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Abstract

The microcirculation undergoes a profound degree of endothelial dysfunction within minutes (i.e., 2.5 to 5 min) following reperfusion
of ischaemic vasculature. This has been documented in the coronary and mesenteric microcirculation. The endothelial dysfunction is
characterized by a loss in basal and agonist-mediated nitric oxide (NO) produced by the vascular endothelium. The foss of NO results in
upregulation of cell adhesion molecules (CAMs) particularly P-selectin 10-20 min following reperfusion. Thus, CAM upregulation
renders the endothelium sticky, and a marked degree of leukocyte adherence (particularly newtrophils) cccurs 20 min’ following
reperfusion. This enhanced involvement of neutrophils leads to neutrophil infiltration into the underlying tissue (e.g.. myocardium) within
2-3 h of reperfusion. The infiltration of neutrophils leads to reperfusion injury (i.e., necrosis) which is significant at.3 ‘h but becomes
profound at 4.5 h following reperfusion. Cardiac necrosis can be significantly attenuated by treatment with NO, an organic NO. donor,
L-arginine, or specific blockers of CAMs given just prior to reperfusion. This approach is a promising one for a variety of types of

reperfusion injury.
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1. Intreduction

Ischaemia is a marked reduction in the blood flow to an
organ or a vascular bed. Ischaemia can lead to significant
tissue injury and cell death if it is prolonged. Therefore,
one of the major goals in the treatment of ischaemia is to
restore blood flow to normal values (i.e., to “‘reperfuse’’
the ischaemic vascular bed). With the advent of throm-
bolytic agents (e.g., streptokinase, tPA) and percutaneous
transluminal coronary angioplasty (PTCA), this has be-
come accepted clinical practice in the case of myocardial
ischaemia, as well as in mesenteric ischaemia. However,
reperfusion has led to a new pathophysiological condition
called ‘‘reperfusion injury”’, a phenomenon which actually
provokes a distinct degree of tissue injury due to the
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process of abrupt reperfusion of the ischaemic vascular
bed [1.2].

Reperfusion injury is an interesting phenomenon, since
it is an unexpected occurrence, and has a complex patho-
physiology [3,4]. Reperfusion injury involves an orches-
trated sequence of cellular and molecular events, which
have only recently been elucidated. Reperfusion injury
develops over a time period of several hours (i.e.. 2 to 24
h) and involves two very distinct but related events. The
key events in this two-stage hypothesis of ‘reperfusion
injury have been coined ‘‘the endothelial trigger”” and
*‘the neutrophil amplification’” steps [5]. We now know
that a major early event leading to endothelial dysfunction
[6] is the loss of endothelial cell release -of nitric oxide
(NO) [7} which occurs within 2.5 to 5 min following
re-establishment of flow in either an intact animal sub-
jected to myocardial or mesenteric [8] ischaemia or in an
isolated perfused organ (i.e.. heart) subjected to perfusion
with a blood-free solution [9]. This endothelial dysfunction
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Fig. 1. Temporal relationships of key variables in myocardial ischaemia—
reperfusion, including endothelial dysfunction (i.e., loss of NO) which
occurs 2.5 to 5 min post-reperfusion, increased endothelial adhesiveness
which occurs 20 min post-reperfusion, neutrophil infiltration (as assessed
by cardiac myeloperoxidase (MPO) activity) which occurs 180 min
post-reperfusion, and significant myocardial necrosis which occurs 270
min post-reperfusion.

is followed by a sequence of events which result from the
altered status of the endothelium. The major second step in
the process of reperfusion injury is the neutrophil amplifi-
cation step, which involves leukocyte—endothelial interac-
tion leading to neutrophil (PMN) adherence to the endothe-
lium and transendothelial migration of neutrophils across
the endothelium. In this manner, neutrophils can release
their mediators while either in the microvasculature in
which case these mediators can diffuse across the endothe-
lium to injure parenchymal cells (e.g., cardiac myocytes,
hepatocytes [10]), or the neutrophils can leave the micro-
circulation, migrate to and adhere to matrix proteins or to
these cells [11]. Thus, there is a concerted effort resulting
in a well characterized interaction between the activated
neutrophil and the dysfunctional endothelium resulting in
reperfusion injury [12]. This is the major theme. of this
review. Fig. | illustrates the major temporal relationships
of these seminal events in reperfusion injury as they relate
to the ischaemic—reperfused myocardium.

