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Abstract

The adhesiveness of isolated canine cardiac myocytes for neu-
trophils is greatly increased by stimulation with cytokines such
as tumor necrosis factor a (TNFa). Since this adhesion is signif-
icantly inhibited by an anti-CD18 MAb, experiments were per-
formed to test the hypothesis that the newly expressed adhe-
sion molecule on the cardiac myocytes was intercellular adhe-
sion molecule-1 (ICAM-1). A newly developed MAb, CL18/6,
was found to exhibit the functional and binding characteristics
with canine neutrophils and canine jugular vein endothelial
cells expected of an antibody recognizing ICAM-1. MAb
CL18/6 also bound to isolated cardiac myocytes after stimula-
tion of the myocytes with cytokines, and it blocked by > 90%
the adhesion of neutrophils to stimulated myocytes. A partial
cDNA clone for canine ICAM-1 was isolated, and ICAM-1
mRNA was found to be increased in both endothelial cells and
cardiac myocytes after cytokine stimulation. Cytokines that
both increased the CL18/6-inhibitable adhesion of neutrophils
to myocytes and induced expression of ICAM-1 were IL-15,
TNFa, and LPS. These results are consistent with the conclu-
sion that canine endothelial cells and cardiac myocytes express
ICAM-1 in response to cytokine stimulation, and that ICAM-1
functions as an adhesive molecule for neutrophils on both cell
types. (J. Clin. Invest. 1991. 88:1216-1223.) Key words: neu-
trophil « myocyte » ICAM-1 ¢ adhesion cytokines

introduction

When ischemic myocardial tissue is reperfused with normally
oxygenated blood, an inflammatory process rapidly ensues (1).
Neutrophils accumulate in the tissue (2-5), and chemotactic
activity appears in the lymph draining the previously ischemic
myocardium (6). Experimental manipulations of animal mod-
els designed to remove neutrophils from the circulation (2,
7-10) or to inhibit their functions (1) have provided measur-
able reductions in the extent of myocardial damage after isch-
emia and reperfusion. Intercellular adherence appears to be
necessary for leukocyte accumulation at sites of inflammation
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(11). That this is true for neutrophils accumulating in the isch-
emic and reperfused myocardium is supported by recent stud-
ies using anti-CD18 MAbs. An anti-CD18 MADb (R3.3) re-
duced infarct size after 5 h of reperfusion in an ischemia/reper-
fusion model in rabbits (12). Another anti-CD18 MAD, 60.3,
applied to radiolabeled rabbit neutrophils in vitro reduced their
accumulation in rabbit heart following a 3-h reperfusion period
(13). Studies in canine models of cardiac ischemia/reperfusion
have revealed that anti-CD11b MAb 904 significantly dimin-
ished infarct size (14-16), and anti-CD18 MAbs MHM23 (17),
IB4 (18), and R15.7 (19) are each capable of reducing neutro-
phil accumulation. Numerous studies have shown that neutro-
phil adhesion to endothelial cells is partially CD18-dependent
(20-31). :

In an effort to evaluate the possible roles of intercellular
adhesion in myocardial inflammation, we have used canine
cells in vitro to examine the adherence of neutrophils to endo-
thelial cell monolayers and isolated cardiac myocytes. We
found that canine neutrophils have little ability to adhere to
either endothelial or myocardial cells unless a stimulus is ap-
plied (6, 26, 32). CD18-dependent adherence of neutrophils to
endothelial cells is markedly enhanced by stimulation of either
cell type (6, 26, 32). Adherence of neutrophils to myocytes is
also significantly enhanced by stimulation of both cell types,
and this adhesion is almost entirely CD18-dependent since it is
inhibited by > 90% by anti-CD18 MAb R15.7 (32). The
current report investigates the hypothesis that intercellular ad-
hesion molecule 1 (ICAM-1)! is expressed on cardiac myocytes
after cytokine stimulation, and serves as a ligand for the CD18-
dependent adhesion of canine neutrophils. Previous studies
have shown that ICAM-1 can be expressed on a wide array of
cell types (33), and that it serves as a ligand for both CD11a/
CDI18 (LFA-1)(22, 34, 35)and CD11b/CD18 (Mac-1) (22, 36).

