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Mark L. Entman,* Keith Youker,* Takachika Shoji,* Gilbert Kukielka,* Scott B. Shappell,*

Addison A. Taylor,* and C. Wayne Smith

* Section of Cardiovascular Sciences, The Methodist Hospital and The DeBakey Heart Center, Department of Medicine, Baylor College
of Medicine; * Speros P. Martel Laboratory of Leukocyte Biology, Department of Pediatrics, Texas Children’s Hospital; and
§ Department of Microbiology and Immunology, Baylor College of Medicine, Houston, Texas 77030

Abstract

We have previously shown that cytokines and postischemic
cardiac lymph induce expression of intercellular adhesion mole-
cule-1 (ICAM-1, CD54) on canine adult cardiac myocytes.
ICAM-1 expression allows adherence of activated neutrophils
to myocytes that is blocked by anti-CD18 mAb, R15.7, or anti-
ICAM-1 mAb, CL18/6. Interleukin 1, tumor necrosis factor-
a, or interleukin 6-stimulated cardiac myocytes were loaded
with 2’,7'-dichlorofluorescin, and oxidation to the fluorescent
dichlorofluorescein was monitored. Fluorescence and neutro-
phil /myocyte adherence followed the same time course, and
both were blocked by monoclonal antibodies to CD18, CD11b,
and ICAM-1, but mAb R7.1, recognizing a functional epitope
on CD11a, was not inhibitory. The iron chelator, desferrox-
amine, and the hydroxyl radical scavenger, dimethylthiourea,
did not inhibit neutrophil adherence, but completely inhibited
fluorescence. In contrast, the extracellular oxygen radical scav-
engers superoxide dismutase and catalase, and the extracellu-
lar iron chelator, starch-immobilized desferroxamine, did not
affect either fluorescence or adherence. Under the experimen-
tal conditions used, no superoxide production could be detected
in the extracellular medium. Fluorescence microscopy demon-
strated that fluorescence began within 5 min after neutrophil
adherence to an individual myocyte, and myocyte contracture
followed rapidly. Fluorescent intensity was highest initially at
the site of myocyte-neutrophil adherence. When only neutro-
phils were loaded with 2',7'-dichlorofluorescein, fluorescence
was observed only in those neutrophils adhering to the cardiac
myocytes. Thus, adherence dependent on Mac-1 (CD11b/
CD18) and ICAM-1 (CD54) activates the neutrophil respira-
tory burst resulting in a highly compartmented iron-dependent
myocyte oxidative injury. (J. Clin. Invest. 1992. 90:1335-
1345.) Key words: adhesion-dependent oxidative burst « Mac-
1-ICAM-1 adhesion ¢ neutrophil-induced myocyte injury
compartmented myocyte oxidative injury

Introduction

Reperfusion of ischemic myocardium promotes influx of neu-
trophils which is most rapid within the first 2 h after reflow
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begins (1) and may continue at a low level for at least 48 h (2).
The peak accumulation of these cells occurs between 24 and 48
h (3). While evidence derived from experimental animal mod-
els indicates that the accumulated neutrophils injure the myo-
cardium (2), the specific mechanisms affecting this injury have
not been defined. Two general mechanisms have been studied.
The first arises from the observations that neutrophils can
lodge in small blood vessels and thereby obstruct local blood
flow (4-6). The second arises from the concept that neutrophil
emigration brings these cells in close proximity to myocytes
where secretory products would have enhanced injurious ef-
fects, particularly if the neutrophils adhered to the myocytes. In
previous studies, we examined the mechanisms of neutrophil
adhesion to cardiac myocytes in vitro ( 7), and found that inter-
cellular adhesion occurred if the myocytes were stimulated to
express intercellular adhesion molecule-1 (ICAM-1,! CD54)
(8), and the neutrophils were stimulated to enhance CD18-de-
pendent adhesion (7). Stimulation of myocytes with cytokines
such as IL-1, tumor necrosis factor-a (TNFa) and IL-6 or by
postischemic cardiac lymph induced expression of ICAM-1 (8,
9), and stimulation of neutrophils with zymosan activated
serum (a source of C5a) or platelet-activating factor (PAF)
promoted (2 integrin-dependent adhesion that was blockable
by anti-CD18 and anti-ICAM-1 (mAbs) (7, 8). Adhering neu-
trophils were apparently cytotoxic, as indicated by the sus-
tained contraction often observed in myocytes after neutrophil
adhesion (7). In the present report, we address the potential
pathogenic role of this intercellular adhesion by assessing possi-
ble mechanisms of cytotoxicity. Two experimental approaches
were taken. (a) Adhesion was studied in vitro as previously
reported, and the contribution of specific adhesion molecules
was investigated using appropriate mAbs. (b) Myocytes were
loaded with 2',7'-dichlorofluorescein (DCFH), a probe used to
indicate intracellular oxidation after neutrophil adhesion.

Methods

Isolation of canine cardiac myocytes. Healthy mongrel dogs weighing
10-15 kg were anesthetized using sodium pentobarbital. The heart was
removed through the left lateral chest under sterile conditions, and
immediately placed in ice cold saline. The aorta was then cannulated
using a tubing adapter suitable for the individual heart, and the proce-
dure for obtaining isolated myocytes was followed exactly as described
previously (7). Preparations with a viability of > 80% were used in
incubation experiments with neutrophils. Cells were then placed on ice
and used within one to two days. Viability was not appreciably altered
over this period.