Clearly, one of the earliest pathophysiologic events in
the reperfusion process is endothelial cell (EC) dysfunction
characterized by a marked reduction in EC release of NO
which occurs as early as 2.5 to 5 min post-reperfusion.
This is followed by a dramatic increase in PMN adherence
to the reperfused endothelium, becoming highly significant
at 20 min post-reperfusion. This enhanced leukocyte ad-
herence to the endothelium leads to capillary plugging and
edema formation resulting in a reduction in coronary blood
flow [3,13]. This response to ischaemia and reperfusion is
termed the ‘‘no-reflow” phenomenon. Following PMN
adhesion to the endothelium, transendothelial migration of
activated PMNS can occur with significant increases in
PMN accumulation in the myocardium, as determined by
elevated myeloperoxidase (MPO) activity at 3-6 h post-re-
perfusion. Increased MPO activity is indicative of neu-
trophil infiltration since MPO is found almost exclusively

within neutrophils [14]. These events culminate in a pro-
found degree of myocardial cell necrosis at 4 to 24 h
post-reperfusion. The major goal of this paper is to review
and discuss the relevant mechanisms for this sequence of
events as they occur within the microcirculation, and to
integrate these phenomena into a sequential pathway which
can largely explain the phenomenon of reperfusion injury.

2. Role of cell adhesion molecules (CAMs) in reperfu-
sion injury

There are three major families of cell adhesive molecules
which regulate leukocyte—endothelial cell interaction.
These are: (a) the selectins (i.e., P-selectin, L-selectin,
E-selectin) [15,16], (b) the B2 integrins (e.g., CDI1/
CD18) [17], and (c) the immunoglobulin superfamily [18]
(e.g., ICAM-1, VCAM-1, PECAM-1).

The selectins are a family of glycoproteins that appear
to be involved in the early interaction between leukocytes
and the endothelium. L-selectin is constitutively present on
the surface of leukocytes (particularly neutrophils and
lymphocytes) and participates in early leukocyte rolling on
the activated or inflamed endothelium. P-selectin is found
in Weibel-Palade bodies of endothelial cells and «-gran-
ules of platelets, and can be rapidly up-regulated and
exteriorized to the cell surface by humoral activators in-
cluding thrombin, histamine, hydrogen peroxide and com-
plement fragments. P-selectin is maximally upregulated in
10-20 min [19,20]. These, and other data strongly impli-
cate P-selectin as a major mediator of leukocyte rolling.
E-selectin is expressed on the surface of endothelial cells,
and is more slowly upregulated by cytokines including
IL-18 and TNF-a via a process requiring de novo protein
synthesis [21]. E-selectin expression is not significantly
upregulated until 4-6 h, and thus is not a prominent
feature of the acute phase of reperfusion injury. E-selectin
may however be involved in later phenomena of reperfu-
sion injury [22,23].

The B2 integrins comprise an important group of het-
erodimeric glycoproteins present in leukocytes. The three
major members of this group are CD1la/CDI18,
CD11b/CDI8, and CD11c/CDI18. Although ail three of
these B2 integrins may play important roles in adhesive
interactions between different cell types, CD11b/CDIS,
also known as Mac-1 or Mo1 appears to be the major form
responsible for firm adhesion of neutrophils to the vascular
endothelium. When L-selectin is shed from the neutrophil
pseudopods, CD11b/CD18 is rapidly upregulated and trig-
gers firm adhesion of PMNs to the vascular endothelium.

