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Abstract

We investigated the cardioprotective effects of rat interleukin-10 in a murine model of myocardial ischemia-reperfusion (20 min
ischemia, 24 h reperfusion). Interleukin-10 (100 wg/rat) administered 15 min prior to reperfusion, significantly (P < 0.01) attenuated
myocardial injury compared to rats receiving only 0.9% saline as a vehicle, as indicated by a reduced loss of myocardial creatine kinase
from the ischemic-reperfused myocardium. Cardiac myel operoxidase activity was also significantly (P < 0.01) attenuated by interleukin-10
within the ischemic-reperfused region compared to vehicle treated rats. To further investigate the mechanism of interleukin-10 we
observed the in vitro adherence of neutrophil to rat vascular endothelium. Interleukin-10 treatment significantly (P < 0.05) attenuated
neutrophil adherence to rat superior mesenteric artery endothelium stimulated with interleukin-18. Thus, interleukin-10 demonstrated
significant cardioprotective effects as evidenced by a decrease in myocardia creatine kinase loss as well as an inhibition of neutrophil
accumulation within the myocardium. It appears as though interleukin-10 mediates its effects, at least in part, by inhibiting leukocyte—en-

dothelial interactions. © 1997 Elsevier Science B.V.
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1. Introduction

Early reperfusion following myocardial ischemia re-
establishes blood flow and curtails tissue hypoxia. How-
ever, early reperfusion has been shown to initiate an
inflammatory response which results in additional injury
and a concomitant decrease in viable myocardium (Werns
and Lucchesi, 1988; Tsao et a., 1990). Substantial evi-
dence now exists implicating polymorphonuclear leuko-
cytes (neutrophils), in the progression of ischemia-reperfu-
sion injury. Activated neutrophils mediate injury by adher-
ing to the vascular endothelium and many of these ex-
travasate through the endothelium, and finally infiltrate
into reperfused tissues (Albertine et al., 1994; Entman and
Smith, 1994) where they release a number of cytotoxic
substances including oxygen-derived free radicals, hydro-
Iytic enzymes, as well as cytokines (Weiss, 1989). Numer-
ous cytokines have been identified as originating from
neutrophils. Such cytokines include interleukin-18
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(Marucha et al., 1990), interleukin-6 (Cicco et al., 1990),
interleukin-8 (Cassatella et al., 1992), and tumor necrosis
factor-a (Wei et al., 1993).

Since neutrophils have been implicated as a primary
mediator of reperfusion injury, and because several cy-
tokines have been identified as originating from neu-
trophils, much attention has focused on the pro- and
anti-inflammatory properties of cytokines in the pathogen-
esis of ischemia-reperfusion injury. One such cytokine that
has demonstrated an ability to suppress local and systemic
inflammatory responses is interleukin-10, which was first
identified as cytokine synthesis inhibiting factor (Fiorentino
et a., 1989). The anti-inflammatory properties of inter-
leukin-10 appear to be broad based. Interleukin-10 has
been shown to inhibit the production of interleukin-1la,
interleukin-18, interleukin-6, interleukin-8, and tumor
necrosis factor-a from monocytes,/macrophages (Bogdan
et a., 1991; Fiorentino et al., 1991). Similarly, interleukin-
10 inhibits lymphocyte production of granulocyte—macro-
phage colony stimulating factor, interferon-y, lympho-
toxin, interleukin-2, and interleukin-3 (Fiorentino et al.,
1991, 1989), as well as interleukin-8 from neutrophils
(Cassatella et al., 1993; Wang et al., 1994).
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Interleukin-18 markedly upregulates endothelial cell
adhesiveness for neutrophils, monocytes, basophils, and
eosinophils (Bevilacqua et al., 1985; Bochner et al., 1988).
Interleukin-18 is believed to mediate these adhesive re-
sponses in several ways including the upregulation of
intercellular adhesion molecule-1 (Pober et d., 1986a),
vascular cell adhesion molecule-1 (Rice et al., 1988), and
E-selectin (Pober et al., 1986b), as well as by stimulating
the release of platelet activating factor (Bussolino et al.,
1986) and pro-inflammatory cytokines (Sironi et al., 1989).
The firm adherence as well as the transendothelial migra-
tion of neutrophils is mediated in large part by the
immunoglobulin family of adhesion molecules including
intercellular adhesion molecule-1, an 80 to 90 kDa single
chain glycoprotein. Constitutively expressed intercellular
adhesion molecule-1 is involved in the early stages of
leukocyte—endothelial interaction, however its contribution
becomes more prominent approximately 4 h following
reperfusion, due to the fact that the intercellular adhesion
molecule-1 is maximally upregulated at this time (Pober et
al., 1986a; Weyrich et a., 1995). A monoclonal antibody
directed against intercellular adhesion molecule-1 has been
shown to be effective in curtailing myocardial ischemia-re-
perfusion injury in cats (Ma et al., 1992).

