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Abstract

 

The concept that leukocyte–endothelial cell adhesion (LECA)
is a major determinant of the tissue injury elicited by is-
chemia/reperfusion (I/R) is largely based on studies employ-
ing adhesion molecule–specific monoclonal antibodies. The
objective of this study was to assess the contribution of
LECA to I/R injury using mutant mice (all on a C57Bl
background) that are deficient in either intracellular adhe-
sion molecule-1, P-selectin, or CD11/CD18. The accumula-
tion of fluorescently labeled leukocytes and the number of
nonperfused sinusoids in livers of control and adhesion
molecule–deficient mice were monitored by intravital mi-
croscopy for 1 h after release of the occluded (for 15 min)
superior mesenteric artery. Autofluorescence of pyridine
nucleotide (NADH) was measured as an indicator of mito-
chondrial O
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 consumption and redox status. The number of
stationary leukocytes in the liver after gut I/R was signifi-
cantly elevated compared with baseline values in C57Bl
(control) mice. Autofluorescence of NADH was also signifi-
cantly increased (indicating hypoxia) after I/R in these
mice, especially in the pericentral region. Intercellular ad-
hesion molecule-1–, CD11/CD18–, and P-selectin–deficient
mice all exhibited a blunted leukosequestration response to
I/R and smaller increments in nonperfused sinusoids, rela-
tive to C57Bl mice. All adhesion molecule–deficient mice
also exhibited an attenuated increment in NADH autofluo-
rescence in the pericentral region, relative to control mice.
These results from adhesion molecule–deficient mice pro-
vide additional support for the view that LECA is an impor-
tant determinant of the liver dysfunction induced by gut
I/R. (

 

J. Clin. Invest. 

 

1997. 99:781–788.) Key words: leuko-
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Introduction

 

Reperfusion of ischemic tissues results in an acute inflamma-
tory response that is characterized by an increased fluid filtra-
tion and steric hindrance (plugging) of circulating blood cells

in capillaries, with a concomitant recruitment of adherent and
emigrating leukocytes and increased albumin extravasation in
downstream postcapillary venules (1–7). The results of numer-
ous studies suggest that there is a cause–effect relationship
between the accumulation of inflammatory cells and the
microvascular (and parenchymal cell) dysfunction that are
elicited by ischemia/reperfusion (I/R).
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 Indeed, several strate-
gies have been employed to assess the contribution of adher-
ent leukocytes to the tissue injury associated with I/R. These
include protocols employing: (

 

a

 

) filters that entrap and conse-
quently remove circulating leukocytes (4), (

 

b

 

) agents that in-
hibit the production (e.g., vinblastine) of circulating leukocytes
(8), (

 

c

 

) antibodies that form immune complexes with and sub-
sequently eliminate circulating leukocytes (5, 9), or (

 

d

 

) mono-
clonal antibodies that immunoneutralize adhesion molecules
expressed on activated leukocytes or endothelial cells (6–7,
10). The effectiveness of adhesion molecule–specific mAbs in
attenuating I/R-induced tissue injury has lead to the widely
held view that leukocyte–endothelial cell adhesion is a rate-
limiting step in the pathogenesis of this reperfusion injury.

We have recently employed adhesion molecule–specific
mAbs to address the contribution of leukocyte–endothelial
cell adhesion and the specific role of different endothelial cell
and leukocyte adhesion molecules to the hepatocellular dys-
function associated with gut I/R (11). Our findings indicate
that either rendering rats neutropenic with anti–neutrophil se-
rum or administration of mAbs directed against either CD11/
CD18 or intercellular adhesion molecule-1 (ICAM-1) results
in a blunted accumulation of leukocytes and a reduction in the
hypoxic stress that occurs in proximity to nonperfused sinu-
soids after gut I/R. While adhesion molecule–specific mAbs
have proven to be powerful tools for addressing the role of
leukocytes in different models of inflammation, there are some
uncertainties and potential limitations of this experimental ap-
proach that detracts from the mAbs
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 usefulness as blocking
reagents in vivo. For example, it has been recently proposed
that antibodies to ICAM-1 trigger a response in endothelial
cells that might confer protection against I/R injury via a
mechanism that is unrelated to the blocking function of the an-
tibody (12).