Among the immunoglobulin superfamily members, in-
tercellular adhesion molecule-1 (ICAM-1) is an important
mediator in the firm adhesion of neutrophils to the vascu-
lar endothelium. It appears to be the major counter-recep-
tor on endothelial cells for CD11/CD18. ICAM-1 is con-
stitutively present on the surface of endothelial cells to a
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moderate degree, and can be strongly upregulated over a
period of 2-4 h by cytokines including IL-18, IL-8, and
TNF-a. Another member of this immunogiobin superfam-
ily is platelet~endothelial cell adhesion molecule-1 or
PECAM-1 which is constitutively present on the surface of
platelets, leukocytes, and endothelial cells [24,25]. On
endothelial cells, it is concentrated at the intercellular
junctions, and is thought to be intimately involved in the
regulation of transendothelial migration of leukocytes
[25.26].

Thus, there are a number of cell adhesion molecules
which act in a concerted manner to influence the interac-
tion between freely flowing leukocytes in the microcircula-
tion, progressing through a slowing down phase (or ‘‘roll-
ing”’) to an arrested phase (or firm adherence) to an
activated phase, and finally to a transported phase (or
transendothelial migration) [27]. Although these steps are
important in combatting localized infections in terms of
bringing phagocytic leukocytes (e.g., neutrophils) to the
site of the infection, these same processes are inappropriate
in a local inflammatory state such as that existing at the
site of reperfusion of an ischaemic heart. This has led to an
intensive investigation of the role of specific adhesion
molecules in this process. These investigations have been
facilitated by a variety of specific monoclonal or poly-
clonal antibodies, each directed against a specific CAM.
Table 1 summarizes the effects of adhesion molecule
antibodies on PMN activity and tissue injury in acute
myocardial ischaemia-reperfusion.

The inhibition of CAMs with monoclonal antibodies
leads to a marked preservation of post-ischaemic myocar-
dial blood flow in dogs subjected to regional myocardial
ischaemia and reperfusion. A recent study [37] utilizing 15
wm radiolabelled microspheres precisely measured blood
in the coronary circulation following 90 min of coronary
ischaemia and 4.5 h of reperfusion. The results of this
study are summarized in Fig. 2 and reveal that monoclonal
antibodies directed against P-selectin and ICAM-1 signifi-
cantly preserve post-ischaemic transmural myocardial
blood flow. Thus, interference with leukocyte “‘rolling”’

Table 1
Eftects ot specific antibodies against CAMs in myocardial ischaemia—re-
pertusion

Antibody against
adhesion molecule

Level of protection

Inhibition Diminished Reduced

of PMN PMN tissue

adherence infiltration tnjury
CD18{28,29] ++ + +++ + 4+ +
CD1la [30] NM + + + +
P-selectin [31,32] + + + + 4+ + + +
L-selectin {33,34] + + + + + + + + +
E-selectin [35] 0 0 0
ICAM-1 [35-37] + + 4 + + + + + +
PECAM-1 [38.39] 0 + + + + -+ +

0 = no effect; + =small etfect; + + = moderate effect; + + + = large
effect; NM = not measured.
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Fig. 2. Transmural myocardial blood flow (ml/min per g) as determined
with radiolabelled 15 pm microspheres in dogs subjected to 90 min of
coronary ischaemia and reperfusion. Treatment with either un anti-P-
selectin monoclonal antibody {PB1.3) or an anti-fCAM-1  monoclonal
antibody (CL 18/6) significantly reduces the extent of microvascular
“no-reflow”” following ischaemia and reperfusion.

(P-selectin mediated) or inhibition of firm leukocyte adhe-
sion (ICAM-1 mediated) reduces the degree of microvas-
cular dysfunction and dramatically' improves post-
ischaemic myocardial blood flow.

From these results, it is apparent that interfering w1th
leukocyte—endothelial interactions exerts a salutary effect
on the reperfusion injury occurring following reperfusion
of the ischaemic coronary vasculature. If one  inhibits
leukocyte rolling, the earliest step in the WBC -endothelial
cascade. by blocking either L-selectin or P-selectin, one
can achieve a significant.degree of cardioprotection. More-
over, it is also clear that interference with the process of
neutrophil- adherence to the endethelium-is of paramount
importance in attenuating reperfusion -injury, although
blocking PMN. migration into ischaemic tissue as is the
case with PECAM-1 blockade can also be fruitful [38,39].