Thus, the present investigation was conducted in order
to determine whether a single dose of rat interleukin-10 is
able to protect against myocardia injury in a well estab-
lished in vivo murine model of myocardial ischemia (20
min) and reperfusion (24 h). A second goa was to observe
the effects of rat interleukin-10 on leukocyte—endothelium
interactions on rat vascular endothelium at concentrations
similar to those observed in the in vivo model.

2. Materials and methods
2.1. Experimental protocol

Male Sprague—Dawley rats weighing 185—-215 g were
anesthetized with ethyl ether prior to surgery. A thoraco-
tomy was performed at the fifth intercostal space. Ischemia
was produced by exteriorizing the heart and placing a 4-0
silk dlip knot around the left coronary artery approximately
2—-3 mm from its origin. The rat heart possesses minimal
collateral circulation and this procedure results in a uni-
form degree of myocardial injury in each animal. After the
closure of the dlip knot the heart was immediately retracted
into the thoracic cavity, air was evacuated from the thorax,
and the chest wall was closed with a purse-string suture.
The procedure was performed without supporting respira-
tion since the surgical procedure compromised only one
lung leaving the remaining lung fully functional. The
entire procedure was completed within 2—3 min and this
time was consistent for all rats. Five minutes after is-
chemia, asingle s.c. injection of either interleukin-10 or an
equivalent volume of 0.9% saline (i.e., 1.0 ml) was given

to each rat. Following 20 min of ischemia, the slip knot
was released thereby initiating reperfusion. Sham-operated
control rats were subjected to the same surgical procedures
except that the suture placed around the left coronary
artery was not tied.

Rats were randomly assigned to one of three major
groups based on a predetermined schedule. Assignments
were made to one of three groups as follows: (1) sham
myocardia ischemia rats receiving interleukin-10 (100
ug/rat) or vehicle (pH 7.4, 0.9% sdine), (2) myocardial
ischemia-reperfusion rats receiving vehicle, and (3) my-
ocardia ischemia-reperfusion rats receiving interleukin-10
(25 or 100 wg/rat). Interleukin-10 or its vehicle was given
s.c. 15 min prior to reperfusion.

Twenty-four hours following reperfusion rats were again
anesthetized with ether, and their hearts were excised and
placed in ice-cold Krebs—Henseleit buffer consisting of (in
mmol): 118 NaCl, 4.75 KCl, 254 CaCl,-2H,0, 1.19
KH,PO,, 1.19 MgSO, - 7H,0, 12.5 NaHCO,, and 10.0
glucose. The intraventricular septum and left ventricular
free wall were dissected free and placed in cold 0.25 mol
sucrose (1:10, wt/vol) containing 1 mmol EDTA and 1
mmol 2-mercaptoethanol. Samples were homogenized with
a Polytron (PCU-2) homogenizer and centrifuged at 36 000
X g at 4°C for 30 min. Supernatants were decanted and
analyzed for creatine kinase and myeloperoxidase activi-
ties.

2.2. Determination of cardiac creatine kinase and
myel oper oxidase activity

It has previously been demonstrated that the myocardial
washout of creatine kinase from the injured left ventricle is
a useful index of myocardial damage following myocardia
ischemia (Kjekhus and Sobel, 1970; Buerke et al., 1995).
In addition, Hock et al. (1985) reported that peak creatine
kinase loss occurs 24 h after the onset of myocardial
ischemia. Therefore, in order to assess myocardial injury,
we compared creatine kinase activity between the is
chemic-reperfused left ventricular free wall and the control
non-ischemic intraventricular septum utilizing the method
of Rosalki (1967). The rate of NADH formation, measured
spectrophotometrically at 340 nm, is directly proportional
to the creatine kinase activity in the sample (Sigma, St.
Louis, MO). In addition to creatine kinase activity, each
sample was assayed for total protein concentration by the
biuret method of Gornall et al. (1949). Myocardial creatine
kinase loss was calculated by subtracting the intraventricu-
lar septum creatine kinase activity from the left ventricular
free wall creatine kinase activity and expressing this differ-
ence in international units per 100 mg of protein.