1. Abbreviations used in this paper: CVJEC, canine jugular vein endo-
thelial cells; DCFH, 2’,7'-dichlorofluorescein; ICAM-1, intercellular
adhesion molecule-1; PAF, platelet-activating factor; TNF-«, tumor
necrosis factor-a; ZAS, zymosan-activated serum.
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Neutrophil isolation. Canine neutrophils were isolated from citrate
anticoagulated venous blood using techniques previously described for
the isolation of human neutrophils (10, 11). This yielded a preparation
of cells > 95% neutrophils with > 99% viability. These cells were sus-
pended in Dulbecco’s PBS and stored at 4°C for up to 4 h.

Monoclonal antibodies. Anti-CD18 mAb R15.7 (IgG1) (7) and
anti-CD11a mAb R7.1 (IgG1) (12, 13) were provided by Dr. R. Roth-
lein (Boehringer Ingelheim Pharmaceuticals Inc., Ridgefield, CT).
Anti-CD11b mAb was isolated from a hybridoma clone (accesson No.
HB-9510) obtained from American Type Culture Collection (ATCC,
Rockville, MD). This mAb was designated MY904 and defined as
anti-human CD11b. The preparations of purified IgG used in the
current studies were isolated from ascites fluid as previously described
(8). M1/70 (anti-CD11b, IgG2b) was obtained from ATCC and iso-
lated from culture supernatant as previously described (14). Two con-
trol mAbs, SG10G8 (IgG1) and SG2G8 (IgG1) against canine neutro-
phils, were prepared as previously described (8). These antibodies
bound to neutrophils at about the same level as R15.7, but did not bind
to canine endothelial cells or myocytes. They served as binding con-
trols in adhesion assays and have not been found to inhibit adhesion.
Monoclonal antibodies IgG! (Damon Biotech, Needham Heights,
MA) and 4AS5 (IgG1, prepared as previously described) (10) without
binding specificity for canine cells served as nonbinding controls. Anti—
canine ICAM-1 mAbs CL18/6 and CL18/1D8 were prepared as previ-
ously described (8). In some instances, mAbs were used as F(ab))
fragments, prepared as previously described (15).

Indirect immunofluorescence assessments of the surface binding
sites for monoclonal antibodies were performed using saturating con-
centrations of the monoclonal antibodies and FITC-conjugated goat
anti-mouse IgG (16). Analysis was carried out with a FACScan® (Bec-
ton Dickinson, Mountain View, CA) flow cytometer. The nonbinding
IgG1 mAbs served as control.

Canine neutrophil adherence to canine endothelial monolayers. Ca-
nine jugular vein endothelial cells (CJVEC) were obtained by a modifi-
cation of the method of Ford (17) as previously described (7). Cover-
slips with attached endothelial monolayers were inserted in adhesion
chambers, and adherence and transendothelial migration of isolated
canine neutrophils was determined in the absence of shear stress using
a visual assay as previously described (10, 18). In experiments with
stimulated endothelial cells, monolayers were exposed to cytokines for
3 h at 37°C, then rinsed by dipping the coverslip five times in two
changes of PBS before being inserted into the adherence chambers. In
experiments with monoclonal antibodies, neutrophils were exposed to
the antibodies at room temperature for 5 min before the cell suspension
containing the antibodies was injected into the adherence chambers.

Canine neutrophil-myocyte adherence. Isolated canine myocytes
were suspended in isolation medium at a concentration of 50,000/ ml
as previously described (7). Neutrophils and myocytes were coincu-
bated in a vol of 0.4 ml at a neutrophil to myocyte ratio of 50:1, for
various times up to 60 min at 37°C. The cells were resuspended and
small aliquots transferred to microscope slides for examination under
phase contrast or differential interference contrast optics. For each
preparation, the number of neutrophils adherent to each of 200 myo-
cytes was counted. Samples were coded so that data collection was
performed without knowledge of the specific experimental conditions.
Myocytes were incubated in the presence or absence of cytokines in-
cluding human recombinant IL-18 (Genzyme Corp., Boston, MA),
human recombinant IL-6 (Genzyme Corp.), or human recombinant
TNFa (Boehringer-Ingelheim), for various times at 37°C before addi-
tion of the neutrophils. In experiments with stimulated neutrophils,
zymosan-activated serum (ZAS, prepared as previously described)
(11) was added immediately before the neutrophil suspension was
mixed with the suspension of myocytes. mAb were added to the neutro-
phil-myocyte suspension at the beginning of incubation, and were pres-
ent throughout the incubation period.

Adherence-dependent oxidation. Isolated myocytes were preincu-
bated for 3 h with interleukin 1 (4 U/ml) as described above. Subse-
quently, they were loaded with 2’,7'dichlorodihydrofluoroscein diace-
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tate (DCFH; Molecular Probes, Inc., Eugene, OR ) by incubating with
a concentration of 100 uM for 20 min at 37°C, washed twice, and
suspended with neutrophils under identical circumstances to the proto-
col used for adherence (i.e., ZAS was added as a chemotactic stimulus
to provoke neutrophil adhesion). Control experiments in the absence
of either cytokine or ZAS were also performed. Three assessments were
made: (a) Fluorometric studies were performed by monitoring cellular
fluorescence in a fluorometer (Perkin-Elmer Cetus Instruments, Nor-
walk, CT; excitation 488 nm and emission of 521 nm) after ZAS addi-
tion. This incubation was carried out at 37°C. (b) Direct observation of
individual cells under fluorescence microscopy was video recorded and
evaluated using Optimas image analysis software (Bioscan Inc.,
Edmonds, WA). (¢) Superoxide release into the culture medium was
measured using cytochrome c as previously described (19). The super-
oxide generating system, xanthine and xanthine oxidase, was used
as a defined extracellular source of reactive oxygen as previously de-
scribed (19).

