules abruptly decreased to less than half of the observed
initial control values. Therefore, the present hemorrhagic
shock model is characterized by a marked hypoperfusion of
the splanchnic microvasculature during the oligemic phase.
However, upon reinfusion of shed blood, venular shear
rates returned to normal values (Table I). This strongly sug-
gests that blood flow was reestablished to control levels
during the postoligemic phase. Since shear rates were nor-
mal after reinfusion, the adhesive interactions observed be-
tween leukocytes and the microvascular endothelium dur-



Table I. Diameters and Shear Rates for Mouse Peri-intestinal Venules
Venular shear rate (s71)
Venular Baseline Hemorrhage Resuscitation
Group n diameter (0 min) (45 min) (90 min)
um

Control wild-type 6 35 *+33 620 = 19 612 + 33 563 + 42
Hemorrhage P-selectin gene deleted 7 33 =27 653 = 20 320 = 41 625 *= 40
Hemorrhage wild-type 6 31 +£6.3 616 = 39 303 = 28 618 *+ 46
Hemorrhage wild-type + anti—-P-selectin mAb 5 36 = 6.5 614 *+ 41 310 = 51 609 + 37
Hemorrhage wild-type + rs.PSGL.Ig 5 32 +8.1 626 *= 54 287 * 47 617 = 24

All values are means = SEM. n = numbers of mice studied.

ing resuscitation from hemorrhage could not be attributed
to alterations in physical hydrodynamic forces brought
about by perturbations in local hemodynamics.

P-selectin Is Required for the Upregulation of Leukocyte—
Endothelium Interaction in Hemorrhagic Shock. A low base-
line number of rolling (i.e., 10-20 cells/min; Fig. 2) and
adherent (i.e., 2-3 cells/100 pwm; Fig. 3) leukocytes was
observed in the mesenteric microvasculature for all experi-
mental groups of wild-type mice. Furthermore, neither
rolling (Fig. 2) nor adherence of (Fig. 3) leukocytes in-
creased in peri-intestinal venules of P-selectin—deficient
mice at any time. Baseline leukocyte rolling (Fig. 2) and
adherence (Fig. 3) were not significantly changed during
the first 45 min of the hemorrhage period in all wild-type
and P-selectin—deficient mice. However, the number of
rolling and adherent leukocytes in untreated hemorrhaged
wild-type mice exhibited a threefold (P < 0.01) increase
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Figure 2. Leukocyte rolling observed in peri-intestinal venules of wild-
type mice, P-selectin—deficient (P-selectin~/~) mice, and wild-type mice
given either anti—P-selectin mAb or rs.PSGL.lg, and subjected to hemor-
rhagic shock. Bar heights represent means and brackets indicate = SEM.
*P < 0.05 and **P < 0.01 from control wild-type mice. White bars, con-
trol wild-type (n = 6); black bars, hemorrhage wild-type (n = 7); gray
bars, hemorrhage P-selectin=’= (n = 6); cross-hatched bars, hemorrhage
wild-type + anti-P-selectin mAb (n = 5); hatched bars, hemorrhage
wild-type + rs.PSGL.Ig (n = 5).
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after reinfusion compared with normal control values (Figs.
2 and 3). In contrast, no significant increase in the number
of rolling or adhered leukocytes was observed in the peri-
intestinal venules of P-selectin—deficient mice (Figs. 2 and
3). Similarly, intravenous infusion of either 1 mg/kg of an
anti—P-selectin mAb or 1 mg/kg of rs.PSGL.Ig significantly
attenuated both leukocyte rolling (Fig. 3) and leukocyte
adherence (Fig. 3) induced by hemorrhage and reinfusion
of shed blood. In addition, no significant change in the to-
tal number of circulating leukocytes was observed in the
five experimental groups of mice, so that the changes in
rolling and adherence could not be attributed to leukope-
nia. The average number of circulating leukocytes in wild-
type mice and P-selectin—deficient mice was 5.9 * 0.6 and
7.2 = 0.4 10° cells/mm3 (mean = SEM), respectively.
These values are not significantly different from each other,
nor was leukopenia observed at the end of the experimen-
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Figure 3. Leukocyte adherence observed in peri-intestinal venules of
wild-type mice, P-selectin—deficient (P-selectin='~) mice, and wild-type
mice given either anti-P-selectin mAb or rs.PSGL.Ig, and subjected to
hemorrhagic shock. Bar heights represent means and brackets indicate =+
SEM. *P < 0.05 and **P < 0.01 from control wild-type mice. White
bars, control wild-type (n = 6); black bars, hemorrhage wild-type (n =
7); gray bars, hemorrhage P-selectin~'~ (n = 6); cross-hatched bars, hem-
orrhage wild-type + anti—P-selectin mAb (n = 5); hatched bars, hemor-
rhage wild-type + rs.PSGL.Ig (n = 5).
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tal protocol or after systemic administration of either anti—
P-selectin mAb or rs.PSGL.lg. Therefore, functional ex-
pression of P-selectin protein on the mouse splanchnic
microvascular endothelium exerts a crucial role in trigger-
ing inflammatory events after hemorrhage and fluid resusci-
tation.