Myeloperoxidase is an enzyme occurring almost exclu-
sively in neutrophils (Mullane et a., 1985). Thus, an
increase in myeloperoxidase activity in supernatants of the
homogenized myocardium indicates accumulation of neu-
trophils within this tissue (Mullane et al., 1985). Myeloper-
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oxidase activity was determined spectrophotometrically in
supernatants of homogenized myocardium utilizing the
method of Bradley et al. (1982) as modified by Mullane et
al. (1985). One unit of myeloperoxidase activity is defined
as that quantity of enzyme hydrolyzing 1 mmol of perox-
ide per min at 25°C. Myeloperoxidase accumulation was
caculated by subtracting the intraventricular septum
myeloperoxidase activity from the left ventricular free wall
myeloperoxidase activity and expressing this difference in
units per 100 mg of wet tissue weight. All creatine kinase,
myeloperoxidase, and protein assays were conducted in a
blind fashion without knowledge of the group to which the
rat was assigned.

2.3. Neutrophil adherence to superior mesenteric artery
endothelium

Rats received a 10 ml i.p. injection of 0.5% glycogen
(Sigma Chemical, St. Louis, MO), which stimulates the
emigration of neutrophils from the vascular compartment
into the peritoneal cavity. Eighteen hours following the
injection, neutrophils were collected by peritonea lavage
in phosphate buffered saline and centrifuged at 3000 rpm
at 4°C for 10 min. The supernatant was discarded and
neutrophils were again washed in phosphate buffered
sdline. Isolated neutrophils were then labeled with a Zy-
naxis PKH-2 cell linker (Zynaxis Cell Science, prepared
for Sigma Immunochemicals, Malvern, PA) based on the
procedure of Yuan and Fleming (1990). Two ml of diluent
and 10 ml dye were added to a loose cell pellet containing
approximately 40 million cells. Following a seven min
incubation period, 200 ml of 0.2% bovine serum abumin
were added to stop the reaction and 2 ml phosphate
buffered saline were added to underlay the suspension. The
mixture was then centrifuged for 10 min at 1800 rpm. The
cells were resuspended in phosphate buffered saline,
counted, and utilized in adherence procedures.

The superior mesenteric arteries were removed from
donor rats, placed in warmed Krebs—Henseleit buffer, and
cleaned of al external adipose and loose connective tissue.
Artery segments were then sectioned into 2—3 mm rings,
opened, and placed into wells containing 2 ml Krebs—
Henseleit buffer. Opened superior mesenteric artery rings
were incubated with interleukin-18 (10 ng/ml) for 220
min at 37°C in order to induce the surface expression of
intercellular adhesion molecule-1 on the endothelial sur-
face. Rat interleukin-10 (5 or 10 wg,/ml) was added 3 min
prior to the addition of interleukin-18. These concentra-
tions of interleukin-10 were selected since they approxi-
mate in vivo circulating concentrations based on estimated
blood volume and on a single dose of 100 g interleukin-
10. After the 220 min incubation period, segments were
removed and placed in fresh Krebs—Henseleit buffer. Su-
perior mesentery artery segments were then incubated with
labeled neutrophils (10° cells) alone or with labeled neu-
trophils and an anti-intercellular adhesion molecule-1 mon-

oclonal antibody for 20 min at 37°C. Following the 20 min
incubation period, sections were washed in Krebs—
Henseleit buffer and placed endothelial side up on glass
microscope slides. Neutrophils adhering to the endothe-
lium were counted using epifluorescence microscopy
(Nikon Diaphot, Nikon, Garden City, NY). Five different
fields of each endothelia surface were counted and the
results expressed as adherent neutrophils/mm? of endothe-
lial surface.

2.4. Satigtical analysis

All values in the text and figures are presented as
means+ S.E.M. All data were subjected to anaysis of
variance to determine if significant differences occurred
between groups. Following a significant F-ratio, a Fisher’s
t-test post-hoc analysis was conducted to determine where
the significant differences occurred. All differences were
considered significant at P < 0.05.