Methods

Isolation of canine cardiac myocytes

Healthy mongrel dogs weighing 10-15 kg were anesthetized using so-
dium pentobarbital. The heart was removed through the left lateral
chest under sterile conditions, and immediately placed in ice cold sa-
line. The aorta was then cannulated using a tubing adapter suitable for
the individual heart, and the procedure for obtaining isolated myocytes
was followed exactly as described previously (32). Preparations with a
viability of > 80% were used in incubation experiments with neutro-

1. Abbreviations used in this paper: CJVEC, canine jugular vein endo-
thelial cells; ICAM-1, intercellular adhesion molecule-1; PAF, platelet
activating factor; PCR, polymerase chain reaction; rTNFa, recombi-
nant tumor necrosis factora; TNFea, tumor necrosis factora; ZAS, zy-
mosan activated canine serum.



phils. Cells were then placed on ice and used within 1-2 d. Viability was
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 (22). This yielded a preparation of cells > 95% neutrophils
with > 99% viability. These cells were suspended in Dulbecco’s PBS
and stored at 4°C for up to 4 h.

Monoclonal antibodies

Monoclonal antibodies IgG1 (Damon Biotech, Needham Heights,
MA) and 4AS5 (IgG1, prepared as previously described) (22) without
binding specificity for canine cells served as nonbinding controls. The
anti-CD18 MAb R15.7 (IgG1) was provided by Dr. R. Rothlein
(Boehringer Ingelheim Pharmaceuticals Inc., Ridgefield, CT). Two
new MAbs, SG10G8 (IgG1) and SG2G8 (IgG1) against canine neutro-
phils were prepared using methods previously described (22). 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 controls in adhesion assays since they did not inhibit adhesion.
Anti-canine endothelial antibodies were made by immunizing BALB/
¢ mice with endothelial cells that had been stimulated with LPS (10
ng/ml) for 4 h, and subsequently preparing hybridomas as previously
described (22). Supernatants were screened for the ability to bind to the
surface of canine endothelial monolayers, and clones were selected for
subsequent study if they exhibited increased binding to 4 h LPS stimu-
lated endothelium. Two clones, CL18/1D8 (IgG1) and CL18/6 (IgG1)
were selected. In preliminary studies CL18/6 was found to inhibit neu-
trophil adhesion to LPS stimulated endothelial cells, while CL18/1D8
did not. All MADbs were used in function studies as purified IgG. An-
other clone, CL21/8C1 (IgG1), was selected as a control since binding
of this MAD to endothelial cells was not altered by LPS stimulation.

Immunoprecipitation studies

Intact canine jugular vein endothelial cells were surface labeled with
125] by lactoperoxidase or glucose oxidase, solubilized in 2% NP-40,
immunoprecipitated with CL18/6, CL18/1D8, or control MAb
SG2G8 bound to Affigel-15 beads (Bio-Rad Laboratories, Richmond,
CA), and subjected to SDS-PAGE on 5-20% gradient gels as previously
described (20).

Detection of surface bound MAbs

Indirect immunofluorescence assessments of the surface binding sites
for monoclonal antibodies were performed using saturating concentra-
tions of the monoclonal antibodies and FITC-conjugated goat anti-
mouse IgG (37). Analysis was carried out with a FACScan® (Becton
Dickinson & Co., Mountain View, CA) flow cytometer. The nonbind-
ing IgG1 MADbs served as control.

An enzyme immunoassay to detect binding of MAbs to monolayers
of endothelial cells (canine or human) was performed in 96-well micro-
titer plates as previously described (20).

Colloidal gold particles 25 nm in diameter were prepared by citrate
reduction and labeled with streptavidin (Zymed Laboratories, San
Francisco, CA). Suspensions of canine myocytes which had been fixed
for 1 h in 1% phosphate-buffered glutaraldehyde were allowed to settle
onto poly-L-lysine coated glass cover slips, then rinsed in PBS. Cover
slips were treated sequentially with 0.1 M NH,Cl, 1% NalO,, 0.1%
polyethylene-glycol 20, 1% BSA, and horse serum. They were then
incubated for 1 h at room temperature with CL18/6 (50 ug/ml), washed
in PBS, and incubated for 30 min with biotinylated horse anti-mouse
IgG (Vector Cloning Systems, San Diego, CA). After washing, strepta-
vidin-colloidal gold was applied for 30 min. Controls included omis-
sion of primary and secondary antisera. Cover slips were dehydrated in
ethanol, critical-point dried using CO,, heavily vacuum coated with
carbon, and examined by scanning electron microscopy (JOEL 100CX
Temscan). The backscattered electron differential imaging mode was
used to demonstrate sites of colloidal gold binding.

