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Abstract

Canine neutrophils can be induced to adhere in vitro to isolated
adult cardiac myocytes by stimulation of the neutrophils with
chemotactic factors such as zymosan-activated serum (ZAS)
only if the myocytes have been previously exposed to cytokines
such as interleukin 1 (IL-1) or tumor necrosis factor-a. These
cytokines induce synthesis and surface expression of intercellu-
lar adhesion molecule-i (ICAM-1) on the myocyte, and neutro-
phil adhesion is almost entirely CD18and ICAM-1 dependent.
The present study examines cardiac-specific lymph collected
from awake dogs during i-h coronary occlusion and 3 d of re-
perfusion for its ability to induce both ICAM-1 expression in
cardiac myocytes, and neutrophil-myocyte adherence. Reper-
fusion lymph induced ICAM-1 expression in isolated myo-
cytes, and myocyte adherence to ZAS-stimulated neutrophils
that was completely inhibited by anti-CD18 and anti-ICAM-i
monoclonal antibodies. This activity peaked at 90 min of reper-
fusion and persisted for up to 72 h. Preischemic lymph was not
stimulatory. IL-1 appeared not to be a stimulating factor in
lymph in that dilutions of lymph were found to inhibit the stimu-
latory effects of recombinant IL-1it. However, investigation of
interleukin 6 (IL-6) revealed that recombinant IL-6 stimulated
myocyte adhesiveness for ZAS-stimulated neutrophils (ED90
= 0.002 U/ml) and expression of ICAM-1 by isolated myo-
cytes. IL-6 neutralizing antibody markedly reduced the ability
of reperfusion lymph to stimulate adhesion and ICAM-1 ex-
pression, and estimates of levels of IL-6 in reperfusion lymph
ranged from 0.035 to 0.14 U/ml. These results indicate that
cytokines capable of promoting neutrophil-myocyte adhesion
occur in extracellular fluid during reperfusion of ischemic myo-
cardium, and that one of these cytokines is IL-6. Neutrophil-
myocyte adhesion may be of pathogenic significance because it
may enhance the cytotoxic activity of the neutrophil. (J. Clin.
Invest. 1992. 89:602-609.) Key words: cardiac lymph * cyto-
kine induction * intercellular adhesion molecule-i * interleukin
6 * ischemia-reperfusion injury

Introduction

Numerous studies indicate that neutrophils contribute to myo-
cardial cell injury after ischemia particularly under conditions
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where reperfusion of the ischemic area with normally oxygen-
ated blood has occurred (1). In animal models involving re-
moval of neutrophils from the circulation (2-4), there are gener-
ally measurable reductions in the extent of myocardial dam-
age. The mechanism by which neutrophils extend the tissue
injury associated with myocardial infarction has not been com-
pletely elucidated although there are two general categories of
pathophysiologic mechanisms. (a) Activated neutrophils may
change shape, become more rigid, and lodge in capillary and
small vessels, thereby altering perfusion and damaging vessel
integrity and function (5-7). (b) Neutrophils that adhere to the
endothelium and migrate into the extravascular space secrete
products (e.g., oxygen free radicals, proteases) that are directly
cytotoxic (8).

Wehave previously described adherence of neutrophils to
adult canine cardiac myocytes that required both cytokine stim-
ulation of the myocyte and chemotactic stimulation of the neu-
trophil (9). Protein synthesis by the myocytes was necessary
and neutrophil adhesion was inhibited by the anti-CD 1 8
monoclonal antibody (MAb) Rl 5.7. In a recent paper, Smith
et al. (10) demonstrated that cytokines stimulate expression of
intercellular adhesion molecule-l (ICAM-l)' in the myocyte
and that adherence is blocked by the anti-ICAM-l MAb
CL18/6. Such adherence, if it occurs in ischemic and reper-
fused tissue, may be of pathologic significance because it would
provide a close proximity for effective myocyte damage by neu-
trophil secretory products of limited half-life (e.g., oxygen radi-
cals), and it may augment the H202 production by chemotacti-
cally stimulated neutrophils (9, 11, 12). By using a model that
allows sampling of cardiac specific lymph from awake unanes-
thetized animals during reperfusion after coronary occlusion,
we have demonstrated in postischemic cardiac lymph Clq
binding proteins of cardiac origin that initiate the classical
complement pathway (13, 14), the presence of chemotactic ac-
tivity, and activated neutrophils ( 15). If neutrophil adherence
to cardiac myocytes occurs in vivo, we postulated that postisch-
emic cardiac lymph would not only contain the ability to acti-
vate neutrophils, but would be capable of inducing adhesive-
ness in the myocyte. The present study describes the induction
of CD18- and ICAM- 1-dependent neutrophil-myocyte adher-
ence by postischemic cardiac lymph. In addition, we provide
evidence that the principle cytokine found in postischemic
lymph responsible for stimulating the myocyte is interleukin
6 (IL-6).