Reagents. Desferroxamine, superoxide dismutase (SOD), catalase,
xanthine, xanthine oxidase, phorbol myristate acetate, (PMA) endo-
toxin (LPS), PAF, and dimethylthiourea were obtained from Sigma
Chemical Co. (St. Louis, MO); the starch immobilized desferroxamine
was a gift of Dr. B. Hedlund (Biomedical Frontiers, Inc., Minneap-
olis, MN).

Results

Neutrophil/endothelial interactions. An important focus of the
current study was the evaluation of 32 integrin-dependent ad-
hesion of canine neutrophils to isolated canine cardiac myo-
cytes, and the approach to distinguishing the relative contribu-
tions of CD11a/CD18 (LFA-1) and CD11b/CD18 (Mac-1)
was the use of subunit specific mAbs. The anti-CD11a and
anti-CD11b mAbs used in the current study are known to bind
to human B2 integrin subunits and to block their specific func-
tions (10, 15). However, the ability of these mAbs to block the
adhesive functions of canine 82 integrins has not been previ-
ously documented. Such cross-species reactivity has been pub-
lished for the anti-CD18 MAb, R15.7 (7, 15). R7.1 (anti-

Table I. Binding of mAbs R7.1 and MY904

to Human and Canine Leukocytes
R7.1 MY904
Cell type Canine Human Canine Human

Neutrophils 156 (98)* 134 (99) 57 (99) 99 (100)
Stimulated*

neutrophils 145 (98) 196 (99) 344 (98) 952 (100)
Lymphocytes 211 (90) 272 (97) 104 (24) 84 (34)
Monocytes 231 (92) 295 (96) 83 (94) 100 (94)
Stimulated

monocytes 234 (94) 321 (96) 355 (61)¢ 1090 (54)*

* Binding of these mAbs to leukocytes in whole blood samples was
evaluated using flow cytometry. The cell type was identified by for-
ward and side scatter characteristics, and the mean fluorescence
channel and percent positive cells (value in parentheses) were deter-
mined for each cell type and mAb. Cells were considered positive for
the specific mAb if the level of fluorescence exceeded that of cells ex-
posed to nonbinding, isotype-matched antibodies. * Human neutro-
phils and monocytes were stimulated by the addition of 10 nM fMLP
to the whole blood sample for 15 min, 37°C, before preparing the
cells for flow cytometry. Canine neutrophils and monocytes were
stimulated by the addition of 1% ZAS for 15 min, 37°C. # The value
in parentheses indicate the percent monocytes with MY904 binding
beyond that of 97% unstimulated monocytes.
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CDl1l1a) and MY904 (anti-CD11b) were both evaluated for
their ability to distinguish LFA-1 and Mac-1 dependent adhe-
sion of canine neutrophils. As shown in Table I, R7.1 exhibited
the binding characteristics on canine leukocytes of an anti-
CDl la in that it bound to almost all leukocytes and there was
little change in the binding to neutrophils or monocytes after
chemotactic stimulation. MY 904 exhibited a pattern of bind-
ing distinct from R7.1, and the patterns seen with canine and
human cells were quite similar and consistent with anti-
CD11b. Binding of MY904 to neutrophils and a portion of
monocytes was markedly upregulated after stimulation with a
chemotactic factor, and this mAb bound to only a portion of
blood lymphocytes.

Canine neutrophil-endothelial interactions. CJVEC mono-
layers stimulated with LPS were found to become most adhe-
sive for isolated and previously unstimulated canine neutro-
phils within 3-4 h (Fig. 1). The CD18-independent compo-
nent of this adhesion (i.e., that adhesion not blocked by mAb
R15.7, anti-CD18, shown as hatched bars in Fig. 1) peaked at 4
h and returned to low levels within 8 h of LPS stimulation,
while the CD18-dependent component (indicated by the open
portions of the bars in Fig. 1) peaked at 4 h and remained high
throughout an 8-h observation (Fig. 1). The ability of mAb
R7.1 (anti-CD11a) to reduce adhesion was evaluated at 4 and
18 h after LPS stimulation of CJVEC monolayers (Fig. 2), and
this mAb was found to be as effective as anti-ICAM-1 (mAb
CL18/6) and anti-CD18 (mAb R15.7). The anti-CD11b was
not inhibitory in this experimental setting. Previous studies
using anti-CD11a and anti-CD11b mAbs with human neutro-
phil-endothelial cell adhesion gave essentially the same results
(10). In contrast to this effect, anti-CD11a mAbs have not
been found to inhibit adhesion of chemotactically stimulated
neutrophils to protein-coated glass (15, 20, 21). This was
found to be true for mAb R7.1 (Fig. 2). This mAb was not

Figure 1. Stimulation of CJVEC adhesiveness for canine
neutrophils by LPS. The inset graph demonstrates the
effects of incubating CJVEC monolayers for 4 h in dif-
ferent concentrations of LPS on adhesion of isolated and
previously unstimulated canine neutrophils. Adhesion
was determined under static conditions after allowing
neutrophils to contact the monolayers for 500 s. Based
on this dose-response study (n = 4), 10 ng/ml was se-
lected for the time course shown where endothelial
monolayers were incubated with LPS for the time indi-
cated. The effect of anti-CD18 mAb, R15.7, is also shown
with the level of adhesion indicated by the height of the
cross-hatched bars, and the adhesion without addition of
the mAb is indicated by the height of the open bars (n

= 3, 1 SD did not exceed 20% of the mean).