3. Results

3.1. Effect of interleukin-10 on myocardial injury following
ischemia-reperfusion

In order to determine the extent of myocardia injury
following ischemia-reperfusion, we measured creatine ki-
nase activity in homogenates of ischemic (left ventricular
free wall) and non-ischemic (intraventricular septum) my-
ocardium after 24 h of reperfusion. No significant differ-
ences were observed between sham myocardia ischemia-
reperfusion rats receiving 100 g interleukin-10 and sham
myocardial ischemia-reperfusion rats receiving 0.9% saline
(Fig. 1). Both groups demonstrated a small negative crea-
tine kinase loss indicating greater creatine kinase activity
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Fig. 1. Effect of single dose administration of rat interleukin-10 on
myocardia injury after reperfusion of ischemic myocardium. Differences
in myocardial crestine kinase activity of the left ventricular free wall and
intraventricular septum are expressed in international units per 100 mg
protein. Sham myocardial ischemia rats and myocardial ischemia-reperfu-
sion rats received either interleukin-10 (25 or 100 ug) or 0.9% sdine
subcutaneously 15 min prior to reperfusion. Values are means+ S.E.M.,
and numbers at the bottom of each bar represent the number of rats in
each group.
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in the left ventricular free wall than in the intraventricular
septum. In contrast, rats subjected to coronary occlusion
and reperfusion given only the vehicle showed a signifi-
cant (P < 0.001) loss of creatine kinase activity from the
left ventricular free wall, indicating a substantial degree of
myocardial injury. Subcutaneous administration of 25 ug
interleukin-10 decreased left ventricular free wall myocar-
dial creatine kinase loss from a control value of 1171 4- 135
IU /g protein to 1008 + 128 1U /g protein (not significant),
whereas 100 wg interleukin-10 decreased left ventricular
free wall myocardial creatine kinase loss to 576 + 120
IU/g protein (P < 0.01). These data clearly demonstrate
that a single dose of 100 wg interleukin-10 given 15 min
prior to reperfusion significantly attenuates myocardial
necrotic injury.

3.2. Neutrophil accumulation in the ischemic-reperfused
myocardium

Numerous investigations have demonstrated the critical
role neutrophils play in the development and progression
of reperfusion injury (Albertine et al., 1994; Buerke et 4.,
1994; Entman and Smith, 1994). Therefore, we measured
myeloperoxidase activity in the ischemic area (i.e., left
ventricular free wall) as an index of neutrophil accumula-
tion. Sham-operated control rats receiving interleukin-10
(100 wg) showed only small myeloperoxidase differences
between left ventricular free wall and intraventricular sep-
tum, which were similar to those observed in sham-oper-
ated control rats given 0.9% saline (Fig. 2). Conversely,
myocardial ischemia-reperfusion rats receiving only the
vehicle exhibited a substantial increase in myel operoxidase
activity in the ischemic left ventricular free wall with
virtually no change in the intraventricular septum, thus
indicating a significant increase in neutrophil accumulation
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Fig. 2. Effect of single dose administration of rat interleukin-10 on
cardiac myeloperoxidase activity calculated as the difference in left
ventricular free wall and intraventricular septum myel operoxidase activity
expressed as units per 100 mg tissue wet weight. Sham myocardial
ischemia rats and myocardial ischemiareperfusion rats received either
interleukin-10 (25 or 100 ug) or 0.9% saline subcutaneously 15 min prior
to reperfusion. Values are means+ S.E.M., and numbers at the bottom of
each bar represent the number of rats in each group.

within the ischemic-reperfused region of the myocardium.
Subcutaneous administration of 100 wg interleukin-10 15
min prior to reperfusion substantially attenuated the in-
crease in myeloperoxidase activity within the ischemic-re-
perfused left ventricular free wall, decreasing myel operoxi-
dase accumulation from a control value of 1.58 + 0.22 to
0.46 + 0.13 1U/g heart weight (P <0.01). In contrast,
administration of 25 wg interleukin-10 failed to attenuate
the increase in myeloperoxidase activity within the left
ventricular free wall, there being no significant difference
in myeloperoxidase activity compared to vehicle-treated
myocardial ischemia-reperfusion rats.
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Fig. 3. Effect of in vitro addition of rat interleukin-10 on neutrophil adherence to rat superior mesenteric artery endothelium stimulated with
interleukin-18. Data are expressed as numbers of adherent neutrophils per mm? endothelial surface area. Values are means + S.E.M., and the number at

the bottom of each bar represents the number of rats in each group.
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3.3. Neutrophil adherenceto rat superior mesenteric artery
endothelium