Mice that are genetically and functionally deficient in leu-
kocyte or endothelial cell adhesion molecules represent a
novel alternative approach to antibody experiments for defin-
ing the contribution of leukocytes to the pathogenesis of I/R
injury. This genetic ablation approach avoids the potential
problems associated with interpretation of antibody studies
and provides a unique opportunity to assess the absolute re-
quirements for specific adhesion molecules in mounting acute
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or chronic inflammatory responses. The objective of the
present study was to determine whether the livers of mice that
are genetically deficient in either CD11/CD18, ICAM-1, or
P-selectin are confered protection (relative to control mice)
against the deleterious effects of gut I/R. Intravital videomi-
croscopic techniques were employed to monitor and quantify
leukostasis (adherence and plugging) in different regions (mid-
zonal and pericentral) of the liver microcirculation, the num-
ber of nonperfused sinusoids, and NADH autofluorescence
(an index of tissue hypoxia) after gut I/R.

 

Methods

 

Animals. 

 

All mice (8–12 wk old) used in this study were of a C57Bl
background. Wild-type (control) mice were obtained from Harlan
Sprague Dawley, Inc. (Indianapolis, IN), while the ICAM-1–deficient
(13), CD11/CD18-deficient (14), and P-selectin knock-out (15) mice
were obtained from Pharmacia-UpJohn Laboratories. The mutants
were all developed in the 129 mouse strain and the number of back
crosses to C57Bl ranged between 8 (P-selectin) and 10 (CD18 and
ICAM-1) generations. All of the mice were obtained at 4 wk of age
and maintained on standard mouse chow until 18 h before the experi-
ment.

 

Surgical procedure. 

 

After administration of atropine sulfate (0.04
mg/kg body wt i.p.), the mice were anesthetized with ketamine hydro-
chloride (150 mg/kg body wt i.m.) and xylazine (7.5 mg/kg body wt
i.m.). The right carotid artery was cannulated and systemic arterial
pressure was measured with a pressure transducer (Statham P23A;
Gould Inc., Oxnard, CA) connected to the carotid artery cannula.
Systemic blood pressure and heart rate were continuously recorded
with a physiological recorder (Grass Instruments Co., Quincy, MA).
The left jugular vein was also cannulated for drug administration. Af-
ter laparotomy, the superior mesenteric artery (SMA) was occluded
with a microvascular clip for 0 (sham) or 15 min. After the ischemic
period, the clip was gently removed. Estimates of blood flow using la-
ser Doppler flowmetry indicates that ligation of the SMA results in
an 

 

z

 

 70% reduction in blood flow in mouse liver.

 

Intravital microscopy. 

 

Immediately after removing the clip, the
mouse was placed on a microscope stage. A lobe of liver was ob-
served with an inverted intravital microscope (TMD-2S, Diaphot; Ni-
kon Inc., Tokyo, Japan) assisted by a silicon-intensified target camera
(C-2400-08; Hamamatsu photonics, Shizuoka, Japan). The liver was
placed on an adjustable plexiglas microscope stage with a nonfluores-
cent coverslip that allowed for observation of a 2–cm
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 segment of tis-
sue. The liver was carefully placed to minimize the influence of respi-
ratory movements. The liver surface was moistened and covered with
cotton gauze soaked with saline. Images of the microcirculation near
the surface of the liver was observed through a 40
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 fluorescent ob-
jective lens (Fluor 40/0.85; Nikon Inc.). The microfluorographs were
recorded on videotape using a videocassette recorder (NV8950; Pan-
asonic, Tokyo, Japan). A video time-date generator (WJ810; Pana-
sonic) projected the stopwatch function onto the monitor.

 

Analysis of leukocyte accumulation and perfusion in liver micro-
circulation. 

 

Leukocytes were labeled in vivo with rhodamine-6G (2
mg was dissolved in 5 ml of 0.9% saline) using a modification of a
previously described method employed in rat studies (16, 17). It has
recently been shown that rhodamine-6G selectively stains white
blood cells and platelets, but not endothelial cells (16). Thus, the fluo-
rochrome allows for differentiation between adherent leukocytes and
endothelial cells. Rhodamine-6G (0.4 ml/100 g body wt) was injected
before gut reperfusion, with subsequent injections every 30 min.
Rhodamine-6G–associated fluorescence was visualized by epi-illumi-
nation at 510–560 nm, using a 590-nm emission filter. The number of
stationary leukocytes was determined off-line during playback of vid-
eotape images. A leukocyte was considered stationary within the mi-
crocirculation (sinusoids) if it remained stationary for more than 10 s.