Determination of P-selectin Surface Expression In Situ by
Immunohistochemical Localization. Immunolocalization of
P-selectin was studied in the venular endothelium of the
mouse ileum immediately after completion of intravital mi-
croscopic measurements. The percentage of venules stain-
ing positively for P-selectin in ileal sections from control
wild-type mice was consistently low (21 + 4% positive
venules; Fig. 4). Moreover, virtually no surface P-selectin
expression was detected by immunohistochemistry at any
time in P-selectin gene—deficient mice (Fig. 4). However,
hemorrhage plus reperfusion resulted in a significant in-
crease in P-selectin expression in wild-type mice (Fig. 4).
Intravenous infusion of either anti-P-selectin mAb or
rs.PSGL.Ig did not attenuate the number of venules stain-
ing positively for P-selectin after hemorrhage and reinfu-
sion (74 = 4% and 70 = 6 positive venules respectively;
NS versus hemorrhage wild-type mice). This clearly indi-
cates that inhibition of leukocyte—endothelium interaction
induced by anti—P-selectin mAb or rs.PSGL.Ig is due to
functional neutralization of P-selectin on the endothelial
cell surface rather than to significant attenuation of P-selec-
tin expression on the microvascular endothelium.

Inhibition of Neutrophil Infiltration into Lung, Liver, and In-
testine Is Associated with Decreased Organ Injury in P-selectin—
deficient Mice.  As an additional verification of organ in-
jury, we performed histological analysis of lung, liver, and
intestine in control and hemorrhaged mice. After hemor-
rhage and reinfusion, P-selectin—deficient mice had fewer
infiltrated neutrophils in lung, liver, and intestine (Fig. 5)
than did wild-type mice. Moreover, P-selectin—deficient
mice subjected to hemorrhage and reinfusion developed
less interstitial lung edema and intra-alveolar hemorrhage
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Figure 4. Immunohistochemistry of mouse ileal microvessels: percent-

age of vessels staining positive for P-selectin in the five experimental
groups of mice. Bar heights represent mean values, and brackets indicate
SEM. 20 sections were studied in each of three mice, and 50 vessels were
studied in each section.
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Figure 5. Quantification of histological staining of neutrophils in lung

(top), liver (center) and small intestine (bottom) of wild-type and P-selec-
tin—deficient (P-selectin~/~) mice subjected to hemorrhagic shock. Bar
heights represent mean values, and brackets indicate = SEM. Five fields
were counted on two slides of each organ from three mice in each group.
Hemorrhage followed by reinfusion significantly enhanced accumulation
of neutrophils in wild-type mice but not in P-selectin—deficient mice (P <
0.01).

compared with hemorrhaged wild-type mice, as assessed by
histological analysis (histopathological score 0.45 = 0.08
and 2.7 = 0.15, respectively; P < 0.01). This decreased in-
flammation and injury in lungs and splanchnic organs of
P-selectin—deficient mice strongly demonstrates the crucial
role exerted by selectin-mediated leukocyte recruitment
during the early pathophysiologic events of hemorrhagic
shock.