We also observed the effects of interleukin-10 on autol-
ogous neutrophil adherence to rat superior mesenteric artery
endothelial cells (Fig. 3). Few neutrophils adhered to
unstimulated superior mesenteric artery endothelium, sug-
gesting that the isolation of neutrophils as well as superior
mesenteric artery segments failed to significantly stimulate
either cell type. We stimulated rat superior mesenteric
artery endothelium with 10 ng/ml interleukin-18. Stimu-
lation of rat superior mesenteric artery endothelium by
interleukin-13 resulted in a significant (P < 0.001) in-
crease in neutrophil adherence to the endothelium, indicat-
ing that the endothelium was not injured by the isolation
procedures. Incubation of superior mesenteric artery seg-
ments with 5 and 10 wg/ml interleukin-10 significantly
(P < 0.05) reduced adherence to interleukin-18 stimulated
segments from 54.7 + 4.1 neutrophils/mm? to 31.3 + 3.2
and 28.8 + 3.1 neutrophils/mm?, respectively. Inter-
leukin-18 stimulated rat superior mesenteric artery seg-
ments incubated with 20 wg/ml intercellular adhesion
molecule-1 monoclonal antibody demonstrated a response
similar to interleukin-10 (5 wg/ml) treated segments with
adherence reduced to 28.8 + 3.2 neutrophils/mm? (P <
0.05) when compared to interleukin-18 stimulation alone.

4, Discussion

The data obtained in this investigation suggest a cardio-
protective effect of interleukin-10 in a well established
murine model of myocardia ischemia-reperfusion. The
observed cardioprotective effect was characterized by a
reduction in cardiac creatine kinase loss, a reduction in
cardiac myeloperoxidase accumulation, and an inhibition
of neutrophil adherence to interleukin-18 stimulated vas-
cular endothelium. These results suggest that interleukin-10
maintains myocardia cell integrity following ischemia-re-
perfusion induced injury in rats. Inhibition of the interac-
tion of neutrophils with the endothelium could substan-
tially decrease the exposure of the myocardium to a num-
ber of neutrophil-derived substances including hydrogen
peroxide, superoxide anion, hydroxyl radical, elastase, and
pro-inflammatory cytokines which lead to myocardial
necrosis (Buerke et al., 1994).

The attenuation of myocardial myeloperoxidase accu-
mulation in interleukin-10 treated myocardia ischemia-re-
perfusion rats suggests that the effects of interleukin-10 are
mediated in part by inhibiting leukocyte—endothelia inter-
actions. Therefore, we investigated the effects of inter-
leukin-10 on leukocyte adherence to interleukin-18 acti-
vated endothelium in vitro. Our findings are consistent
with other findings (Bevilacqua et al., 1985; Bochner et
al., 1988; Smith et al., 1988) which have shown a signifi-
cant attenuation of intercellular adhesion molecule-1 de-

pendent leukocyte adherence to interleukin-18 stimulated
endothelium.

Several mechanisms of action have been proposed for
the cardioprotective effects of interleukin-10. Originally
interleukin-10 was described as a cytokine synthesis in-
hibiting factor (Fiorentino et al., 1989) based on its ability
to inhibit the synthesis and release of a number of pro-in-
flammatory cytokines including interleukin-1, interleukin-
6, interleukin-8, and tumor necrosis factor-a (Bogdan et
al., 1991; Fiorentino et a., 1991) from lymphocytes and
monocytes. However, until recently, little was known re-
garding the cytokine inhibitory effects of interleukin-10 on
neutrophils. Wang et al. (1994) demonstrated that inter-
leukin-10 markedly inhibited the release of interleukin-1e«,
interleukin-18, interleukin-6, interleukin-8, and tumor
necrosis factor-a in isolated neutrophils. Subsequent anal-
ysis of the specific effects of interleukin-10 on interleukin-8
production from neutrophils showed a concentration de-
pendent inhibition involving a reduction in cytokine mes-
senger RNA expression. Cassatella et al. (1993) showed a
similar reduction in cytokine synthesis by stimulated neu-
trophils at time periods of 4 h or longer. It is believed that
interleukin-10 acts by degrading cytokine messenger RNA,
by inhibiting messenger RNA transcription, or by both
mechanisms. In comparison to monocytes, neutrophils pro-
duce relatively small quantities of pro-inflammatory cy-
tokines including interleukin-13, interleukin-8, and tumor
necrosis factor-a. However, under in vivo conditions,
neutrophils may be the primary source of pro-inflamma:
tory cytokines in ischemia-reperfusion since they consis-
tently comprise about 50-60% of the total circulating
leukocyte count compared with less than 10% for mono-
cytes, and that a larger percentage of neutrophils are
localized at the site of inflammation.