Methods
Ischemic protocol. Healthy mongrel dogs (15-25 kg) of either sex were
used in this study as previously described (9, 13-15). Each animal was

1. Abbreviations used in this paper: CJVEC, canine jugular vein endo-
thelial cells; ICAM- 1, intercellularadhesion molecule- 1; PCR, polymer-
ase chain reaction; TNFa, tumor necrosis factor-a; ZAS, zymosan-ac-
tivated serum.
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anesthetized with sodium pentobarbital (30 mg/kg), intubated, and
ventilated with room air by a respirator (Harvard Apparatus Co., Inc.,
S. Natick, MA). A midline thoracotomy provided access to the heart
and mediastinum. Using techniques previously described, cannulation
of the cardiac lymph duct was then performed (15). Briefly, injection of
0.05-0.2 ml of 0.5% Evans blue subepicardially into the posterolateral
wall of the left ventricle allowed lymphatic vessel definition. The largest
vessel was selected and cannulated (PE 10-90) at a site proximal to the
cardiac lymph node and 2-5 cm from the base of the heart. Accessory
noncardiac lymphatic vessels and tracheobronchial lymphatic connec-
tions in this region were ligated. Subsequently, a hydraulically acti-
vated occluding device and a Doppler flow probe designed and fabri-
cated by our laboratory (15) were secured around the circumflex coro-
nary artery just proximal or just distal to the first distal branch. Choice
of location depended on the proximity and anatomical arrangement of
lymphatic vessels adjacent to the coronary vessels so that subsequent
dissection would not damage the lymphatic system. To prevent dam-
age of lymphatic vessels in close proximity to the coronary vasculature,
dissection of adipose tissue adjacent to the coronary vessel at two se-
quential 3-4-mm sections was carefully performed with subsequent
placement of the occluding device and flow probe. In animals selected
for experimental assessments of cardiac lymph, intact lymphatic ves-
sels draining the regions of ischemic myocardium were identified by
injecting Evans blue (0.05 ml) into the free wall of the left ventricle after
the occluder and flow probe were in place. The appearance of Evans
blue in the cardiac lymph cannula confirmed the patency of the lymph
vessel architecture. Cannulas were also placed in the right and left atria
to allow for blood sampling as needed.

The animal was allowed to recover for at least 72 h before occlu-
sion. The protocol used in these studies involved a 1-h occlusion of the
left circumflex coronary artery followed by reperfusion for up to 72 h.
During occlusion and reperfusion, ischemia was verified by the
Doppler probe and characteristic electrocardiograph changes detected
with standard limb lead electrodes. Blood flow in the circumflex was
continuously monitored with flow probes to assure occlusion and re-
perfusion. Lymph samples (I ml) were collected from the cannula tub-
ing in tubes containing 10 U of heparin. The samples were spun in a
table-top centrifuge at 13,000 g for 5 min. The supernatant was taken,
aliquoted, frozen in liquid nitrogen, and stored at -70'C until use.
Once thawed, lymph samples were used immediately and never refro-
zen or stored thawed.

Isolation of cardiac myocytes. Previously described procedures
were used (9). Briefly, 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. The adapter was then con-
nected to a peristaltic pump and retrograde perfusion was initiated at
50-60 ml/min using medium A (Joklik modified minimum essential
medium [Sigma Chemical Co., St. Louis, MO], containing 2 g/liter
sodium bicarbonate, 0.1% fatty acid-free bovine serum albumin and
equilibrated with 95% 0J5% CO2 before perfusion); perfusion was
maintained several minutes until all left ventricle vessels were cleared
of blood. The perfusate was then changed to medium B (medium A
containing 120 U/ml collagenase type III [Worthington Biochemical
Corp., Freehold, NJ]) and perfusion continued for 10 min. At this
point the heart was removed from the cannulas and 10 g of left ventri-
cle were trimmed of connective tissue then minced and placed in an
Erlenmeyer flask containing 50 ml medium B. The flask was equili-
brated with 95% 0J5% CO2gas, sealed, and placed in a shaker bath at
90-100 cycles/min at 35°C. After 20 min the supernatant was filtered
through one layer of cheesecloth and another 50 ml of medium B
added and the procedure repeated five to six times. These cells were
allowed to settle at room temperature for - 5 min and the overlying
solution was removed. The cell pellet was then suspended in medium A
and the cells allowed to settle. This wash was then repeated and viabil-
ity was measured using trypan blue dye exclusion. Preparations with a
viability of > 80% were used in incubation experiments with neutro-
phils. Cells were then placed on ice and used within 1-2 d. Viability and

adhesion following stimulation were not appreciably altered over this
period.