And the sinusoid was considered perfused if the labeled white blood
cells or platelets were observed moving through it. The percentage of
nonperfused sinusoids was calculated as the ratio of the number of
nonperfused sinusoids to the total number of sinusoids per viewing
field. Stationary leukocytes were quantified in both the midzonal and
pericentral regions of the liver lobule and expressed as the number
per field of view (8.3 
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 10
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m

 

m
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).

 

Analysis of autofluorescence of pyridine nucleotide. 

 

Autofluores-
cence of pyridine nucleotide (NADH) was measured as an indicator
of mitochondrial O
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 consumption using the same intravital micros-
copy system. Autofluorescence of NADH has been used as a mea-
sure of the redox state in various tissues (18–22). However, the results
of a recent report (22) suggests that ultraviolet-elicited intrahepatic
autofluorescence also reflects vitamin A. Thus, to eliminate intrinsic
vitamin A autofluorescence, which is mainly found in fat droplets of
Ito cells, we exposed the liver surface to ultraviolet epi-illumination
for 20 s; this period was enough to abolish vitamin A autofluores-
cence because of its rapid photobleaching properties. Autofluores-
cence of NADH was visualized with a silicon-intensified target cam-
era by epiillumination at 300–360 nm, using a 450-nm emission filter.
Autofluorescence of NADH in both pericentral and midzonal re-
gions of the liver were recorded on videotape immediately after
quantification of leukocyte accumulation and measured with a com-
puter-assisted digital imaging processor (National Institutes of Health
Image 1.35 on a Macintosh computer). The temporal changes of au-
tofluorescence intensity of NADH [I

 

NADH

 

(x,y,t), (count/pixel)] were
calculated according to the following equation:

where I

 

BG

 

(x,y,t) is the background intensity, which was measured in
the center of terminal hepatic venules (THV).

 

Experimental protocols. 

 

The superior mesenteric artery was oc-
cluded with a microvascular clip for 0 (sham) or 15 min. After the is-
chemic period, the clip was gently removed. Leukocyte accumulation,
autofluorescence of NADH, and the number of nonperfused sinu-
soids were measured at 15-min intervals for a total of 60 min after
reperfusion. This protocol was applied to wild-type (control), CD11/
CD18-deficient, ICAM-1–deficient, and P-selectin–deficient mice. In
some experiments, RB40.34 (2 mg/kg), a rat IgG2 against mouse
P-selectin (PharMingen, San Diego, CA) (23) was injected intrave-
nously (immediately before occlusion of superior mesenteric artery)
into mice that are genetically deficient in ICAM-1. This P-selectin–
specific mAb has been shown to stain venular endothelium in wild-
type mice, while not staining microvessels in mice deficient in the
P-selectin gene (24).

 

Enzyme assay. 

 

Blood samples were collected from the carotid
artery after obtaining the 60-min reperfusion measurements. Serum
alanine aminotransferase (ALT) activity was determined from these
samples using a spectrophotometric assay obtained as a commercial
kit (Sigma Chemical Co., St. Louis, MO).

 

Statistics. 

 

The data were analyzed using standard statistical anal-
yses; i.e., one-way ANOVA and Scheffe’s (post-hoc) test. All values
are reported as mean
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SEM, with at least five mice per group. Statis-
tical significance was set at 

 

P

 

 

 

,

 

 0.05.

 

Results

 

Table I compares the differences in leukostasis, percentage of
nonperfused sinusoids, NADH autofluorescence, and plasma
ALT activities in wild-type mice and mice that are genetically
deficient in either ICAM-1, CD11/CD18, or P-selectin at 60
min after sham operation (basal levels). There were no signifi-
cant differences between the four groups for all measured vari-
ables.