In addition to its ability to inhibit the production of
pro-inflammatory cytokines, interleukin-10 appears to at-
tenuate the adherence of neutrophils to the endothelium.
Perritti et al. (1995) reported no aterations in neutrophil
function or in the upregulation of neutrophil adhesion
molecules stimulated with interleukin-10 in vitro. They did
however, suggest that the inhibition of neutrophil adher-
ence and migration induced by interleukin-13 may be a
secondary response to the inhibition of interleukin-8, which
acts as a chemoattractant for neutrophils. In addition,
interleukin-10 may exert its anti-adherent effect by stimu-
lating the production of interleukin-1 receptor antagonist in
neutrophils. The interleukin-1 receptor antagonist belongs
to the interleukin-1 receptor family, binds to the same
cellular receptors, yet does not mediate any of the effects
of interleukin-1. The release of interleukin-1 receptor an-
tagonist by neutrophils has been shown to be stimulated by
granulocyte/macrophage colony stimulating factor, tumor
necrosis factor-a, and lipopolysaccharide (McColl et al.,
1992; Cassatella et a., 1994). Although another anti-in-
flammatory cytokine, interleukin-4, has been shown to
increase interleukin-1 receptor antagonist messenger RNA
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expression, interleukin-10 appears to influence interleukin-
1 receptor antagonist by prolonging the half-life of the
interleukin-1 receptor antagonist messenger RNA (Cassa
tella et al., 1994). This may be due to reduced expression
of a nuclease which selectively degrades interleukin-1
receptor antagonist messenger RNA or increases the ex-
pression of a co-factor that decreases the vulnerability of
interleukin-1 receptor antagonist messenger RNA to degra-
dation by the nuclease (Cassatella et al., 1994). This
mechanism appears to be of primary importance in our in
vitro adherence studies in which neutrophil adherence is
inhibited by interleukin-10 even when interleukin-1 is
added to the incubation medium.

Activated neutrophils are capable of mediating consid-
erable injury on inflamed tissue by the release of oxygen-
derived free radicals including hydrogen peroxide, super-
oxide anion, and hydroxyl radicals. Although the results
are far from clear (Bogdan et a., 1991; Cassatella et al.,
1993; Chaves et al., 1996), there appears to be preliminary
evidence suggesting that interleukin-10 may inhibit the
generation of free radicals from neutrophils. Chaves et al.
(1996) reported a significant attenuation in free radical
generation in granulocytes perhaps via a cyclic AMP
mechanism.

Our data clearly demonstrate that interleukin-10 pro-
vides cardioprotection following myocardial ischemia-re-
perfusion in vivo, and that this protective effect appears to
be mediated at least in part by inhibiting leukocyte—endo-
thelial cell interaction. This may be related to the finding
that interleukin-10 inhibits the release of pro-inflammatory
cytokines, enhances the effects of endogenous interleukin-1
receptor antagonist, and inhibits the release of oxygen-de-
rived free radicals.

Acknowledgements

The authors gratefully acknowledge Robert Craig for
his excellent technical assistance in the biochemical analy-
sis and Dr. Peter Chiu (Schering Plough Research, Kenil-
worth, NJ) for the generous supply of rat interleukin-10.
Supported in part by Research Grant GM-45434 from the
National Institute of General Medical Science of the NIH.

References

Albertine, K.H., Weyrich, A.S,, Ma, X., Lefer, D.J., Becker, L.C., Lefer,
A.M., 1994. Quantification of neutrophil migration following myocar-
dia ischemia and reperfusion in cats and dogs. J. Leukocyte Biol. 55,
557-566.

Bevilacqua, M.P., Pober, J.S., Wheeler, M.E., Cotran, R.I.S., Gimbrone,
M.A. Jr., 1985. Interleukin-1 acts on cultured human vascular en-
dothelium to increase the adhesion of polymorphonuclear leukocytes,
monocytes and related leukocytic cell lines. J. Clin. Invest. 76,
2003-2011.

Bochner, B.S.,, Peachell, P.T., Brown, K.E., Schleimer, R.P., 1988.

Adherence of human basophils to cultured umbilical vein endothelia
cells. J. Clin. Invest. 81, 1355-1364.