Neutrophil isolation. Canine neutrophils were isolated from citrate
anticoagulated venous blood using techniques previously described for
the isolation of human neutrophils (16). This yielded a preparation of
cells > 95% neutrophils with > 99% viability. These cells were sus-
pended in Dulbecco's phosphate-buffered balanced salt solution (PBS)
and stored at 4VC for up to 4 h.

MAbs. The anti-CD18 MAbR15.7 (IgGl) (9) was supplied by Dr.
Robert Rothlein (Boehringer Ingleheim Pharmaceuticals, Inc., Ridge-
field, CT). The anti-canine ICAM-I MAbsCL18/6 (IgGl) and CL16/
1D8 (IgGl) were prepared as described elsewhere (10) and used as in
the present study as a F(ab')2 fragments. A binding control antibody,
SGI OG8(IgG 1) recognizing an undefined epitope on the canine neutro-
phil, was prepared and used as previously described (10). This MAb
binds to canine neutrophils at about the same level as R15.7, and has
not been found to inhibit adhesion of canine neutrophils under any
conditions tested. A second binding control for neutrophils was used,
MAbLM2/1 (IgGl) (17). Wehave previously shown that this MAb
binds to canine neutrophils but fails to block any adhesive functions
tested ( 12).

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 (18) as previously described (10). Jugular
veins were everted on glass rods and incubated in collagenase solution
(Worthington Biochemical Corp., type III, 50 U/ml) for 10 min. Cells
were collected by centrifugation and suspended in Dulbecco's modified
Eagle's medium (DME) containing 4% fetal calf serum, 4%bovine calf
serum, 50 ig/ml endothelial cell growth factor (ECGF, Collaborative
Research, Inc., Waltham, MA), 50 ,g/ml heparin, 1 mMsodium pyru-
vate, and antibiotics. Cells were seeded in Primaria flasks (Becton,
Dickinson & Co., Lincoln Park, NJ). After 2-4 d of incubation at 37°C
in a CO2incubator, areas of cells with "cobble-stone" morphology were
collected by scraping, transferred to gelatin-coated flasks and grown to
confluence. Second-passage cells were obtained by scraping, seeded
onto type I collagen-coated (5 yg/ml) 25-mm round cover glasses, and
grown to confluence. Only preparations of cells where representative
uniform monolayers exhibited acetylated-low density lipoprotein (Di-
lac-LDL, Biomedical Technologies, Inc., Stoughton, MA) uptake and
endothelial ("cobble-stone") morphology were used in adhesion as-
says. Coverslips with attached CJVECmonolayers were inserted into
adhesion chambers, and adherence of isolated canine neutrophils was
determined in the absence of shear stress using a visual assay as previ-
ously described (10, 16, 18, 19). In experiments using inhibitory MAbs,
neutrophils were incubated with MAbat room temperature for 5 min
before cell suspensions containing the MAbwere injected into the ad-
herence chambers.

Canine neutrophil-myocyte adherence. Isolated canine myocytes
were suspended in medium A at a concentration of 50,000/ml as previ-
ously described (9). Neutrophils and myocytes were coincubated in a
volume of 0.4 ml at a neutrophil/myocyte ratio of 10:1, for 60 min at
37°C. The cells were resuspended and small aliquots transferred to a
microscope slide for examination under phase contrast or differential
interference contrast optics. For each preparation, the number of neu-

trophils adherent to each of 200 myocytes was counted. Samples were
coded so that data collection was performed without knowledge of the
specific experimental conditions. Myocytes were incubated in the pres-
ence or absence of cytokines including human recombinant IL- 1
(Genzyme Corp., Boston, MA), human recombinant IL-6 (Genzyme
Corp.), human recombinant tumor necrosis factor-a (TNFa)
(Boehringer-Ingelheim Pharmaceuticals, Inc.), or cardiac lymph, for
various times at 37°C before addition of the neutrophils. Polyclonal
neutralizing antibodies to IL-6 were obtained from Genzyme Corp. In
experiments with stimulated neutrophils, zymosan-activated serum
(ZAS, prepared as previously described (15) was added immediately
before the neutrophil suspension was mixed with the suspension of
myocytes. In some studies, the R15.7 MAb, previously shown in the
canine system to be inhibitory for CD18, was added to the neutrophil-
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myocyte suspension (final concentration of 10 ,g/ml) and was present
throughout the incubation period.