Thus far, E-selectin does not appear: to-play a key role
in early acute reperfusion injury since it probably is not
activated until 4-6 h, and then perhaps not by the stimuli
occurring in reperfusion injury [20,40]. However, it may be
important in later injury {22,40}.

Monoclonal antibodies are useful toolts, but in. their
usual form (e.g., murine anti-human antibodies) they are
not practical as therapeutic agents in humans. Therefore;
several alternative strategies have emerged. One such ap-
proach is to humanize the monoeclenal -antibody by a
process of restructuring the complementary-determining
regions of the murine antibody with.the respective: human
framework so that it is not recognized by the human
immune system as a foreign protein. This has been done in
the case of the . anti-L-selectin - monoacional antibody
(DREG-200) [34). Comparable results were obtained with
humanized DREG-200 as with murine DREG-200 in my-
ocardial reperfusion injury [33,34]. This may be a useful
strategy applicable to other monoclonal antibodies. An-
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Fig. 3. Comparison of different forms of anti-selectin therapy in acute
myocardial ischaemia~reperfusion in cats. Use of a monoclonal antibody
directed against either P-selectin or L-selectin attenuates the area-of-
necrosis indexed to the area-at-risk (AAR) by 50 to 55%, whereas a sialyl
Lewis*-oligosaccharide, which blocks all the selectins, attenuates the
necrosis by 75 to 80%.

other strategy is to develop small molecule antagonists of
CAMs based on analogs of their ligands. This has been
done successfully in the case of analogs of sialyl Lewis*, a
major ligand for the three selectin family members [41].
This SLe*-oligosaccharide (SLe*-OS) proved to be even
more cardioprotective than any of the anti-selectin mono-
clonal antibodies [42,43]. This can be seen in Fig. 3.

This remarkable degree of cardioprotection by SLe*-OS
was achieved at a dose of 10 mg/kg given intravenously.
However, this carbohydrate is difficult and expensive to
synthesize, and has a half-life in blood of 15-30 min
[42,43]. One solution to these problems is to encapsulate
this sugar in lipid particles (i.., liposomes). Liposome-
conjugated SLe*-OS was found to protect to the same
extent as conventional SLe*-QS, but at a dose of only 400
ng/kg, a dose which is one-twenty-fifth that employed
with the conventional SLe*-OS [44]. This development
may render the small molecule approach more feasible as a
therapeutic agent in ischaemia—reperfusion.

Clearly, CAMs play a pivotal role in the pathogenesis
of reperfusion injury, and a number of CAMs operate in
several stages of leukocyte—endothelial interaction in the
microvasculature. The major site of all of these interac-
tions is the venular endothelium and, to a lesser extent, the
arteriolar endothelium. Moreover, similar relationships oc-
cur in other microvasculatures, notably the mesenteric
microcirculation [45-47].

Further work is necessary to determine in other inflam-
matory states whether these interventions will be effective,
at what dose, and during what time duration. In this regard,
SLe*-OS has also been found to be effective in traumatic
shock in rats [45]. This broadens the base of effectiveness
of anti-selectin therapy to other species and other circula-
tory disorders. Thus, blockade of CAMs may prove to be
useful in a variety of related disease states.

3. Nitric oxide in ischaemia-reperfusion

As discussed in the first section of this review, one of
the earliest signs of endothelial dysfunction following
reperfusion of an ischaemic vascular bed (e.g., coronary,
mesenteric vasculature) is a decreased endothelial release
of NO. This is true both for agonist-mediated release of
NO (e.g., vasorelaxation in response to endothelium-de-
pendent vasodilators) and for basal NO release (e.g., vaso-
contraction response to NOS inhibitors) [48]. The reduced
release of NO from the ischaemic-reperfused endothelium
measured by either method occurs 2.5 to 5 min post-reper-
fusion, persists for hours, and appears to be related to
superoxide radicals produced by the abrupt reoxygenation
of the reperfusion process [7,9,48]. Thus, a component of
the reduced NO release is due to enhanced quenching of
NO by superoxide radicals.