Bogdan, C., Vodovotz, Y., Nathan, C., 1991. Macrophage deactivation by
interleukin 10. J. Exp. Med. 174, 1549-1555.

Bradley, P.P., Priebat, D.A., Christensen, R.D., Rohstein, G.R., 1982.
Measurement of cutaneous inflammation: Estimation of the neutrophil
content with an enzyme marker. J. Invest. Dermatol. 78, 206—209.

Buerke, M., Weyrich, A.S,, Lefer, A.M., 1994. |solated cardiac myocytes
are sensitized by hypoxia-reoxygenation to neutrophil-released media-
tors. Am. J. Physiol. 76, 33-38.

Buerke, M., Murohara, T., Skurk, C., Nuss, C., Tomaselli, K., Lefer,
A.M., 1995. Cardioprotective effect of insulin-like growth factor | in
myocardia ischemia followed by reperfusion. Proc. Natl. Acad. Sci.
USA 92, 8031-8035.

Bussolino, F., Breviario, F., Telta, C., Aglietta, M., Mantovani, A.,
Dejana, E., 1986. Interleukin 1 stimulates platelet-activating factor
production in cultured human endothelial cells. J. Clin. Invest. 77,
2027-2033.

Cassatella, M.A., Bazzoni, F., Ceska, M., Ferro, G., Baggiolini, 1.M.,
Berton, G., 1992. IL-8 production by human polymorphonuclear
leukocytes. J. Immunoal. 148, 3216—3220.

Cassatella, M.A., Meda, L., Bonora, S., Ceska, M., Constantin, G., 1993.
Interleukin 10 (IL-10) inhibits the release of proinflammatory cy-
tokines from human polymorphonuclear leukocytes. Evidence for an
autocrine role of tumor necrosis factor and IL-18 in mediating the
production of I1L-8 triggered by lipopolysaccharide. J. Exp. Med. 178,
2207-2211.

Cassatella, M.A., Meda, L., Gasperini, S., Calzetti, F., Bonora, S., 1994.
Interleukin 10 (IL-10) upregulates IL-1 receptor antagonist production
from lipopolysaccharide-stimulated human polymorphonuclear leuko-
cytes by delaying mRNA degradation. J. Exp. Med. 179, 1695-1699.

Chaves, M.M., Silvestrini, A.A., Silva-Teixeria, N., Nogueira-Machado,
JA., 1996. Effect in vitro of gamma interferon and interleukin-10 on
generation of oxidizing species by human granulocytes. Inflamm. Res.
45, 313-315.

Cicco, N.A., Lindemann, A., Content, J.,, Vandenbussche, P., Lubbert,
M., Gauss, J., Mertelsmann, R., Herrmann, F., 1990. Inducible pro-
duction of interleukin-6 by human polymorphonuclear neutrophils:
Role of granulocyte-macrophage colony-stimulating factor and tumor
necrosis factor-a. Blood 75, 2049-2052.

Entman, M.L., Smith, C.W., 1994. Postreperfusion inflammation: A
model for reaction to injury in cardiovascular disease. Cardiovasc.
Res. 28, 1301-1311.

Fiorentino, D.F., Bond, M.W., Mosmann, T.R., 1989. Two types of
mouse helper T Cell. IV. Th2 clones secrete a factor that inhibits
cytokine production by Thl clones. J. Exp. Med. 170, 2081-2095.

Fiorentino, D.F., Zlotnik, A., Mossman, T.R., Howard, M., O’'Garra, A.,
1991. IL-10 inhibits cytokine production by activated macrophages. J.
Immunol. 147, 3815-3822.

Gornall, A.G., Bardowill, C.T., David, M.M., 1949. Determination of
serum protein by means of the biuret method. J. Biol. Chem. 177,
751-766.

Hock, C.E., Ribeiro, L.G., Lefer, A.M., 1985. Preservation of ischemic
myocardium by a new converting enzyme inhibitor, enalaprilic acid,
in acute myocardial infarction. Am. Heart J. 109, 222—-228.

Kjekhus, JK., Sobel, B.E., 1970. Depressed myocardia creatine phos-
phokinase activity following experimental myocardial infarction in
rabbit. Circ. Res. 27, 403-414.

Ma, X., Lefer, D.J., Lefer, A.M., Rothlein, R., 1992. Coronary endothe-
lial and cardiac protective effects of a monoclonal antibody to inter-
cellular adhesion molecule-1 in myocardial ischemia and reperfusion.
Circulation 86, 937-946.