effective in reducing adhesion of PAF-stimulated canine neu-
trophils to keyhole limpet hemocyanin-coated glass, though
this latter adhesion was blocked by anti-CD11b (MY904) and
anti-CD18 (R15.7) mAbs.
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Figure 2. Effects of anti-CD11a and anti-CD11b mAbs on canine
neutrophil adhesion. Results from three distinct experimental condi-
tions are shown. In the graph on the left CJVEC monolayers were
stimulated with LPS (10 ng/ml) for 4 h or 18 h, rinsed in PBS, and
placed in static adhesion chambers. When mAbs were present, they
were incubated with the appropriate cells 15 min before the adhesion
assay and retained with the cells throughout the period of time al-
lowed for adhesion. The solid bar indicates the level of adhesion when
neither monolayers nor neutrophils were stimulated. None indicates
that mAbs were not added. The graph at the right presents results of
canine neutrophil adhesion to keyhole limpet hemocyanin—coated
glass under static conditions after a contact time of 500 s. Neutrophils
were preincubated with mAb for 15 min before the adhesion assay.
mADbs used in these conditions recognize the antigens listed below the
bars: CD11a, R7.1 (10 pg/ml, IgG); CD11b, MY904 (10 pg/ml,
IgG); CD18, R15.7 (10 pg/ml, IgG); ICAM-1, CL18/6 (20 pg/ml,
F(ab)3). *P < 0.01,n = 4.

CD11b/CD18-dependent Neutrophil /Myocyte Adhesion 1337



Studies with human cells have shown that the adhesion of
previously unstimulated neutrophils to cytokine-stimulated en-
dothelial cells is partially CD18/ICAM-1 dependent, and the
principal 82 integrin involved in this adhesion is LFA-1 (10,
22). Additionally, chemotactic stimulation of neutrophils en-
hances ICAM-1-dependent adhesion to endothelial cells and
recruits the participation of Mac-1 (10, 23, 24). Such experi-
ments were repeated using canine cells (Fig. 3) with results
similar to those obtained with human cells. mAb R7.1 (anti-
CDl1a), but not MY904 (anti-CD11b) inhibited the adhesion
of previously unstimulated canine neutrophils to rTNFa-
stimulated CJVEC. After stimulation of canine neutrophils
with exogenous PAF, adhesion to rTNFa-stimulated CJVEC
was enhanced, and both R7.1 and MY904 significantly inhib-
ited this adhesion. When used together, the inhibitory effects of
R7.1 and MY904 were almost additive, indicating that this
experimental condition leads to a cooperative function of
LFA-1 and Mac-1 in the adhesion of chemotactically stimu-
lated canine neutrophils to cytokine-stimulated CJVEC.

Transendothelial migration of canine neutrophils. After ad-
hering, both human and canine neutrophils rapidly migrate
beneath cytokine-stimulated endothelial cell monolayers (18,
25). In both species, this behavior is almost completely inhib-
ited by anti-CD18 mAbs (18, 25), and LFA-1 and Mac-1 have
been shown to cooperate in the migration of human cells (10,
25).mAbsR7.1 (anti-CD11a)and MY904 (anti-CD11b) each
partially inhibited transendothelial migration of canine neutro-
phils through LPS-stimulated CJVEC monolayers, and when
combined, resulted in inhibition that was statistically equiva-
lent to that produced by anti-CD18 mAb R15.7 and anti-
ICAM-1 mAb CL18/6 (Fig. 4).

Neutrophil /cardiac myocyte interactions. The results pre-
sented above distinguish mAbs R7.1 (anti-CD1la) and
MY904 (anti-CD11b) functionally. R7.1 inhibits neutrophil
functions known to be carried out by LFA-1 (10, 22, 25, 26),
and MY904 inhibits neutrophil functions known to be carried
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out by Mac-1 (10, 22, 25, 26). When used in combination,
these two mAbs appear functionally equivalent to an anti-
CD18. Thus, it was possible to address the question of the rela-
tive contributions of LFA-1 and Mac-1 to neutrophil/ myocyte
interactions.

Neutrophil adhesion and myocyte intracellular oxidation.
Direct observations of individual IL-1-stimulated myocytes
loaded with DCFH (Fig. 5) and incubated for up to 1 hat 37°C
revealed that these cells were not fluorescent. Addition of hy-
drogen peroxide to the medium at a final concentration of 0.1
mM induced fluorescence in all myocytes that was prevented
by either catalase (33 U/ml) or desferroxamine (0.1 mM), and
addition of the superoxide generating system xanthine and xan-
thine oxidase also induced fluorescence that was prevented by
addition of superoxide dismutase (200 U/ml) and catalase (33
U/ml). Adherent neutrophils also induced myocyte fluores-
cence. Within 5 min after the adherence of ZAS-stimulated
neutrophils, fluorescence developed in individual myocytes
with attached neutrophils, and within an additional 1-5 min,
sustained contracture of the fluorescent myocytes was often
seen. In > 100 observations of neutrophil adherence-depen-
dent oxidation, fluorescence always preceded or coincided with
contracture. Initially, the highest intensity fluorescence was ob-
served at the site of an attached neutrophil (Fig. 6) progressing
to high intensity fluorescence throughout the cell usually
within < 5 min. Myocytes without adherent neutrophils were
not fluorescent and rarely contracted during the observation
period. These experiments were repeated with IL-6 and rTNFa
stimulated myocytes with equivalent results (data not shown).