Evaluation of the effects of protein synthesis inhibitors on the cyto-
kine-induced myocyte-neutrophil adhesion was carried out in the fol-
lowing way. Myocytes were incubated for 3 h at 370C in the presence of
recombinant (r) IL-6 (2 U/ml) with or without actinomycin D (5 ug/
ml) or cycloheximide (5 Mg/ml) (both from Sigma Chemical Co.). Ad-
hesion was assessed as described above.

Northern blot analysis of canine ICAM-1 mRNA. A partial canine
ICAM-I cDNAwas prepared by homology cloning as previously de-
scribed in detail (10). Briefly, degenerate oligonucleotide primer mix-
tures were selected to correspond to highly conserved sequences of
murine and human ICAM-l cDNAwithin Ig domains 2 and 5. Using
these primer mixtures, canine spleen cDNAwas amplified using the
polymerase chain reaction (PCR) (20). PCRreactions were analyzed
on 1% agarose gels followed by Southern blotting (21) and hybridized
with labeled human or murine cDNAprobes for ICAM-1 (22). Aprod-
uct of 740 bp was observed by ethidium staining and in hybridization
protocols. The canine PCRproduct was cloned into MI3mpl8 (23)
and sequenced using the dideoxy chain termination method (24). Se-
quence analyses revealed nucleotide identity of 53.8% between canine
and human and 61.2% between canine and murine. The nucleotide
sequence of this partial cDNAis available in Genbank (accession num-
ber M68524).

RNAwas isolated from CJVECor canine myocytes using the acid-
guanidinium-phenol chloroform procedure (25). RNA(10-20 Mg) was
electrophoresed on 1% agarose gels containing 1% formaldehyde and
then transferred to a nitran membrane (Gene Screen Plus, New En-
gland Nuclear, Boston, MA) by standard procedures (21). The mem-
branes were hybridized in 50% formamide, 10% dextran sulfate, 1%
SDS, 96 mMNaCl, 0.15 mg/ml salmon sperm DNA, and 4 X 1O6 cpm
of random hexamer-labeled canine probe. Filters were washed with 2X
SSCat 21 'C for 5 min twice and with 2X SSCwith 1%SDSat 650C for
30 min twice and were then exposed to XLRfilm (Eastman Kodak Co.,
Rochester, NY).

Data presentation. Results are presented as mean numbers of neu-
trophils bound per myocyte±standard error, each experiment was re-
peated at least five times. Statistical assessments were made using Stu-
dent's t test or analysis of variance and Dunnett's t test.

Results

Postischemic cardiac lymph stimulates adhesiveness of cardiac
myocyte for canine neutrophils. Cardiac lymph samples taken
before occlusion of the coronary artery had no significant effect
on neutrophil-myocyte adherence (Fig. 1). However, signifi-
cant increases in neutrophil-myocyte adherence were observed
when myocytes were incubated with lymph collected during
the first hour of reperfusion. Significant stimulatory activity
peaked at 90 min of reperfusion and persisted up to 72 h (Fig.
2). The monoclonal antibody R15.7 (anti-CD18) completely
inhibited the neutrophil adherence induced at the peak stimula-
tory times (Fig. 2) and at later times tested throughout the 24-h
reperfusion period (data not shown). The binding control anti-
body LM2/1 did not inhibit adhesion (data not shown). Addi-
tion of actinomycin D (5 ;&g/ml) or cycloheximide (5 isg/ml)
inhibited by > 85% the adherence induced by the 90-min re-
perfusion lymph samples (Fig. 2, bottom).

Postischemic cardiac lymph was also evaluated for its abil-
ity to enhance the adhesiveness of CJVECmonolayers for neu-
trophils (Fig. 3). After a 3-h incubation of endothelial mono-
layers with a 1:7 dilution of the lymph, the adhesion of un-
stimulated neutrophils was significantly enhanced. This effect
was most evident when lymph collected 60-90 min after of
reperfusion was used, and stimulatory activity could be de-
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Figure 1. Adherence of neutrophils to cardiac myocytes preincubated
in cardiac lymph. Isolated canine cardiac myocytes were incubated
at 371C in PBS or in various dilutions of cardiac lymph for 3 h.
Neutrophils (10:1 ratio with myocytes) and ZAS (1%) were added
during the fourth hour of incubation, and then aliquots were visually
evaluated for the level of neutrophil-myocyte adhesion. Lymph dilu-
tions in PBS: 1:1 (o); 1:2 (n); 1:4 (in); 1:8 (in). Cells were incubated in
PBSalone (Buffer), dilutions of cardiac lymph collected prior to oc-
clusion of the coronary artery (Pre-Lymph), or in dilutions of cardiac
lymph collected 90 min after coronary reperfusion was begun (Post-
Lymph). The ischemic period was I hour before reperfusion.

tected for up to 24 h. As was also observed with myocytes, this
increased adhesion was almost totally inhibited by the anti-
CD18MAbR15.7 and by the anti-ICAM-l MAb, CL18/6, but
was not inhibited (data not shown) by MAbs SGIOG8 or
CL18/1D8 (an anti-ICAM-l antibody previously shown to
bind to a nonfunctional epitope on canine ICAM-l [10]).