Fig. 1 compares the time course of the changes in leukocyte

%INADH x,y,t( ) 5 { I[ NADH x,y,t( ) IBG x,y,t( )]–
INADH[ X,Y,15( ) IBG X,Y,15( ) ]}– 100 (%)×

⁄
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accumulation in the midzonal (Fig. 1 

 

A

 

) and pericentral (Fig. 1

 

B

 

) regions of the liver microcirculation, in the terminal hepatic
venules (Fig. 1 

 

C

 

) and total number of accumulated leukocytes
(Fig. 1 

 

D

 

) after 15 min of ischemia and 60 min of reperfusion.

The recruitment of leukocytes in postischemic livers was com-
pared with the leukocyte accumulation noted in control (sham
ischemic) livers. In postischemic livers, leukocyte accumula-
tion was significant 15 min after reperfusion in the midzonal

 

Table I. Basal Levels of Stationary Leukocytes, Nonperfused Sinusoids, NADH Autofluorescence, and Plasma ALT Activities in 
Wild-Type and Adhesion Molecule–deficient Mice

 

Stationary leukocytes (per field) NADH autofluorescence (%)

Midzonal Pericentral THV NPS* (%) Midzonal Pericentral ALT (IU/L)

 

Wild-type 2.2

 

6

 

0.20 0.90

 

6

 

0.10 0.20

 

6

 

0.13 9.9

 

6

 

1.5 111.0

 

6

 

3.0 127.0

 

6

 

6.0 19.2

 

6

 

2.2
ICAM-1 (

 

2

 

) 1.8

 

6

 

0.58 1.4

 

6

 

0.51 0.20

 

6

 

0.20 10.4

 

6

 

1.5 117.3

 

6

 

1.9 125.0

 

6

 

0.7 23.3

 

6

 

3.4
CD18 (

 

2

 

) 2.0

 

6

 

0.31 1.2

 

6

 

0.37 0.60

 

6

 

0.24 10.6

 

6

 

1.3 116.2

 

6

 

2.2 125.9

 

6

 

3.5 25.1

 

6

 

3.1
P-sel (

 

2

 

) 1.2

 

6

 

0.20 1.6

 

6

 

0.51 0.20

 

6

 

0.20 9.4

 

6

 

1.1 115.1

 

6

 

3.6 122.2

 

6

 

3.0 20.8

 

6

 

1.5

*NPS, nonperfused sinusoids.

Figure 1. Time course of accumulation of stationary leukocytes in the midzonal region (A), pericentral region (B), and terminal hepatic venules 
and total (combined) liver lobule (D) after exposure of the gut to ischemia and reperfusion. n 5 10 in the control group, while n 5 12 in the is-
chemia/reperfusion group. *P , 0.05 vs. control.
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region, while 30 and 45 min were required for a significant re-
sponse in the pericentral region and the THV. In the midzonal
region, the number of stationary leukocytes 15 min after reper-
fusion were already elevated and increased gradually thereaf-
ter. A more impressive increase in stationary leukocytes after
gut I/R was noted in the pericentral region. Similarly, leuko-
cyte accumulation increased 

 

. 

 

10 times baseline values in
THV within the first hour after gut I/R. Although the mid-
zonal and pericentral sinusoidal responses to gut I/R in mice
were significantly blunted relative to previous observations re-
ported for rat liver, the leukocyte adhesion responses noted in
THV of mice were much greater than in rats (11).

Figure 3. Time course of changes in NADH autofluorescence intensity 
in the midzonal region (A), pericentral region (B) and total (com-
bined) liver lobule (C) after exposure of the gut to ischemia and reper-
fusion. n 5 10 in the control group, while n 5 12 in the ischemia/reper-
fusion group. *P , 0.05 vs. control.

 

Figure 2.

 

The time course of changes in the percentage of nonper-
fused sinusoids in rat liver after gut ischemia/reperfusion. 

 

n

 

 

 

5

 

 10 in 
the control group, while 

 

n

 

 

 

5

 

 12 in the ischemia/reperfusion group.
*

 

P

 

 

 

,

 

 0.05 vs. control.
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Fig. 2 summarizes the effects of gut I/R on the time course
of changes in the percentage of nonperfused sinusoids in
mouse liver. Even in wild-type mice not exposed to gut I/R,

 

,

 

 10% of sinusoids were not perfused over the 60-min obser-
vation period. Gut I/R elicited progressive and significant in-
creases in the number of nonperfused sinusoids, reaching a
value of 33.0

 

6

 

2.9% at 60 min of reperfusion. This magnitude
of the no reflow phenomenon in mouse liver is similar to that
previously noted in rat liver after gut I/R (17).