When only neutrophils were loaded with DCFH, fluores-
cence following adhesion to the myocytes was seen only in the
neutrophils (Fig. 7). In addition, this fluorescence was re-
stricted to adherent neutrophils. The level of chemotactic stim-
ulus needed to promote neutrophil adherence to cytokine-stim-
ulated myocytes failed to induce fluorescence in nonadherent
neutrophils. This adherence-dependent fluorescence in loaded

Figure 3. Stimulation of CJVEC adhesiveness for canine
neutrophils by rTNFa. The inset graph demonstrates the
effects of incubating CJVEC monolayers for 4 h in dif-
ferent concentrations of rTNFa on the adhesion of iso-
lated and previously unstimulated canine neutrophils.
Adhesion was determined under static conditions after
allowing neutrophils to contact the monolayers for 500

s. Based on this dose-response study, 30 U/ml of rTTNFa
was selected for subsequent experiments. Adhesion of
previously unstimulated canine neutrophils to
TNF-stimulated monolayers (coarse cross-hatched bars)
is shown. In addition, adhesion of PAF-stimulated (100
ng/ml, 5 min) canine neutrophils to TNF-stimulated
monolayers (fine cross-hatched bars) is also shown. None
indicates that antibody was not added. The antigen rec-
ognized by the mAbs appears under the bars, and the
specific mAbs used were: CD11a, R7.1 (10 pg/ml, IgG);
CD11b, MY904 (10 ug/ml, IgG); CD18, R15.7 (10 pug/
ml, IgG). Both indicates that R7.1 and MY904 were both
added to the neutrophil suspension. * P < 0.01 compared
to the appropriate control condition without added mAb;
**P < 0.01 compared to either anti-CD11a or anti-
CDl1b;n = 5.
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Figure 4. Transendothelial migration of canine neutrophils. The inset
graph demonstrates the time course for adhesion (upper curve) of
previously unstimulated neutrophils to CJVEC monolayers stimu-
lated with LPS (10 ng/ml), and the proportion of the adherent cells
that migrated beneath the endothelial monolayer (lower curve). Using
conditions found to result in maximum transendothelial migration

(4 h), the effects of various mAbs on migration were assessed. When
mAbs were present, they were incubated with the appropriate cells

15 min before the migration assay and retained with the cells
throughout the period of time allowed for migration (1,000 s). The
following mAbs were used in these experiments and recognize the
antigens listed below the bars: CD11a, R7.1 (10 ug/ml, IgG); CD11b,
MY904 (10 ug/ml, IgG); CD18, R15.7 (10 ug/ml, IgG); ICAM-1,
CL18/6 (20 ug/ml, F(ab)). *P < 0.01, n = 4, compared with con-
trol condition; **P < 0.01, n = 5, compared to conditions with either
anti-CD11a or anti-CD11b. Two binding control MAbs were also
used: SG10G7, anti-canine neutrophil, antigen unknown; CL18/
1D8, anti-canine ICAM-1, recognizes a nonfunctional epitope.

neutrophils appeared more rapidly after adhesion (within sec-
onds) than that seen with DCFH-loaded myocytes.

Specific adhesion molecules and intracellular oxidation.
Only conditions that promoted neutrophil-myocyte adhesion
resulted in fluorescence of DCFH-loaded myocytes (i.e., when
both neutrophils and myocytes were stimulated with chemo-
tactic factors and cytokines, respectively) (Fig. 8), and the
anti-CD18 mAb, R15.7, blocked adhesion and myocyte fluo-
rescence. Adhesion and fluorescence were also blocked by anti-
ICAM-1 and anti-CD11b mAbs, but anti-CD11a mAb R7.1
blocked neither adherence nor fluorescence (Fig. 9). These re-
sults indicate that both adherence and fluorescence depend pri-
marily on Mac-1 and ICAM-1.

Characteristics of neutrophil-induced myocyte oxidation.
Increasing fluorescence indicating intracellular oxidation of
cardiac myocytes resulting from neutrophil adherence oc-
curred much more rapidly than hydrogen peroxide was de-

tected in the extracellular medium in our previous studies of
neutrophil-myocyte CD18-dependent adhesion (7). Fluores-
cence of DCFH loaded myocytes was seen within 5 min after
neutrophil adherence under fluorescence microscopy (Fig. 5),
and could be detected within 15 min after addition of ZAS in
the fluorometric assay (Figs. 8 and 9).

Various antioxidants were used to further characterize the
chemical nature of the myocyte DCFH oxidizing event, and to
determine if myocyte fluorescence was the result of reactive
oxygen species initially compartmentalized within myocytes.
Desferroxamine and dimethylthiourea, antioxidants known to
enter cells (27, 28), eliminated fluorescence without affecting
adhesion (Table II and Fig. 10), and completely prevented
adherence-dependent contracture (data not shown). In con-
trast, when SOD, catalase or starch-immobilized desferroxa-
mine, antioxidants that do not enter cells, were added to the
medium containing cytokine-stimulated, DCFH-loaded myo-
cytes before chemotactic stimulation of the neutrophils, they
failed to inhibit either the adherence of neutrophils to myo-
cytes caused by chemotactic stimulation, or the associated in-
creases in fluorescence (Fig. 10 and Table IT). These data indi-
cated that the adherence-dependent transfer of reactive oxygen
species was tightly compartmented and not in equilibrium with
the extracellular medium during the 30-min observation pe-
riod. Efforts to detect extracellular superoxide under the adhe-
sive conditions that yielded maximum fluorescence of DCFH-
loaded myocytes were negative over the same time period (Fig.
11) in agreement with our earlier studies (7). In contrast, addi-
tion of PMA (250 ng/ml), resulted in the rapid appearance of
extracellular superoxide (Fig. 11).