In the previous experiments, incubations proceeded for 3 h
after which neutrophil adherence to myocytes was assessed
during the fourth hour. In an attempt to evaluate the time
dependence ofthis process, myocytes were incubated with post-
ischemic cardiac lymph (90-min sample) for various lengths of
time after which the cells were washed and then incubated in
PBS alone (as shown in Fig. 4). A time-dependent increase in
neutrophil-myocyte adherence was seen for up to 8 h. After 8 h
(data not shown), the results became unreliable because of a
decreased viability of myocytes incubated forthisinterval. Neu-
trophil adherence after continuous exposure of myocytes to the
lymph sample for 4 h was not greater than that seen for washed
myocytes incubated for 4 h after a 30-min exposure to lymph.
Thus, a relatively short exposure of myocytes to extracellular
fluid collected from ischemic myocardium results in a delayed
and progressive increase in their potential to bind neutrophils.

The ability ofpostischemic cardiac lymph to stimulate myo-,
cyte adhesiveness is inhibited by anti-IL-6. An initial hypothe-
sis was that cytokines found in postischemic cardiac lymph are
responsible for the induction of neutrophil adhesion molecules
on the cardiac myocytes in that we have found previously that
rIL-l I, for example, is capable of inducing increased adhesive-
ness for neutrophils (9) and the expression of ICAM-1 on the
myocyte (10). The effect of rIL-l I is confirmed by data in Fig.
5. Incubation of cardiac myocytes with human rIL-I# en-
hanced adhesion for neutrophils in a dose-dependent manner.
However, a 1:10 dilution of preischemic cardiac lymph, which
does not stimulate myocytes, inhibited the effects of rIL-lI
over this entire concentration range. Thus it appears unlikely
that IL-l is responsible for stimulation of myocyte adherence
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Figure 2. Stimulation of neutrophil-cardiac myocyte adherence by
lymph from ischemic and reperfused myocardium. Isolated canine
cardiac myocytes were incubated at 370C in PBS or in various dilu-
tions of cardiac lymph for 3 h. Neutrophils (10:1 ratio with myocytes)
and ZAS (1%) were added during the fourth hour of incubation, and
then aliquots were visually evaluated for the level of neutrophil-myo-
cyte adhesion. Top: Lymph dilutions in PBS: 1:7 (i); 1:10 (.); 1:20
(*). Cells were incubated in PBS alone (Con, n), dilutions of cardiac
lymph collected before occlusion of the coronary artery (Pre), dilu-
tions of cardiac lymph collected during the 1-h period of occlusion
(Occ), or dilutions of cardiac lymph collected at the indicated times
after coronary reperfusion was begun. The level of adhesion after ad-
dition of anti-CDl 8 MAbRl 5.7 (1 lOg/ml) to cells incubated with
a 45-min reperfusion lymph sample and ZAS as described above is
also shown (A). Bottom: Lymph collected at 45 min of reperfusion
was used to assess the need for protein synthesis in the up-regulation
of myocyte adhesiveness. Myocytes were exposed to this lymph as

described above in the presence of 5 ulg/ml of the indicated protein
synthesis inhibitors. The resulting levels of adhesion of ZAS-stimu-
lated neutrophils were significantly (P < 0.01, n = 3) reduced com-

pared with adherence in the absence of these inhibitors.

in vivo. These data suggest the presence of an inhibitor of IL- I
action (e.g., an IL- 1 receptor antagonist [26-28]) in cardiac
lymph.

As a result of surveying different cytokines for the ability to
stimulate the adhesiveness of cardiac myocytes, we found that
recombinant human IL-6 was active. As shown in Fig. 6, myo-
cytes responded to concentrations of rIL-6 as low as 0.001 U/
ml; CJVECshowed no response upon incubation with a wide
range of concentrations of rIL-6 (0.03-30 U/ml) (data not
shown). This effect of human recombinant IL-6 on dog myo-
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Figure 3. Effect of postischemic cardiac lymph on canine neutro-
phil-endothelial cell adhesion. Monolayers of CJVECwere exposed
to a 1:7 dilution of cardiac lymph for 3 h at 370C, washed, and then
placed in adhesion chambers. The adhesiveness for unstimulated iso-
lated canine neutrophils was evaluated visually after a 500-s contact
time and a 500-s detachment time at unit gravity. CJVECwere incu-
bated in culture media only (control), 1:7 dilution of lymph collected
before ischemia (Pre), or 1:7 dilutions of lymph collected 1.5, 24, or