Fig. 3 illustrates the changes in NADH autofluorescence
observed in the midzonal and pericentral regions of liver sinu-
siods in control (nonischemic) and postischemic liver prepara-
tions. Under control conditions, a small increase in NADH au-
tofluorescence was noted. However, the intensity of NADH
autofluorescence was significantly increased after reperfusion,
with more substantive increases noted in the pericentral re-
gion.

Fig. 4 compares the changes (at 60 min after reperfusion) in
gut I/R–induced leukostasis (Fig. 4 

 

A

 

), percentage of nonper-
fused sinusoids (Fig. 4 

 

B

 

), and NADH autofluorescence (Fig. 4

 

C

 

) in wild-type mice with those changes noted in mice that are
deficient in either ICAM-1, CD18 and P-selectin, or ICAM-
1–deficient mice receiving an anti–P-selectin mAb. While the
magnitude of the leukocyte sequestration observed in the mid-

zonal region did not differ between wild-type and all adhesion
molecule–deficient mice, a significant reduction in leukocyte
accumulation was noted in the pericentral region of CD11/
CD18– or ICAM-1– (but not P-selectin) deficient mice com-
pared with wild-type controls exposed to gut I/R. The adhe-
sion of leukocytes normally elicited by gut I/R in terminal he-
patic venules of wild-type mice was signficantly blunted in
THV of all the adhesion molecule–deficient mice (Fig. 4 

 

A

 

).
Similarly, the percentage of nonperfused sinusoids observed at
60 min after reperfusion in wild-type mice was lower in all of
the mutant groups studied (Fig. 4 

 

B

 

). Finally, the gut I/R–
induced elevation of NADH autofluorescence (an index of tis-
sue hypoxia) in the pericentral region was significantly blunted
in all adhesion molecule deficient mice, with some attenuation
of the NADH autofluorescence response of the midzonal re-
gion noted in P-selectin knock outs. In ICAM-1–deficient mice
receiving an anti–P-selectin mAb, the reductions in gut I/R–
induced leukocyte accumulation in the midzonal and pericen-
tral regions, percentage of nonperfused sinusoids, and eleva-
tion of NADH autofluorescence in the pericentral region were
all larger than the corresponding responses noted in ICAM-
1–deficient mice.

Fig. 5 shows the changes in serum ALT levels (an index of
hepatocellular injury) at 60 min after gut I/R. A significant gut

Figure 4. Effects of gut ischemia/reperfusion (I/R) on the number of 
stationary leukocytes (A), percentage of nonperfused sinusoids (B), 
and NADH autofluorescence (C) in the livers of wild-type mice, mice 
that are genetically deficient in either ICAM-1, CD11/CD18, or
P-selectin (P-sel), and in ICAM-1–deficient mice receiving an anti–
P-selectin monoclonal antibody. The numbers of animals in each ex-
perimental group are controls, 10; I/R, 12; each mutant mice, 6; ICAM-
1–deficient mice 1 anti–P-sel mAb, 5. *P , 0.05 vs. control, 'P , 0.05 
vs. I/R group, †P , 0.05 vs. ICAM-1–deficient mice.
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I/R–induced increase in serum ALT level was noted in wild-
type mice (relative to nonischemic controls), but not in any of
the mutant mice.

Discussion

There are several novel aspects of this study that extend the
existing body of knowledge on the hepatic microvascular and
parenchymal cell responses to gut I/R. Our study represents
the first systematic evaluation of the effects of gut I/R on the
liver of mice, a species for which there is an ever increasing
number of mutant strains (transgenics and knock outs) that
should prove useful for mechanistic studies of I/R injury. An-
other important feature of this work is that it provides support-
ive evidence from adhesion molecule–deficient mice that leu-
kocyte–endothelial cell adhesion is an important determinant
of the microvascular dysfunction and tissue injury that is ob-
served in distant organs after gut I/R. Finally, this study pro-
vides the first evidence that implicates a role for P-selectin in
the hepatic leukostasis and cellular injury that is elicited by
gut I/R.