Discussion

Previous studies of acute myocardial infarction in animal mod-
els indicate that the stimuli needed to promote the adhesive
and oxidative events observed in vitro in this report are present
within the first few hours after reperfusion of the ischemic
myocardium. Several reports provide compelling evidence that
complement activation follows myocardial ischemia (29-35),
and plays a significant role in tissue injury (36 ). Postischemic
cardiac lymph is chemotactic for neutrophils for up to 4 h after
the initiation of reperfusion (11), and the rate of neutrophil
accumulation in the ischemic myocardium is greatest during
this period (1). Recent evidence indicates that a predominant
chemotactic factor present in this lymph is C5a (37), a finding
that is not surprising in light of two earlier studies showing that
Clq binding proteins capable of activating the classical com-
plement pathway egress from the injured myocardium, and
that C1q localization is seen at the same sites where neutrophil
localization occurs during the first few hours of reperfusion
(30, 31). In recent studies, we have found that postischemic
cardiac lymph collected within the first hour after the initiation
of reperfusion stimulates isolated cardiac myocytes to express
ICAM-1 and thereby become more adhesive to chemotacti-
cally stimulated neutrophils (8, 9). The cytokine predomi-
nantly involved in this effect of postischemic cardiac lymph is
IL-6 (9), and evidence of cytokine activity persists for up to 72
h. Thus, within the first few hours of reperfusion, factors (pre-
dominantly C5a and IL-6) are present within the extracellular
space that could lead to neutrophil-myocyte adhesion and neu-
trophil-induced myocyte intracellular oxidative stress.

CD11b/CD18-dependent Neutrophil /Myocyte Adhesion 1339
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Figure 5. Time lapse photographs of fluorescence in myocytes. Adult canine myocytes were isolated, preincubated with 4 U/ml rIL-18 for 3 h,
loaded with DCFH for 20 min at 37°C, and washed twice. Loaded myocytes were suspended with neutrophils at a ratio of ~ 1:50 in complete
medium containing 1% ZAS as a chemotactic stimulus. Coverslip preparations were made and changes in cell shape and fluorescence were re-
corded using a computer aided image analysis system. The time shown is minutes:seconds from an arbitrary time on video tape. Bound neutro-
phils are indicated with arrows on the first frame. Note that fluorescence in the upper myocytes begins at 40:32, and by 40:46 contracture is
noted. Fluorescence begins in the lower myocytes at 40:54 and contracture begins by 43:23, while severe contracture occurred by 45:30 (not
shown).

The results of the present studies indicated that the transfer ~ requires 82 integrin and ICAM-1-dependent adherence. The
of reactive oxygen species from the neutrophil to the myocyte precise mechanism and oxidative products involved in the oxi-
appears to be localized to the intracellular compartment, and  dation of the DCFH probe are not specifically elucidated in the

Figure 6. Cardiac myocyte fluores-
cence near the site of neutrophil ad-
herence. Adult canine myocytes
were isolated, preincubated with 4
U/ml rIL-18 for 3 h, loaded with
DCFH for 20 min at 37°C and
washed twice. Loaded myocytes
were suspended with neutrophils at
aratio of ~ 1:50 in complete me-
dium containing 1% ZAS as a che-
motactic stimulus. Coverslip prepa-
rations were made, and changes in
fluorescence were recorded using a
computer-aided image analysis sys-
tem. A myocyte to which two neu-
trophils were bound was examined
during the first minute of neutrophil
adherence. The phase contrast
image is shown on the left and the
corresponding fluorescence image

is shown at the right.
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present studies. However, iron appears to be necessary, and
fluorescence can be induced by the addition of extracellular
superoxide or hydrogen peroxide. These findings suggest the
possible involvement of a Haber-Weiss reaction generating hy-
droxyl radical intermediates. This hypothesis is further sup-
ported by the marked effectiveness of dimethylthiourea, a hy-
droxyl radical scavenger (38), in preventing fluorescence and
myocardial contracture. Hence, generation of lipid hydroper-
oxides in an iron-dependent manner may contribute to DCFH
fluorescence since this probe can be oxidized by a variety of
reactive oxygen species. It appears that myocyte injury induced
by adherent neutrophils relates to oxidative injury since inter-
ventions blocking fluorescence prevented contracture during
the 1-h observation period.

Figure 7. Fluorescence of DCFH-loaded neutrophils fol-
lowing adherence to myocytes. Neutrophils were loaded
with DCFH and washed twice. Myocytes were suspended
with neutrophils at a ratio of ~ 1:50 in complete me-
dium containing 1% ZAS as a chemotactic stimulus.
Coverslip preparations were made and changes in cell
shape and fluorescence were recorded using a computer-
aided image analysis system. Although neutrophil:myo-
cyte ratios were ~ 50:1, the only fluorescence seen coin-
cides with neutrophils adhering to the surface of the
myocytes as shown in this example.

Several investigations under related conditions have re-
vealed that the adherence-dependent oxidative burst of neutro-
phils involving 82 integrins (15, 39) is characterized by a pro-
longed lag phase lasting ~ 1 h (40, 41). These studies have
evaluated extracellular release of hydrogen peroxide after stim-
ulation of either canine or human neutrophils adherent to en-
dothelial cells or protein-coated plastic. In our earlier studies
with canine neutrophils adherent to isolated canine cardiac
myocytes, we found a similar lag phase when using an extracel-
lular detection system to quantitate hydrogen peroxide. How-
ever, the results in the present study indicate that the respira-
tory burst begins rapidly after CD18-dependent adhesion to
cytokine-stimulated myocytes occurs, but the reactive oxygen
is localized to the intracellular compartment. The target is

Figure 8. Relationship of neutrophil
adherence to myocyte fluorescence.
Adult canine myocytes were isolated,