72 h after the onset of reperfusion. The effects of anti-CD 1 8 MAb
R15.7 (1 0 g/ml) or anti-ICAM-I MAbCL18/6 on adhesion stimu-
lated by the dilution of the 1.5-h lymph sample is also shown.

cytes was inhibited by a polyclonal neutralizing antibody in a

concentration-dependent manner (Fig. 7). As shown in Fig. 8,
anti-IL-6 did not inhibit stimulation of adherence by optimal
concentrations of other cytokines including rIL- 1O and
rTNFa. The antibody to human IL-6 also inhibited the ability
of cardiac lymph to enhance myocyte-neutrophil adherence
(Fig. 9), but did not inhibit the increased adherence induced in
CJVEC(data not shown). If one assumes that this antibody is
as capable of blocking the effect of canine IL-6 in cardiac
lymph as it is in blocking the effects of human recombinant
IL-6 (as shown in Fig. 7), it can be estimated that IL-6 concen-

trations within the cardiac lymph after 90 min of reperfusion
range from 0.035 to 0.14 U/ml.

C

0 5
m

7 4-

0.

:3 3

0

W0

0

Pre-Lymph Post-Lymph Buffer

Figure 4. Stimulation of neutrophil-cardiac myocyte adherence by
lymph from ischemic and reperfused myocardium. Isolated myocytes
were exposed to preischemic lymph, postischemic lymph or buffer
in a dilution of 1:7 for 30 min at 370C and washed. Cells were resus-

pended in PBS and the incubation was continued for up to 8 h as

shown (u, 3 h; -, 4 h; a, 5 h; m, 6 h; u, 7 h; ., 8 h). Neutrophils and
ZAS (1%) were added in the final hour of incubation. The open bar
with asterisk denotes adherence to myocytes which were incubated
with cardiac lymph for 4 h with no washing.
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Figure 5. Stimulation of neutrophil-myocyte adhesion by rIL- l#, ef-
fects of cardiac lymph. Isolated cardiac myocytes were incubated with
varying concentrations of rIL-1I# for 3 h at 370C in the presence (v)
or absence (i) of a 1:10 dilution of preischemic canine cardiac lymph.
Neutrophils and ZAS (1%) were added during the fourth hour, and
adhesion was determined visually. The effect of adding anti-CD18
MAbR15.7 (10 Ag/ml) are also shown.

The adherence receptor on cardiac myocytes induced by
rIL-6 and cardiac lymph is ICAM-1. The finding that adhesion
of neutrophils to stimulated myocytes is CD18 dependent sug-
gested the possibility that IL-6 and reperfusion lymph induce
the expression of ICAM- 1, a known counter-receptor for CD18
heterodimers (16, 29). Wehave previously reported that canine
myocytes demonstrate high levels of CDl 8-dependent adher-
ence to chemotactically activated neutrophils when preincu-
bated with rIL-lI3, rTNFa, or endotoxin (9, 10). More recently
we have demonstrated that this adherence is associated with
increased levels of canine ICAM-1 mRNAand surface ICAM-
1 expression invoked by these stimuli (10). As shown in Fig. 10,
rIL-6 and cardiac lymph also induced increased levels of
ICAM-l mRNAin isolated cardiac myocytes. Anti-IL-6 par-
tially, but not totally, reduced the level of ICAM- 1 mRNA
elicited by reperfusion lymph (Fig. 10, right). In addition, the
anti-canine ICAM-l MAbCL18/6 almost completely inhib-
ited neutrophil adhesion to myocytes induced by incubation in
rIL-6, reperfusion lymph, or rIL- 1 (Fig. 1 1).
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Figure 6. Stimulation of neutrophil-myocyte adhesion by rIL-6. Iso-
lated cardiac myocytes were incubated with varying concentrations
of rIL-6 for 3 h at 370C. Neutrophils and ZAS (I%) were added during
the fourth hour, and adhesion was determined visually.
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Figure 7. Effect of neutralizing antibody to human rIL-6 on neutro-
phil-myocyte adherence induced by rIL6. Isolated canine cardiac
myocytes were preincubated at 370C for 3 h with rIL-6 (0.020 U/ml)
and varying concentrations of anti-IL,6 polyclonal antibodies as
shown. Neutrophils and ZAS (1%) were added during the fourth hour,
and adhesion was determined visually.