Hemorrhagic Shock Increases PSGL-1 mRNA Expression in
Several Organs in the Wild-type Mouse. Levels of mRNA
codifying for endogenous PSGL-1 were assessed in hemor-
rhaged wild-type mice, using a ribonuclease protection as-
say. As shown in Fig. 6, the intensity of each PSGL-1
mRNA band was normalized to that of B-actin. After the
45-min resuscitation period, PSGL-1 transcripts were sig-
nificantly increased in the lungs of mice subjected to hem-
orrhagic shock (Fig. 6). Similar results were also observed
in the liver and small intestine of hemorrhaged wild-type
mice. After hemorrhage and reinfusion PSGL-1 transcripts
in both liver and intestine increased 34 + 8.4% and 32 =
2%, respectively (P < 0.001 versus control mouse tissue).
In contrast, no significant changes were observed for the
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Figure 6. Representative autoradiograph of a polyacrylamide gel used

in typical ribonuclease protection assay comparing PSGL-1 and P-selectin
mRNA expression in lungs of sham-operated control and hemorrhaged
wild-type mice. Compared with lanes containing PSGL-1, mRNA levels
from sham-operated wild-type mice (lane 1) there is a marked increase in
PSGL-1 mRNA in lung isolated from wild-type mice subjected to hem-
orrhagic shock (lane 2). No significant difference was observed in P-selec-
tin mMRNA levels between the two groups of mice. Densitometric quanti-
fication of the effect of hemorrhage on lung PSGL-1 mRNA expression
is summarized in the right panel of the figure. Bar heights represent means
and brackets indicate = SEM. Numbers at the bottom of each bar repre-
sent the number of mice studied.

P-selectin mMRNA transcript in wild-type mice after hem-
orrhage and reperfusion. This suggests that in the early
phase of hemorrhagic shock, increased de novo synthesis of
the counter-ligands for P-selectin in marginated blood cells
entrapped in vital organs, more than de novo synthesis of
P-selectin protein in the vascular endothelium, is responsi-
ble for further exacerbation of selectin-mediated leukocyte—
endothelium interaction.

Discussion

This study was undertaken to determine the role of
P-selectin in the early inflammatory response occurring af-
ter resuscitation from hemorrhagic shock. Using either
mice genetically deficient in P-selectin protein or function-
ally blocking P-selectin in wild-type mice, by either an
anti—P-selectin mAb or rs.PSGL.lg, we first demonstrate
that P-selectin plays an essential role in the pathological re-
cruitment of leukocytes observed in hemorrhagic shock.
We also found that upon resuscitation from hemorrhage,
an increased expression of mMRNA codifying for endoge-
nous PSGL-1 occurs in the lung as well as in the liver and
intestine of hemorrhaged wild-type mice. These data pro-

vide compelling evidence that P-selectin plays a key role in
the activation of the inflammatory cascades occurring in
hemorrhagic shock, thus designating P-selectin as a possible
strategic target in the therapy of hemorrhagic shock. Our
findings are also consistent with an earlier report that an
mADb against P-selectin markedly reduced the volume of
fluid necessary for resuscitation of hemorrhaged rabbits
(21), although no analysis of leukocyte—endothelium inter-
actions was attempted.