Intercellular Adhesion Molecule-1 Expression by Cardiac Myocytes

Preparation of canine ICAM-1 cDNA by homology
cloning (38)

Isolation of canine spleen RNA and first strand cDNA synthesis. An
anesthetized mongrel beagle dog was administered endotoxin (Esche-
richia coli LPS, Sigma Chemical Co., St. Louis, MO), (1 mg/kg/i.v.) for
4 h before killing and splenectomy. Splenic tissue was immediately
frozen in liquid nitrogen and homogenized, and RNA was isolated by
an acid-guanidinium-phenol chloroform procedure (39). A 30-ug ali-
quot of RNA was primed with 4 ug oligo(dT),,_,s (Pharmacia LKB
Biotechnology, Inc., Piscataway, NJ) at 55°C in a total vol of 24 ul for 3
min, and first strand cDNA was then synthesized in a final vol of 40 ul
containing the following: 36 U of avian myeloblastosis virus reverse
transcriptase (Life Sciences, St. Petersburg, FL), 1.4 U of placental
RNAsin (Promega Biotec, Madison, WI), 1 mM each dNTP, 10 mM
dithiothrietol, and 0.1 M Tris HCI (pH 7.5). The reaction was incu-
bated for 45 min at 42°C and an additional 36 U of reverse transcrip-
tase was added for an additional 45 min.

Amplification and cloning of canine cDNA for ICAM-1. Degenerate
oligonucleotide primer mixtures were selected to correspond to highly
conserved sequences of murine and human ICAM-1 cDNA (40, 41)
(see Fig. 4). These included sense and antisense primer mixtures corre-
sponding to the murine ICAM-1 cDNA sequences 575-591 (within Ig
domain 2) and 1286-1302 (within Ig domain 5), respectively. BamHI
linker sequences were added to the corresponding 5' terminus of each
primer.

Canine spleen cDNA was amplified using the polymerase chain
reaction (PCR) (42) with the primer mixtures indicated above. PCR
was performed in a total vol of 50 ul containing the following: 10 mM
Tris-HCI (pH 8.3), 2 mM MgCl,, 50 mM KCl, 0.01% gelatin, 0.4 mM
each dNTP, 20 uM each primer mixture, 20-40 ng canine cDNA, and
1 U of Amplitaq® polymerase (Perkin-Elmer Cetus, Norwalk, CT).
Amplification was performed for 30 cycles with denaturation for 1 min
at 94°C, annealing for 2 min at 48°C, and extension for 4 min at 72°C.

Aliquots of PCR reactions were analyzed on 1% agarose gels fol-
lowed by Southern blotting using nitrocellulose membranes (43) and
hybridization with human or murine cDNA probes for ICAM-1 la-
beled by the random hexamer method (44). A product of 740 bp was
observed by ethidium staining and by hybridization for both the canine
and murine PCR products. The canine PCR product was digested with
BamH]1 and cloned into M13mp18 (45). Single stranded DNA tem-
plate was sequenced using the dideoxy chain termination method (U.S.
Biochemical Corp., Cleveland, OH) (46).

Northern blot analysis

RNA was isolated from cultured canine jugular vein endothelial cells
(CIVEC) or canine myocytes using the acid-guanidinium-phenol chlo-
roform procedure (39). RNA (10-20 ug) was electrophoresed on 1%
agarose gel containing 1% formaldehyde and then transferred to a ny-
tran membrane (Gene Screen Plus; New England Nuclear, Boston,
MA) by standard procedures (43). The membranes were hybridized in
50% formamide, 10% dextran sulfate, 1% SDS, 96 mM NaCl, 0.15
mg/ml salmon sperm DNA, and 4 X 10° cpm of random hexamer
labeled canine probe. Filters were washed with 2X SSC at 21°C for 5
min twice and with 2X SSC with 1% SDS at 65°C for 30 min twice and
were then exposed to Kodak XLR film.