IL-1 Only

preincubated with 4 U/ml rIL-18 for

3 h, loaded with DCFH for 20 min at
37°C, and washed twice. Loaded myo-
cytes were suspended with neutrophils
at a ratio of ~ 1:50 in complete me-
dium. An aliquot of the cell suspension
was placed in a cuvette, and ZAS was
added to stimulate neutrophils at time
0 where indicated. Samples of the cell
suspension were evaluated for neutro-
phil-myocyte adherence (expressed as

+IL-1
+ZADS
+R15.7

Mean Adherence

] 10 20 30 [o] 10

Time (mins)

] 0-‘-'--=-=-:llto

mean number of neutrophils per myo-
cyte, bars), and fluorescence was deter-
mined using a fluorometer (Perkin-
Elmer Cetus Instruments; excitation
wavelength, 488 nm, and emission

11 wavelength, 521 nm; result plotted as
line). R15.7 (50 ug/ml) was present
throughout the incubation. Results are
from a single experiment are presented
and are representative of five experi-
ments with different myocyte and neu-
trophil preparations.

Fluorescence

20 ' 30
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Figure 9. Neutrophil/myocyte adherence and
myocyte fluorescence: effects of monoclonal

+ZADS,+IL-1
+R18.7 {2 2}
(anti-CD18)
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antibodies against CD11a, CD11b, ICAM-1.
Adult canine myocytes were isolated, preincu-
2 bated with 4 U/ml rIL-18 for 3 h, loaded with
DCFH for 20 min at 37°C, and washed twice.
Loaded myocytes were suspended with neu-
trophils at a ratio of ~ 1:50 in complete me-
dium. An aliquot of the cell suspension was
placed in a cuvette, and ZAS was added to
stimulate neutrophils at time 0 where indi-
cated. Samples of the cell suspension were
evaluated for neutrophil-myocyte adherence
(expressed as mean number of neutrophils per

30

7]
[#
[

N

Mean Adherence

Time (mins)

thereby exposed to toxic neutrophil-derived products at a high
concentration at the neutrophil-myocyte interface in a manner
inaccessible to extracellular antioxidants. Similar phenomena
have been described in the past with regard to compartmental-

Table I1. Effects of Monoclonal Antibodies and Antioxidants
on Canine Neutrophil Adherence to Isolated Canine
Mpyocytes and DCFH Fluorescence

Percent inhibition

Experimental conditions* Fluorescence* Adherence?
n

Anti-CD18 (R15.7) 5 95.6+2.7! 92.5+2.21
Anti-ICAM-1 (CL18/6) 5 71.7£9.7" 84.3+3.4"
Anti-CD11b (MY904) 5 82.0+2.1" 86.3+3.4!
Anti-CD11a (R7.1) 5 None 0.5%0.5
SOD + catalase 5 5.0+5.9 None
Desferroxamine 4 100" 1.0+1.0
Starch-immobilized

desferroxamine None None
Dimethylthiouréa 4 100" 0.6+0.3

* Isolated canine cardiac myocytes were stimulated for 3 h with rIL-
18 and then loaded with DCFH for 20 min, washed, and incubated
with neutrophils in the presence of 1% zymosan activated serum for
30 min at 37°C. The reagents listed below were present in the cell
suspension throughout the incubation period. mAbs were used at 20
ug/ml; SOD, 200 U/ml; catalase, 33 U/ml; desferroxamine, 0.1 mM;
and dimethylthiourea, 0.1 mM. * Fluorescence was determined at
the end of the 30-min incubation period using a fluorometer. ® Ad-
herence was determined visually under phase contrast microscopy
by counting the number of neutrophils attached to 100 myocytes.
' P <0.01. "In each experiment, fluorescence was completely inhib-
ited.
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+ZADS, +IL-1 12
+MY904
| (anti-CD11b)

o m o the incubation period. Results are from a single

o] 10 20 30 [o] 10 20

myocyte, bars), and fluorescence was deter-
mined using a fluorometer (Perkin-Elmer
Cetus Instruments; excitation wavelength, 488
nm, and emission wavelength, 521 nm; result
plotted as line). R7.1 (anti-CD11a, 100 ug/
ml), MY904 F(ab); (20 ug/ml) or CL18/6
F(ab); (20 ug/ml) were present throughout

Fluorescence

30 experiment and representative of five experi-
ments with different myocyte and neutrophil
preparations.

ization of protein at adhesive interfaces (42, 43). Thus under
conditions of cell-cell adhesion the adherence-dependent respi-
ratory burst appears to have two phases, one that localizes meta-
bolic events at the adhesive interface, and a subsequent phase
where reactive oxygen is detected in the extracellular space.
This latter phase has been studied most extensively with neutro-
phils adherent to protein-coated plastic (and therefore Mac-1
dependent) where it may depend in part on a delay in sustained
adhesion and cell spreading (44 ), and appears to be linked to -
the modulations of intracellular regulatory mechanisms seen
by Nathan et al. (44) and Shappell et al. (45).

The results in this report also show for the first time that
ICAM-1 can serve as a ligand for the adherence-dependent
neutrophil respiratory burst. Previous studies have linked
ICAM-1 to neutrophil adhesion and transendothelial migra-
tion (8, 10, 12, 13, 18, 22, 25) at the vessel wall, but our results
indicate that ICAM-1 may be linked to cytotoxic behavior ac-
companying neutrophil/parenchymal cell adhesion. The dis-
tinctions between neutrophil /endothelial interactions and neu-
trophil / cardiac myocyte interactions are particularly interest-
ing. Human and canine neutrophils have been shown to use
both LFA-1 and Mac-1 in their interactions with cytokine-stim-
ulated endothelial cells, and this interaction is characterized by
a high degree of neutrophil mobility (10, 25, 46) where neutro-
phils migrate rapidly through endothelial monolayers (18, 22,
25, 47-49). In contrast, canine neutrophil adherence to cyto-
kine-stimulated cardiac myocytes appears to be more pro-
longed and is apparently heavily dependent on Mac-1. The use
of mAbR7.1 (anti-CD11a) indicated that LFA-1 is not a signif-
icant determinant of this neutrophil/myocyte adhesion. This
conclusion is supported by the finding that this mAb was capa-
ble of blocking canine neutrophil /endothelial interactions that
are analogous to those previously shown to be LFA-1 depen-
dent with human cells (10, 22, 25, 26).