Discussion

There is strong clinical evidence that reperfusion by thrombo-
lytic therapy is effective in salvaging ischemic myocardium for
as long as 6 h after the onset of ischemia in humans. However,
processes other than the ischemic insult may influence the de-
gree of myocardial cell damage resulting from coronary occlu-
sion. Considerable evidence has pointed to the role of an in-
flammatory reaction induced by the ischemic event which may
be enhanced by reperfusion and extend the tissue injury (2-4,
30-35). The primary evidence for a pathologenic role ofinflam-
mation comes from studies where neutrophils have been de-
pleted utilizing anti-neutrophil antibodies (2, 3) or cell filters
(36), or where neutrophil function is inhibited by drugs (37-39)
or MAbs (40, 41). Such experiments have shown significant
reductions in infarct size following ischemia and reperfusion.
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Figure 8. Specificity of anti-IL-6 antibodies. Isolated cardiac myo-
cytes were incubated at 370C for 3 h with PMA, rTNFa, rIL-l1, or
rIL-6 at concentrations which induced maximum adhesiveness for
canine neutrophils both with (m) and without (i) anti-IL-6 antibodies
(0.004 U/ml). Neutrophils and ZAS (1%) were added during the
fourth hour and adhesion was determined visually.
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Figure 9. The effect of IL-6 neutralizing antibody on neutrophil-
myocyte adherence induced by postischemic cardiac lymph. Dilutions
(1:7) of the 90-min reperfusion sample of cardiac lymph from four
experimental animals (each indicated by a different symbol) were in-
cubated with rIL-6 neutralizing antibody at the concentrations indi-
cated and isolated canine cardiac myocytes for 3-h at 370C. During
the fourth hour neutrophils and ZAS (1%) were added, and adhesion
was determined visually.
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Figure 11. The dependence of neutrophil-myocyte adherence on
ICAM-l. Isolated myocytes were incubated with rIL-l3 (2 U/ml),
rIL-6 (0.01 U/ml), or postischemic cardiac lymph (1:7) for 3 h at
370C, and then mixed with neutrophils and ZAS (10%) for an addi-
tional hour at 370C. Adherence was determined visually and results
are indicated by the hatched bars. The effects of anti-ICAM-l MAb
CL18/6 (10 Ag/ml) are shown in the open bars, and the effects of
anti-CD18 MAbR15.7 (20 ,g/ml) are shown in the solid bars.

Recent evidence indicates that even short periods of ischemia
ranging from 15 to 90 min may induce inflammatory dam-
age (42).

While many studies indicate a role for inflammation in
myocardial damage following ischemia, the mechanisms of in-
duction of this inflammation are not well understood. The
work of Hill and Ward (43) and Pinckard and co-workers (44)
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Figure 10. Effect of rIL-6 or postischemic cardiac lymph on canine
ICAM- I mRNAin cardiac myocytes. Isolated myocytes were prein-
cubated with human rIL-6 (0.01 U/ml) or postischemic cardiac
lymph (1:2 dilution in PBS) for 3 h at 370C after which total cell RNA
was isolated as described in methods. Northern blots of myocyte RNA
(20 fig) were probed with 32P-labeled canine ICAM-l cDNA. As
shown, a single 3.0-kb hybridizing band is present in both rIL-6 (left)
and postischemic lymph (right) stimulated preparations; ICAM-l
mRNAis not evident in myocytes incubated in PBS (left) or in preis-
chemic cardiac lymph (right, control), and relatively diminished levels
of ICAM-1 mRNAare observed when myocytes are incubated in
post-ischemic lymph with anti-IL-6 antibody (0.1 neutralizing U/ml).

suggested that complement-derived factors might be important
in the inflammatory reaction. Wehave demonstrated a co-lo-
calization of Clq and neutrophils in ischemic myocardial seg-
ments after periods of ischemia as short as 45 min (42), and the
appearance in cardiac lymph during reperfusion of C lq bind-
ing proteins capable of activating the classical complement
pathway (13, 14). In addition, postischemic cardiac lymph is
capable of inducing shape change, increased surface expression
of CDl lb/CD 18, increased intercellular adherence, and che-
motaxis of exogenous neutrophils (15). Neutrophils found
within the cardiac lymph have also been shown to express in-
creased surface levels of CDl lb/CD 18 (15). These data are
consistent with the hypothesis that macromolecules of myocar-
dial origin that appear in postischemic cardiac lymph and initi-
ate the classical complement pathway are responsible for the
neutrophil stimulating activity demonstrated in the cardiac
lymph (13, 14). In fact, Dreyer et al. (45) have recently shown
that anti-C5a antibodies will inhibit most of this stimulatory
activity.