Canine neutrophil adherence to canine endothelial
monolayers

CJVEC were obtained by a modification of the method of Ford (47) as
previously described (32). Cover slips with attached endothelial mono-
layers were inserted in adhesion chambers, and adherence of isolated
canine neutrophils was determined in the absence of shear stress using
a visual assay as previously described (20, 22). In experiments with
stimulated endothelial cells, monolayers were exposed to cytokines for
3 h at 37°C, then rinsed by dipping the cover slip five times in two
changes of PBS before being inserted into the adherence chambers. In
experiments with monoclonal antibodies, neutrophils were exposed to
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Figure 1. Changes in canine endothelial cell surface antigens after LPS
and rTNFa stimulation. CJVEC monolayers were prepared in 96-well
microtiter plates, stimulated with either (4) LPS (10 ng/ml) or (B)
rTNFa (30 U/ml) for the times indicated, washed in PBS, and ex-
posed to antiendothelial MAbs CL18/6, CL18/1D8, or CL21/8Cl, or
a nonbinding isotyped-matched control. Antibody binding was de-
tected using alkaline phosphatase bound anti-mouse IgG. These re-
sults are representative of three separate experiments.

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 at a concentration of 50,000/
ml. Neutrophils and myocytes were coincubated in a volume of 0.4 ml
at a ratio of 10:1, neutrophils:myocytes, for 30 min at 37°C. The cells
were resuspended, a small aliquot transferred to a microscope slide,
covered with a cover glass, and cells were examined under phase con-
trast or differential interference contrast optics. The percentage of
myocytes with > 2 attached neutrophils was determined and the num-
ber of neutrophils per myocyte was counted on 200 myocytes per prepa-
ration. Samples were coded so that data collection was performed with-
out knowledge of the specific experimental conditions. In experiments
with stimulated myocytes, myocytes were incubated with recombinant
interleukin-1 (rIL-18; Genzyme Corp., Cambridge, MA), recombinant
tumor necrosis factor (rTNFa), or LPS for various times at 37°C, be-
fore addition of the neutrophils. In experiments with stimulated neutro-
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phils, platelet activating factor (PAF) or zymosan activated canine
serum (ZAS) (6) was added immediately before the neutrophil suspen-
sion was mixed with the suspension of myocytes. Monoclonal antibod-
ies were added to the neutrophil-myocyte suspension at the beginning
and remained with the cells throughout the incubation period.

Data presentation

Results are presented as means+1 SD, and n = the number of separate
experiments. Statistical assessments were made using analysis of vari-
ance and Dunnett’s ¢ test or Student’s ¢ test.

Resuits

Development of anti-canine ICAM-1 MAbs. To evaluate the
role of ICAM-1 in canine neutrophil adherence to endothelial
cells and cardiac myocytes, MAbs against canine ICAM-1 were
needed. Since a currently available MAb against human
ICAM-1 (R6.5) previously shown to inhibit human neutrophil
adhesion (20, 22, 36) did not cross-react with canine ICAM-1,
it was necessary to characterize new MADbs as reagents that
would block the neutrophil related functions of ICAM-1. This
was carried out by evaluating canine neutrophil adhesion to
canine endothelial monolayers.

Two MAbs were chosen for the studies of the canine model
because they exhibited the characteristics previously seen with
anti-ICAM-1 in studies of human cells. CL18/6 and CL18/
1D8 bound to unstimulated CJVEC, and binding was in-
creased by exposure of the endothelial cells to LPS (10 ng/ml)
or rTNFa (30 U/ml) over a time course consistent with the
upregulation of ICAM-1 on human endothelium (22, 48) (Fig.
1). The binding of another anti-endothelial cell MAb (CL21/
8C1) did not change over the observation period. Immunopre-
cipitation studies of '*I surface labeled CJVEC revealed that
the endothelial antigen recognized by both CL18/6 and CL18/
1D8 was 95 kD (Fig. 2), and CL18/6 removed the antigen
recognized by CL18/1D8; CL18/1D8 also greatly reduced the
antigen from cell lysates recognized by CL18/6 (Fig. 2). Flow
cytometry studies revealed that when compared with a non-
binding IgG1 control, neither CL18/6 nor CL18/1D8 bound to
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Figure 2. Immunoprecipitation study of the CL18/6 and CL18/1D8
antigens on canine endothelial cells. CJVEC were surface labeled with
1251, NP-40 lysates were immunoprecipitated using either MAb SG8
(an antineutrophil MAD that does not bind to endothelial cells) (lane
A), CL18/6 (lane B), or CL18/1D8 (lane C). Cell lysates were also
pretreated with CL18/6 Affigel-15 beads, and then immunoprecipi-
tated with SG2G8 (lane D), CL18/6 (lane E), or CL18/1D8 (lane F).
Additionally, cell lysates were pretreated with CL18/1D8 Affigel-15
beads, and then immunoprecipitated with SG2G8 (lane G), CL18/6
(lane H), or CL18/1D8 (lane I).