Since reduced NO release is a marked and early event
in reperfusion injury, one approach to treating the conse-
quences of reperfusion injury is early replacement of the
lost or reduced NO. This was first attempted in acute
myocardial ischaemia—reperfusion by Johnson et al. [49]
who infused NO gas dissolved in aqueous media into cats
subjected to acute myocardial ischaemia—reperfusion. The
NO was dissolved in O,-purged saline or distilled water,
and was bioassayed on isolated aortic rings. The amount of
NO infused was titrated to give an amount of NO just at
the threshold of vasorelaxation (i.e., that concentration of
NO which reduced arterial blood pressure only 5 to 10
mmHg). This was calculated to a concentration of NO of
about 10-20 nM in the microcirculation [49]. The result of
this NO infusion on subsequent myocardial necrosis is
shown in Fig. 4.

This NO infusion therapy was repeated in mesenteric
ischaemia—reperfusion with comparable results [S0]. Cats
receiving NO developed a much more moderate degree of
circulatory shock than those cats receiving control solu-
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Fig. 4. Use of nitric oxide gas dissolved in aqueous medium infused just
before reperfusion in a feline model of myocardial ischaemia-reperfu-
sion. NO therapy was very effective in preventing myocardial necrosis
within the area-at-risk (AAR) compared to a solution lacking NO.
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Fig. 5. Myocardial blood flow in canine hearts following 90 min of
ischaemia and reperfusion for 4.5 h. Intracoronary treatment with the NO
donor, CAS-1609, significantly improved transmural blood flow com-
pared to saline at 4.5 h of reperfusion indicating that NO therapy is
beneficial in the ischaemic-reperfused myocardium.

tions [50]. Since that time, a variety of NO replacement
strategies have been utilized including inorganic (e.g.,
NaNO,) and organic NO donors, and the amino acid
substrate for NO biosynthesis, L-arginine, in ischaemia-re-
perfusion. Not all NO donors are equivalent since they ali
have different rates of NO release, and some release other
substances (e.g., SIN-1 releases superoxide radicals). Table
2 summarizes the resuits of NO replacement therapy in
acute myocardial ischaemia—reperfusion.

Since NO inhibits PMN and platelet adhesion and is
also a potent vasodilator, it would seem plausible that NO
therapy in the ischaemic—reperfused heart would substan-
tially attenuate the ‘‘no reflow” phenomenon induced by
microvascular plugging with leukocytes. Indeed, this is the
case as observed by Pabla et al. [55] in a recent experimen-
tal study of ischaemic—reperfused dog hearts treated with a
long-acting NO-donating compound, CAS-1609. The ef-
fects of this novel NO donor on post-ischaemic blood flow
are summarized in Fig. 5. Low dose, intracoronary admin-
istration of the NO donor maintained transmural myocar-
dial blood flow at levels very similar to the pre-ischaemic
baseline level throughout the reperfusion period. This dra-
matic effect of NO administration appears to be related to
a reduction in PMN adhesion to the microvascular en-

Table 2

Nitric oxide (NO) replacement therapy in myocardial ischaemia—reperfusion

dothelium as myocardial PMN accumulation was dramati-
cally reduced in this study. Additionally, it is possible that
the NO released by the NO donor could directly induce
some coronary vasodilation.

The overall conclusion drawn from these studies is that
NO supplementation either as- authentic NO gas, a nitric
oxide donor which releases NO in:solution, or a precursor
metabolite which metabolically leads to NO formation, can
protect in ischaemia—reperfusion states against reperfusion
injury. The one caveat here is that the dose of NO given
must be carefully titrated so that systemic blood pressure
does not decrease markedly, a side effect which would
lead to systemic hypotension and possibly a ‘‘coronary
steal’” syndrome, either of which would defeat the purpose
of the NO replacement. It is worth noting that the low
levels of NO resulting from the NO replacement in addi-
tion to not exerting a significant vasodilator effect; also do
not significantly depress myocardial contraetility [58].