The results in the present report demonstrate that postisch-
emic cardiac lymph can also stimulate the cardiac myocytes in
vitro to become adhesive for neutrophils, thus indicating that
the extracellular fluid in the ischemic and reperfused myocar-
dium contains the factors needed to activate not only the adhe-
sive mechanisms of neutrophils as indicated above, but those
of cardiac myocytes. Thus, the conditions needed for neutro-
phil adhesion to myocytes may also exist in the reperfused
tissue. The pathogenic consequences of such adhesion are not
yet known, but several observations in vitro and in vivo suggest
that it may promote neutrophil-mediated damage to the myo-
cyte. From studies in vitro there is evidence that adhesion to
myocytes greatly augments hydrogen peroxide production by
chemotactically stimulated neutrophils (9), and studies in vivo
demonstrate that anti-CD 1 lb MAb904 reduces the area of
infarction in a canine model of ischemia and reperfusion (40,
41). This MAb is particularly active in inhibiting the adher-
ence-dependent production of hydrogen peroxide by canine
neutrophils (12). One of the most commonly invoked mecha-

Ischemia-induced Neutrophil Adhesion to Cardiac Myocytes 607

c-o
C0

s

0
z0
0

c
0
0

5

4

3a
A

A

1 f

0oi

Aam

c

28S

18S

4

I



nisms of inflammatory damage directly to a myocardial cell
involves the production of oxygen free radicals by the neutro-
phils inducing cell injury (46). In order for such a direct mecha-
nism to occur, it would be necessary for a neutrophil to adhere
to or very closely approach a cardiac myocyte. The short half-
life and high reactivity of these radicals virtually preclude diffu-
sion across a significant distance in extracellular fluid.

Wehypothesize that myocardial ischemia must involve a
mechanism by which cytokines stimulate the adherence proper-
ties of endothelial cells and cardiac myocytes, a complex and
dynamic process which presumably promotes transendothelial
migration by neutrophils and elicits their cytotoxic activities in
extravascular tissues. Our experimental approach has exploited
the opportunity to use cardiac lymph as a monitor of extracel-
lular macromolecules within the myocardium and to assess the
capacity of postischemic cardiac lymph to induce ICAM- 1 in
these cell types. Our results clearly indicate the early appear-
ance in ischemic lymph of IL-6 and probably other cytokines.
A brief (30 min) exposure of cardiac myocytes to these cyto-
kines has prolonged effects on the cell's adhesiveness for neutro-
phils, and these cytokines persist in cardiac lymph for up to 72
h after the initial ischemic event. In contrast to the characteris-
tics of chemotactic factors demonstrated in cardiac lymph col-
lected under identical experimental conditions (15), the pres-
ent studies show that cytokine activity is demonstrable in
higher dilutions of cardiac lymph and that it persists for much
longer time intervals.

Studies described in the current manuscript suggest that
induction of ICAM- 1 on cardiac myocytes is mediated primar-
ily by IL-6. However, the stimulation of endothelial ICAM-l
by postischemic cardiac lymph does not appear to involve IL-6
since rIL-6 does not directly stimulate these cells, and anti-IL-
6 did not inhibit the effects of postischemic lymph. Thus, other
cytokines may be important in the induction of inflammation
in situ. ICAM-l is constitutively expressed on endothelial cells
(47, 48) but not on cardiac myocytes. Thus, the importance
and extent of up-regulation of endothelial ICAM- 1 in response
to ischemic injury is not known, and the levels of endothelial
ICAM-l required for neutrophil adhesion and sequestration in
vivo may be relatively low. In our current study, the induction
of ICAM-l by cardiac lymph on CJVECwas relatively weak
compared to that for myocytes, and the stimulatory activity
was detected for a shorter time after reperfusion was begun.

An important role for IL-6 has been previously implicated
in a variety of other cellular responses such as the mediation of
the acute phase reaction in hepatocytes (49, 50) and the modu-
lation of immunologic responses dependent on lymphocytes
(51) functions. This report represents the first demonstration
that IL-6 may induce intercellular adherence molecules on mes-
enchymal cells and thereby influence neutrophil functions. IL-
6 is secreted by endothelial cells and by activated monocytes or
phagocytes (52) which are potential sources of the IL-6 found
in the cardiac lymph. A unifying hypothesis might suggest that
complement activation of monocytes and tissue macrophages
elicits their secretion of IL-6 which, in turn, induces myocyte
ICAM-1. Coupled with our recent studies suggesting an obli-
gate role for ICAM-l in neutrophil-mediated myocyte injury
(53), one might speculate that IL-6 induced ICAM-l expres-
sion makes the myocardium vulnerable to inflammatory in-
jury for a considerable time after reperfusion has occurred.
Although future studies will investigate these possible mecha-
nisms, it is interesting to note that the earliest laboratory tests

utilized to clinically evaluate acute myocardial infarction as-
sessed products of the acute hepatic phase reaction (sedimenta-
tion rate, C-reactive protein) that are now known to be induced
by IL-6 (49).
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