canine neutrophils, and using an enzyme immunoassay, these
MADbs did not bind to human endothelial cell monolayers.
Previous studies have shown that canine neutrophil adher-
ence to canine endothelial cell monolayers resembles that of
human cells in that it is markedly enhanced by stimulation of
the endothelial cells with LPS, and partially CD18-dependent
as shown by studies using the anti-CD18 MAb R15.7 (26, 32).
Dose response increases in neutrophil adhesion to endothelial
cells stimulated with LPS and rTNFa were seen below 10 ng/
ml for LPS, and 10 U/ml with rTNF«. Time course studies
revealed that with both stimuli, peak adhesion was evident
after 4 h of stimulation, fell to about 50% of peak levels by 8 h,
and remained at that level for 24 h. Direct comparisons of the
inhibitory effects of anti-CD18 (R15.7) and CL18/6 were made
using CJVEC stimulated with LPS at optimum concentrations
for 4 h (to obtain peak adherence), or LPS for 8 h (a time
interval previously shown with human endothelial cells to be
largely CD18-dependent adhesion [20, 22]). As shown in Fig. 3,
the extent of inhibition induced by each MADb was the same,
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Figure 3. Effects of MAbs on neutrophil adhesion to endothelial cells.
Monolayers of CJVEC were exposed to (4) LPS (10 ng/ml for 4 h,
fine cross-hatched bars, or 8 h, coarse cross-hatched bars) or (B)
rTNFa (30 U/ml for 4 h), washed, and placed in adhesion chambers.
Neutrophil adhesion was determined visually after a contact time of
500 s and a detachment time at unit gravity of 500 s. Neutrophils
were exposed to the indicated MAbs (10 ug/ml) immediately before
their introduction into and throughout their time in the adhesion
chamber, and CJVEC monolayers were exposed to the indicated
MADbs (10 ug/ml) for 25 min before being placed in the adhesion
chamber, and additional antibody was not provided during the adhe-
sion assay. The solid bar indicates the adhesion of unstimulated neu-
trophils to control unstimulated endothelial cells. The number in pa-
rentheses indicates the number of separate experiments; *P < 0.01
compared to the stimulated endothelial cells without MAbs.

Intercellular Adhesion Molecule-1 Expression by Cardiac Myocytes

and there was no increase in the inhibition when both were
added during the adhesion assay. Additionally, CL18/6 was
equivalent to the anti-CD18 MAb in blocking adhesion to the 8
h LPS stimulated CJVEC. Control isotype-matched MAbs
SG10G8 (anti-canine neutrophil, antigen unknown) and
CL18/1D8 did not significantly influence adhesion (Fig. 3).
Thus, while CL18/6 appears to recognize a functional epitope,
CL18/1D8 does not.

In contrast to human endothelial cells (22), CJVEC did not
appear to respond to human rIL-18. Over a wide concentration
range (1-100 U/ml), rIL-18 did not induce increases in adhe-
sion of canine neutrophils or increases in the binding of CL18/
6 at observation times of 4 or 8 h.

Regulation of canine ICAM-1 mRNA. A partial cDNA
clone for canine ICAM-1 was isolated using the polymerase
chain reaction for homology cloning. The nucleotide sequence
of the primer mixtures used for amplification and the amino
acid sequence of the cloned segment are presented in Fig. 4, 4
and B. Substantial homology to the sequences for human and
murine ICAM-1 were present with amino acid identity of
60.9% between human and canine and 53.5% identity between
canine and murine sequence. The nucleotide identity for the
available region was 73.8% between canine and human and
61.2% between canine and murine. The nucleotide sequence
of this partial cDNA is available in Genbank (accession
#M68524).