Reperfusion of the ischemic intestine results in an accumu-
lation of adherent leukocytes in THV, a reduction in the num-
ber of perfused sinusoids, increase in NADH autofluorescence
(an index of tissue hypoxia), and the release of liver enzymes
(ALT) into the blood stream. While these liver responses to
gut I/R are qualitatively similar in the rat and mouse, some sig-
nificant quantitative differences between the species do exist.
For example, while it is difficult to show a significant elevation
in adherent leukocytes in rat liver THV after 60 min of gut I/R
(11), rather profound (. 10-fold) increases are noted in the
mouse liver over the same time frame. On the other hand, it
appears that the gut I/R–induced accumulation of stationary
leukocytes in the midzonal sinusoids of rat liver (11) is far
more intense than that observed in mouse liver. Of interest is
that the net effect of these differences between rat and mouse

liver is a very similar increase in NADH autofluorescence, sug-
gesting that the hepatocytes are exposed to a similar level of
hypoxic stress after gut I/R in both species.

There is a rapidly growing body of literature that is based
on the use of genetically engineered mice to study the pathobi-
ology of acute and chronic inflammation (13–15, 24–27). Ad-
hesion molecule–deficient mice have been employed to assess
the contribution of different adhesion glycoproteins in the re-
cruitment of rolling and firmly adherent leukocytes in in-
flamed tissues such as the cremaster muscle (28). There are
also a few reports that describe an improved response of
ICAM-1–deficient mice (relative to wild-type mice) to differ-
ent models of ischemia/reperfusion and shock. For example, it
has been demonstrated in wild-type mice that 45 min of cere-
bral ischemia followed by 22 h of reperfusion is associated with
an accumulation of neutrophils, an increased ICAM-1 mRNA,
and tissue necrosis in the mouse brain, which are accompanied
by a neurological deficit and increased mortality (29). When
homozygous null ICAM-1 mice were subjected to the same
I/R protocol, the cerebral infarct volume (tissue necrosis),
neurological deficit and mortality were all substantially re-
duced. It has also been shown that ICAM-1 knock-out mice
are protected from acute renal ischemic injury as assessed by
leukocyte infiltration (tissue myeloperoxidase), serum creati-
nine, renal histology, and animal survival (12). Finally, there is
evidence in the literature that demonstrates that ICAM-1–defi-
cient mice are resistant to the lethal effects of high doses of en-
dotoxin, a protective response that is manifested as diminished
hepatic necrosis and hemorrhage, a decrease in the systemic
release of inflammatory cytokines, and improved survival (30).

Our findings in ICAM-1–deficient mice also invoke a role
for this endothelial cell adhesion molecule in the pathogenesis
of gut I/R–induced liver dysfunction, since the mutant mice
displayed blunted inflammatory and microvascular responses
as well as an attenuated hypoxic stress in the liver after gut I/R,
when compared with wild-type mice. The relevance of these
observations to the phenomenon of leukocyte–endothelial cell
adhesion is supported by the finding that similar protection
against gut I/R was noted in mice that are deficient in the leu-
kocyte adhesion glycoprotein, CD11/CD18. This finding is
consistent with the fact that b2 integrins represent the major
ligand for ICAM-1 on leukocytes (31) and it supports numer-
ous published reports that invoke a critical role for CD11/
CD18–ICAM-1 interactions in the capillary plugging, leuko-
cyte adherence in postcapillary venules, and tissue injury that
is elicited in a variety of tissue by I/R (32–34).

Another novel finding of the present study was the attenu-
ation of gut I/R–induced liver dysfunction in P-selectin–defi-
cient mice. P-selectin, an adhesion molecule that mediates
leukocytes rolling in postcapillary venules, is produced by en-
dothelial cells and platelets alike. In platelets, the adhesion
molecule is stored in alpha granules, from which it can be mo-
bilized to the cell surface after platelet activation to mediate
platelet-leukocyte aggregation. In endothelial cells, P-selectin
is stored in Weibel-Palade bodies, granules that are translo-
cated to the cell surface in response to stimuli such as hista-
mine, thrombin, and leukotrienes (35–37). Although there are
several reports that implicate P-selectin as a mediator of leu-
kocyte rolling in vivo, the contribution of this adhesion mole-
cule to I/R-induced leukocyte recruitment and tissue injury re-
mains controversial. For example, P-selectin–specific mAbs
have been shown to attenuate the recruitment of neutrophils