Marucha, P.T., Zeff, R.A., Kreutzer, D.L., 1990. Cytokine regulation of
IL-1 gene expression in the human polymorphonuclear leukocyte. J.
Immunol. 145, 2932—2937.

McColl, S.R., Paquin, R., Ménard, C., Beaulieu, A.D., 1992. Human



R. Hayward et al. / European Journal of Pharmacology 334 (1997) 157-163 163

neutrophils produce high levels of the interleukin 1 receptor antago-
nist in response to granulocyte,/macrophage colony-stimulating factor
and tumor necrosis factor. J. Exp. Med. 176, 593-598.

Mullane, K.M., Kraemer, R., Smith, B., 1985. Myeloperoxidase activity
as a quantitative assessment of neutrophil infiltration into ischemic
myocardium. J. Pharmacol. Methods 14, 157-167.

Perritti, M., Szabo, C., Thiemermann, C., 1995. Effect of interleukin-4
and interleukin-10 on leucocyte migration and nitric oxide production
in the mouse. Br. J. Pharmacol. 116, 2251-2257.

Pober, J.S., Gimbrone, M.A., Lapierre, L.A., Mendrick, D.L., Fiers, W.,
Rothlein, R., Springer, T.A., 1986a. Overlapping patterns of activa-
tion of human endothelia cells by interleukin 1, tumor necrosis
factor, and immune interferon. J. Immunol. 137, 1893—-1896.

Pober, J.S., Bevilacqua, M.P., Mendrick, D.L., Lapierre, L.A., Fiers, W.,
Gimbrone, M.A. Jr., 1986b. Two distinct monokines, interleukin-1
and tumor necrosis factor, each independently induce biosynthesis and
transient expression of the same antigen on the surface of cultured
human vascular endothelia cells. J. Immunol. 136, 1680—-1687.

Rice, G.E., Gimbrone, M.A. Jr., Bevilacqua, M.P., 1988. Tumor cell—en-
dothelial interactions: Increased adhesion of human melanoma cells to
activated vascular endothelium. Am. J. Pathol. 133, 204-210.

Rosalki, S.B., 1967. An improved procedure for serum creatine phospho-
kinase determination. J. Lab. Clin. Med. 69, 696—705.

Sironi, M., Breviario, F., Proserpio, P., Biondi, A., Vecchi, A., Van
Damme, J.,, Dejana, E., Mantovani, A., 1989. IL-1 stimulates IL-6
production in endothelia cells. J. Immunol. 142, 543-549.

Smith, C.W., Rothlein, R., Hughes, B.J., Marisclaco, M.M., Rudloff,
H.E., Schmalstieg, F.C., Anderson, D.C., 1988. Recognition of an
endothelia determinant for CD18-dependent human neutrophil adher-
ence and transendothelial migration. J. Clin. Invest. 82, 1746—1756.

Tseo, P.S., Aoki, N., Lefer, D.J., Johnson, G., Lefer, A.M., 1990. Time
course of endothelial dysfunction and myocardial injury during my-
ocardial ischemia and reperfusion in the cat. Circulation 82, 1402—
1412.

Wang, P., Wu, P., Anthes, J.C., Siegel, M.l., Egan, RW., Billah, M.M.,
1994. Interleukin-10 inhibits interleukin-8 production in human neu-
trophils. Blood 83, 2678—2683.

Wei, S, Blanchard, D.K., Liu, JH., Leonard, W.J,, Djeu, J.Y., 1993.
Activation of tumor necrosis factor-a production from human neu-
trophils by IL-2 via IL-2-RB. J. Immunol. 150, 1979-1987.

Weiss, S.J., 1989. Tissue destruction by neutrophils. New Engl. J. Med.
320, 365—-376.

Werns, SW., Lucchesi, B.R., 1988. Leukocytes, oxygen radicals and
myocardia injury due to ischemia and reperfusion. Free Radic. Res.
Commun. 4, 31-37.

Weyrich, A.S., Burke, M., Albertine, K.H., Lefer, A.M., 1995. Time
course of coronary vascular endothelial adhesion molecule expression
during reperfusion of the ischemic feline myocardium. J. Leukocyte
Biol. 57, 45-55.

Yuan, Y., Fleming, B.P., 1990. A method for isolation and fluorescent
labeling of rat neutrophils for intravital microvascular studies. Mi-
crovasc. Res. 40, 218-229.