ICAM-1 densely inserted in planar artificial membranes
has been shown to support a high degree of binding of isolated



3

3 Figure 10. Effect of antioxidant strategies on
adherence and fluorescence. Adult canine
myocytes were isolated, preincubated with 4
U/ml rIL-18 for 3 h, loaded with DCFH for
20 min at 37°C, and washed twice. Loaded
myocytes were suspended with neutrophils at
a ratio of ~ 1:50 in complete medium. An
aliquot of the cell suspension was placed in a
cuvette, and ZAS was added to stimulate neu-
trophils at time 0 where indicated. Samples of
the cell suspension were evaluated for neutro-
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phil-myocyte adherence (expressed as mean
number of neutrophils per myocyte, bars), and
fluorescence was determined using a fluorom-
eter (Perkin-Elmer Cetus Instruments; excita-
tion wavelength, 488 nm, and emission wave-
length, 521 nm; result plotted as line). SOD
(200 U/ml), catalase (33 U/ml), desferroxa-
mine (0.1 mM), or anti-CD18 mAb (R15.7,
50 ug/ml) were present from time 0 where in-
dicated. Hydrogen peroxide (0.1 mM) was
added to all four conditions at 35 min (arrow).
Note that while addition of SOD and catalase
at concentrations sufficient to prevent fluores-
cence induced by adding of hydrogen peroxide
to DCFH-loaded myocytes without added

Fluorescence

neutrophils (data not shown) did not alter adherence or adherence-dependent fluorescence, it did prevent hydrogen peroxide induced fluores-
cence. Desferroxamine did not alter adherence but prevented fluorescence resulting from either neutrophil adherence or exogenous hydrogen
peroxide. Results are from a single experiment and are representative of five experiments with different myocyte and neutrophil preparations.

neutrophils exposed to chemotactic factors, and anti-CD11b
and anti-CD11a mAbs each reduce this adherence by ~ 50%
(10, 50). Diamond et al. (24) more directly assessed the bind-
ing of CD11b/CD18 to ICAM-1 by showing that COS cells
transfected with both cDNAs for CD18 and CD11b adhered to
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Figure 11. Superoxide release in the external media during neutro-
phil/myocyte adherence. Adult canine myocytes were isolated and
preincubated with 4 U/ml rIL-18 for 3 h. Stimulated myocytes were
suspended with neutrophils at a ratio of ~ 1:50 in complete medium.
An aliquot of the cell suspension was placed in a cuvette, and ZAS
was added to stimulate neutrophil adherence. Cytochrome ¢ (10 uM)
was used to detect extracellular superoxide (absorbance was moni-
tored at wavelength of 550 nm). These cell preparations did not re-
lease superoxide (dashed line). In contrast, when such cell prepara-
tions were incubated with phorbol myristate acetate (250 ng/ml) in
place of ZAS, superoxide was readily detected in the extracellular
medium (solid line).

isolated ICAM-1, and that anti-ICAM-1 monoclonal antibody,
R6.5 (18), was almost completely inhibitory. In the reciprocal
experiment COS cells and human umbilical vein endothelial
cells expressing ICAM-1 bound to planar membranes contain-
ing isolated CD11b/CD18 heterodimer. The interaction of
CDI11b/CD18 and CD11a/CD18 with ICAM-1 was not found
to be identical, though. mAbs against different domains of
ICAM-1 exhibited differential inhibition of these interactions
(e.g., mAb R6.5 (18) recognizes domain 2 and inhibits interac-
tions with both Mac-1 and LFA-1, while mAb LB2 (50) recog-
nizes domain 1 and inhibits only interactions with LFA-1. Fur-
thermore, using domain-deleted and chimeric forms of ICAM-
1, Staunton et al. (51) demonstrated that CD11a/CD18 bound
to the first domain of ICAM-1, and Diamond et al. (24 ) demon-
strated that CD11b/CDI18 bound to the third domain of
ICAM-1. Diamond et al. (24) found that the size of the N-
linked oligosaccharide chain on domain 3 of ICAM-1 in-
fluenced the interaction between CD11b/CD18 and ICAM-1.
Adhesion depended primarily on Mac-1 if ICAM-1 had a
smaller N-linked side chain, but on LFA-1 if ICAM-1 had a
complex carbohydrate side chain. ICAM-1 from different cell
types may differ in the level and type of N-linked carbohy-
drates (52), and thereby may regulate the interactions of differ-
ent cells with neutrophils. It remains to be determined why the
interaction of chemotactically stimulated neutrophils with
ICAM-1 on cardiac myocytes is predominantly Mac-1 depen-
dent, but the work of Diamond et al. (24) raises the possibility
that glycosylation of cardiomyocyte ICAM-1 may favor Mac-
1-dependent adhesion more than that of endothelial ICAM-1.
The potential pathophysiologic significance of a predomi-
nantly Mac-1-dependent adhesion is underscored by the ability
of this 82 integrin to promote a pronounced respiratory burst,
an outcome apparently not supported by LFA-1 (15).
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