Since low levels of NO do not exert any significant
direct haemodynamic effect, what is the basis of the
cardioprotective effect of NO? The answer resides in a
variety of cytoprotective actions of NO, the major ones
being inhibition of platelet activation [59], inhibition of
neutrophil adherence and activation [60,61], and scaveng-
ing of superoxide radicals [62,63]. Of these, the major
effect in ischaemia—reperfusion appears to be directed
against adherence of neutrophils to the vascular endothe-
lium. This brings us back to the cell adhesion meolecules.
The next section of this review will discuss the interesting
relationships between NO and CAMs as they relate to
ischaemia-reperfusion.

4. Interrelationships between nitric oxide and cell adhe-
sion molecules in ischaemia-reperfuasion

For several years, evidence has been accumulating that
NO modulates leuckocyte—endothelial cell interactions, and
may actually down-regulate specific cell adhesion
molecules. The initial observation was made by McCall et
al. [64] who showed that NO inhibits rat PMN aggregation
by formyl-methionyl-leucyl-phenylalanine (fMLP). The
next major observation which promoted this line of thought

Form of NO replacement Level of protection

Inhibition of PMN adherence

Diminished PMN infiltration Reduced tissue injury

NO gas [49] NM
NO donor NaNOQ, [51] NM
SPM-5185[52,53] + +
SIN-1 {54] + +
CAS-754 [55] + +
CAS-1609 [56] NM
L-arginine [57,58] + +

+ + + o+
++ + + o+ o+
+ + + A+
0 A+

+ + +

++ + A+t
++ + 4+ A+

0 = no effect: + = small effect; + + = moderate effect; + + + = large effect; NM = not measured.
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Fig. 6. Inhibition of nitric oxide synthase with L-NAME and leukocyte
rolling along the venular endothelium in rats. The concentration-depen-
dent increase in leukocyte rolling was overridden by addition of 1-arginine
but not by D-arginine indicating a NO-specific effect. An antibody
directed against P-selectin (PB1.3) also blocked rolling. Thus, NO pro-
tects against upregulation of P-selectin on the vascular endothelium,
thereby preventing leukocyte rolling, the prelude to leukocyte adhesion.
(Modified from [61]).

was the pioneering work of Kubes et al. {60] who showed
that superfusion of a NOS inhibitor in the cat mesenteric
microvasculature resulted in a marked increase in adher-
ence of leukocytes to the venular endothelium. These
investigators also showed that this enhanced adhesiveness
could be overcome by addition of a monoclonal antibody
directed against CD18, the major neutrophil adhesion
molecule responsible for firm cellular adhesion.
Additional evidence has been obtained in the coronary
vasculature. In a series of studies employing nitric oxide
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donors, Siegfried and coworkers [54] showed that several

different NO donors attenuated cat neutrophil release of

superoxide radical resulting in a NO-sparing effect on the
coronary endothelium and on the mesenteric vascular en-
dothelium [65]. This has been subsequently confirmed in
human neutrophils for superoxide [66,67] and for hydrogen
peroxide [68]. Although these data strongly point toward a
marked anti-neutrophil effect of NO, they do little to
associate the leukocyte—endothelial interaction with spe-
cific cell adhesion molecules.

More recently, efforts were made to ascertain which
cell adhesion molecules were down-regulated by nitric
oxide. A recent study [69] employing human aortic en-
dothelial cells (HAECs) in culture found that NO donors
or the NO precursor, L-arginine decreased basal ICAM-|
surface expression.

The interrelationships between NO and cell adhesion
molecules and the relevance of these relationships to is-
chaemia—reperfusion were carefully studied by Davenpeck
and coworkers [47,61,70]. These investigators employed
intravital microscopy of the rat mesenteric microvascula-
ture to further investigate the interactions between NO and
CAMs. In the first of these three studies [47], these
workers found that ischaemia—reperfusion of the mesen-
teric circulation, a condition which has been shown to
dramatically reduce endothelial NO, resulted in a rapid
increase in leukocyte ‘‘rolling”” and adherence to the
venular endothelium within the first 30 min following
reperfusion. Moreover, immunohistochemistry of the in-
testinal microcirculation indicated a marked upregulation

Ischaemia-Reperfusion

G
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PMN and
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f PMN Rolling Aggregation
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(e e i
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Bodies