Figure 5. Serum alanine aminotransferase (ALT) activity after gut
I/R in wild-type mice, mice that are genetically deficient in either 
ICAM-1, CD11/CD18, or P-selectin (P-sel), and in ICAM-1–deficient 
mice receiving an anti–P-selectin monoclonal antibody. The numbers 
of animals in each experimental group are, controls, 10; I/R, 12; each 
mutant mice, 6; ICAM-1–deficient mice 1 anti–P-sel mAb, 5.
*P , 0.05 vs. control.
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and reduce infarct size after I/R in feline myocardium (38) and
to reduce I/R-induced neutrophil recruitment and cellular in-
jury in rat liver (39). However, it has also been noted that
P-selectin does not affect I/R-induced leukocyte adherence
and marginally reduces albumin extravasation in mesenteric
venules exposed to I/R (39).

The results of this study indicate that P-selectin contributes
to the liver dysfunction elicited by gut I/R in a manner that is
different from CD11/CD18 and ICAM-1. For example, leuko-
cyte accumulation in sinusoids of midzonal and pericentral re-
gions was reduced (relative to wild-type mice) in CD11/CD18–
and ICAM-1–deficient mice, but not in P-selectin–deficient
mice. The lack of involvement of P-selectin in I/R-induced leu-
kocyte adhesion in liver sinusoids may be attributed to the ab-
sence of Weibel-Palade bodies in the endothelial cells lining
normal hepatic sinusoids (40). There are also immunohis-
tochemical studies that indicate that there is no constitutive or
induced expression of P-selectin in liver sinusoids (41). The
fact that factor VIII–related antigen, which is stored along
with P-selectin in Weibel-Palade bodies, has been localized in
terminal hepatic venules is consistent with our finding that gut
I/R–induced leukocyte adhesion was decreased in P-selectin–
deficient mice.

Although P-selectin–deficient mice did not exhibit an at-
tenuated accumulation of leukocytes in sinusoids after gut I/R,
the mutants did manifest the same reduction in the number of
nonperfused sinusoids and NADH autofluorescence (hypoxic
stress) as CD11/CD18– and ICAM-1–deficient mice. One pos-
sible explanation for this observation relates to the highly ef-
fective reduction in gut I/R–induced leukocyte adherence
noted in the THV of P-selectin–deficient mice. Since vascular
protein leakage is tightly coupled with the number of adherent
and emigrated leukocytes in postcapillary venules (7), it is pos-
sible that the attenuated leukocyte adhesion in P-selectin–defi-
cient mice also blunts the increased interstitial edema and con-
sequent compression-induced decline in capillary blood flow
(33). A second possibility is that P-selectin–directed interven-
tions (mutants or mAb administration) exert their principle
protective actions in the gut per se, which may then release a
lower concentration of mediators that normally elicit a re-
duced perfusion and hypoxia in the downstream sinusoids. A
final consideration is that P-selectin contributes to the gut I/R-
induced perfusion deficit and tissue hypoxia via endothelium-
independent processes such as platelet-leukocyte aggregation
(7, 42). This possibility is supported by our observation that
the administration of a P-selectin mAb to ICAM-1–deficient
mice nearly completely blocked the gut I/R–induced derecruit-
ment of sinusoids and corresponding tissue hypoxia (with
lesser responses observed in either ICAM-1– or P-selectin–
deficient mice). If I/R elicits the formation of platelet-leukocyte
aggregates in the gut and these aggregates are carried by the
portal vein to occlude some of the arterioles that feed down-
stream sinusoids, then one might expect a reduced number of
nonperfused sinusoids in P-selectin deficient mice compared
with wild-type mice. Such a reduction in platelet-leukocyte
plugging would also be expected to improve perfusion of sinu-
soids and reduce the hypoxic stress initiated by gut I/R. Such a
mechanism may explain why P-selectin–deficient mice were
the only mutants that exhibited an improved NADH autofluo-
rescence in the midzonal region of the sinusoids, despite the
absence of any attenuation of leukocyte accumulation in this
segment of the sinusoid in any of the mutants studied.
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