A multistep series of adhesive and signaling events regu-
lates inflammatory responses to infection or injury (22, 23).
To initiate these responses, circulating leukocytes must first
roll along the endothelium, and then adhere to the vascular
wall under shear forces. Selectins mediate the first adhesive
step, which is characterized by tethering and rolling of leu-
kocytes on endothelial cells, platelets, or other leukocytes
(24). In particular, P-selectin, expressed on activated plate-
lets and endothelial cells, binds to ligands on most leuko-
cytes (25). The regulated expression of the selectins and
their high affinity ligand (i.e., PSGL-1), helps modulate the
inflammatory response. However, inappropriate expression
of these molecules contributes to leukocyte-mediated tissue
damage in a variety of acute inflammatory disorders (26,
27). In this regard, several investigators have demonstrated
that inhibition of the rolling phase of leukocytes plays a key
role in attenuating the acute inflammatory response (28,
29). Consistent with such findings, we now demonstrate
that soon after resuscitation from hemorrhage, leukocyte—
endothelium interactions are significantly upregulated in
the microcirculation, an event that is associated with in-
creased expression of P-selectin on the microvascular en-
dothelium. Moreover, as confirmed in P-selectin—deficient
mice, in the absence of P-selectin protein virtually no leu-
kocyte—endothelium interaction occurs after hemorrhage
and reinfusion of shed blood. This finding agrees with pre-
vious observations showing severe attenuation of leukocyte
rolling and extravasation in P-selectin—deficient mice (14).
In addition, we observed de novo synthesis of PSGL-1 in
the lungs and splanchnic organs of hemorrhaged wild-type
mice, as confirmed by quantification of PSGL-1 mRNA.
This increase in PSGL-1 mRNA levels may contribute to
widespread increases in cell-to-cell interaction during acute
inflammatory conditions such as hemorrhagic shock.

The inhibitory effect on leukocyte—endothelium interac-
tion exerted by blockade of P-selectin may contribute to
normalization of the pathophysiologic events in hemor-
rhagic shock. One possible explanation is that inhibition of
the initial P-selectin—mediated tethering of leukocytes to
endothelium may diminish the localized production of
proinflammatory cytokines, which subsequently induce
expression of endothelial cell adhesion molecules. In this
regard, other investigators have demonstrated that after
hemorrhagic shock increased infiltration of blood cells into
vital organs increases intraparenchymal cytokine expres-
sion, starting 2 h after reinfusion and reaching a peak value
after 3 d (30, 31). Moreover, inhibition of leukocyte ex-
travasation exerts a key role during inflammation because
activated neutrophils, which have adhered to the endo-
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thelium, release cytotoxic mediators including proteases,
eicosanoids, cytokines, and oxygen-derived free radicals (1,
32), each of which can promote tissue injury and exacer-
bate endothelial dysfunction in hemorrhagic shock.

One may speculate on the mechanism triggering the up-
regulation of P-selectin to the vascular endothelial cell sur-
face during hemorrhagic shock. Hemorrhagic shock repre-
sents a severe form of whole body ischemia/reperfusion.
Several investigators have demonstrated that a common
pathophysiologic event occurring during ischemia/reperfu-
sion is the early occurrence of acute endothelial dysfunc-
tion characterized by impaired endothelial release of nitric
oxide (8, 9, 11, 28, 33). In this connection, acute endothe-
lial dysfunction associated with severe organ injury has
been reported in myocardial ischemia/reperfusion (11),
splanchnic ischemia/reperfusion (9), traumatic shock (10),
and hemorrhagic shock (33). Moreover, a functional rela-

tionship between loss of endothelium-derived nitric oxide
and the upregulation of P-selectin on the venular endothe-
lium has been reported previously (12). Therefore, hemor-
rhage-induced loss of endothelium-derived nitric oxide re-
lease is probably responsible for increased expression of cell
adhesion molecules in the microvascular endothelium. This
conclusion is supported by the observation that endothelial
cell dysfunction occurs very early after hemorrhage and
persists despite fluid resuscitation (33), and that an mAb
against P-selectin attenuated fluid leakage in hemorrhagic
shock (21).

This study provides the first clear in vivo evidence of a
purely P-selectin—-dependent leukocyte—endothelium inter-
action in hemorrhagic shock. This work also suggests that
neutralization of P-selectin in the early phase of hemor-
rhagic shock may limit infiltration of leukocytes into in-
flamed organs.
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