Fig. 7. Schematic diagram of the microvasculature showing the diverse beneficial effects of NO on microvascular homeostasis under normal conditions,
and its relationships to endothelial cell P-selectin expression in the setting of ischaemia and reperfusion. i-arg = L-arginine, L-cit = L-citrulline,
eNOS = endothelial nitric oxide synthase, PMN = neutrophil, EC = endothelial cell, VSMC = vascular smooth muscle cell.
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of P-selectin expression on the venular endothelial surface
30 min post-reperfusion. These results clearly indicate that
at a time when NO levels are known to be critically
reduced, P-selectin is markedly upregulated at the endothe-
lial site of enhanced leukocyte adherence, possibly due to
increased superoxide and hydrogen peroxide levels.

These studies were followed closely by other findings
implicating NO in these processes. Gauthier et al. [70]
showed that in the same model of ischaemia—reperfusion
of the rat mesenteric circulation, infusion of a NO donor
(i.e., S-nitrosylacetyl-penicillamine, SNAP) markedly de-
creased post-reperfusion rolling and adherence of leuko-
cytes on the venular endothelium. Moreover, infusion of
SNAP concomitantly prevented P-selectin expression on
the surface of the venular endothelium. In fact, SNAP
infusion ameliorated the signs of circulatory shock usually
occurring in mesenteric ischaemia—reperfusion. These re-
sults related the adhesive events to a clear lack of NO.

In the third study of this group, these results were
extended and the full expression of this feedback loop was
elucidated. Again utilizing the rat mesenteric microvascu-
lature. Davenpeck et al. [61] discovered that superfusion of
rat mesenteric loops with either of the NOS inhibitors
L-NAME or L-NMMA mimicked the effects of
ischaemia-reperfusion. Most of the studies were con-
ducted with L-NAME. Fig. 6 illustrates some of the key
findings with this NOS inhibitor on leukocyte rolling.

In the quiescent microcirculation, very little leukocyte
rolling occurs 30-60 min following careful isolation of the
rat mesentery. However, addition of 25 uM, 50 uM and
100 M L-NAME resulted in a concentration-dependent
increase in leukocyte rolling. This marked increase in
rolling in the presence of 100 uM L-NAME could be
overcome with equimolar concentrations of L-arginine but
not of D-arginine, indicating that the increased leukocyte
rolling induced by L-NAME is due to a decrease in NO
levels rather than some non-specific effect of L-NAME.
Moreover, leukactye rolling could be completely abolished
by administration of a monoclonal antibody directed against
P-selectin. These findings were strengthened by immuno-
histochemical results showing that L-NAME upregulated
P-selectin expression on the mesenteric microvascular en-
dothelium, and that r-arginine suppressed that process.
Moreover, similar results were obtained with leukocyte
adherence. Thus, both leukocyte rolling and leukocyte
adherence followed the same pattern of response, both
being upregulated by decreased NO levels and downregu-
lated by increased NO.

Furthermore, addition of either human recombinant su-
peroxide dismutase (rhSOD) or 8-bromo-cyclic guanosine
monophosphate (8-br-cGMP) could also attenuate the
leukocyte—endothelial interactions {61]. These data clearly
point to a dynamic interaction between oxygen-derived
free radicals and P-selectin, perhaps by hydrogen peroxide
upregulating P-selectin. Normally nitric oxide acts as a
physiologic inhibitor of this process. attenuating adhesive

interactions between leukocytes and the vascular endothe-
lium, but in situations where there is an acute increase in
oxidant stress, endothelial cell generation of NO 1s dramat-
ically compromised. Following attenuated NO release. P-
selectin expression on the endothelium. is upregulated and
Jleukocyte rolling along the endothelium is markedly en-
hanced.

5. Summary

In summary, this review has focused on the phenomena
of leukocyte—endothelial interaction in ischaemia~reperfu-
sion and the mechanisms underlying these events. Particu-
lar emphasis has been placed on. the key roles of cell
adhesion molecules, particularly P-selectin in these pro-
cesses, and the important interaction betwegen nitric oxide
generated by the vascular endothelinm and these cell adhe-
sion molecules. Fig. 7 gives a schematic illustration of
these relationships.
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