Northern blot analysis using the partial canine ICAM-1
cDNA revealed that LPS and rTNFa, but not rIL-18, stimu-
lated increased production of ICAM-1 mRNA in CJVEC (Fig.
5). This was consistent with the differential effects of these me-
diators on both cell surface levels of ICAM-1, and ICAM-1-de-
pendent adhesion of neutrophils (above). As demonstrated, a
> 10-fold increase of total cell ICAM-1 mRNA was evident in
CJVEC preincubated with LPS for 3 h before isolation of RNA.
In addition to the dominant hybridizing band of 2.9 kb, a lower
molecular weight band of ~ 1.9 kb was consistently evident in
analyses of stimulated but not unstimulated CJVEC. Studies of
the kinetics of induction of total CJVEC ICAM-1 mRNA by
LPS revealed marked increases in ICAM-1 mRNA within 0.5-
1 h and peak levels after 5-7 h of LPS stimulation. Following
longer time intervals (18-24 h), CJVEC ICAM-1 mRNA levels
were decreased though endothelial cell surface ICAM-1 re-
mained high (Fig. 1).

Effect of MAb CL18/6 on neutrophil adhesion to canine
cardiac myocytes. Previous studies have shown that chemotac-
tically stimulated canine neutrophils adhere to canine cardiac
myocytes stimulated for 3 h with rIL-18, rTNFa (32), or LPS
(unpublished data). To determine whether the antigen recog-
nized by CL18/6 is involved in this adhesion, stimulated myo-
cytes were incubated with CL18/6. This MAb bound exten-
sively to myocytes 3 h after stimulation with rIL-18 (10 U/ml)
(Fig. 6). As was the case with R15.7, CL18/6 almost completely
inhibited the adhesion of chemotactically stimulated neutro-
phils to rIL-18 stimulated cardiac myocytes (Fig. 7), but as was
found with endothelial-neutrophil adhesion, CL18/1D8 did
not inhibit neutrophil adhesion. Additional studies using myo-
cytes stimulated with rTNFa (100 U/ml) revealed the same
inhibitory effects of MAbs CL18/6 and R15.7, and the extent
of inhibition was > 90% (n = 5, P < 0.01).

Regulation of canine myocyte ICAM-1 mRNA. Northern
blot analyses of total cell mRNA from isolated canine myo-
cytes showed a single 2.9-kb hybridizing band (Fig. 8). As illus-
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Figure 4. Comparison of canine, murine, and human ICAM-1. A partial canine ICAM-1 cDNA was prepared by PCR amplification, cloned into
M13mp18, and sequenced. Sense and antisense oligonucleotide primer mixtures (4) were prepared based on conserved sequences observed
among human and murine ICAM-1 within Ig domain II and V. Underlined sequences indicate BamHI restriction sites. The deduced amino acid
sequences inclusive of the canine ICAM-1 cDNA PCR product are compared to those of murine and human ICAM-1 (B).

trated in Fig. 8 4, rIL-18, i TNFa, and LPS were equally stimu-
latory of ICAM-1 mRNA, findings concordant with the known
effects of these stimuli on ICAM-1-dependent myocyte adhe-
sion to chemotactically stimulated neutrophils (32). Levels of
ICAM-1 mRNA were very low or undetectable in unstimu-
lated myocytes, and increases after LPS or cytokine stimula-
tion were less than those observed in CJVEC (Fig. 8 B) (i.e.,
approximately twofold increase as compared to a greater
than 10-fold increase for LPS stimulated CJVEC as shown in
Fig. 5 B).

Discussion

The evidence supporting the conclusion that MAbs CL18/6
and CL18/1D8 recognized the canine homologue of ICAM-1 is
as follows: (a) They bound to a constitutively expressed antigen
on canine endothelial cells. This surface antigen exhibited a
marked increase by 3 h that was sustained up to 24 h after
stimulation of the endothelial cells with rTNFa and LPS. This
pattern is consistent with ICAM-1 expression on human umbil-
ical vein endothelial cells (22, 48). (b) They recognized the
same surface antigen of 95 kD, a size consistent with human
ICAM-1 (33). (¢) The specific adhesive events that were inhib-
ited by CL18/6 were entirely consistent with the functions of
ICAM-1 in human neutrophil/endothelial interactions in vitro
(21). These functions were each CD18-dependent as shown by
the findings that MAb R15.7 inhibited the same events, and
combining CL18/6 and R15.7 did not result in greater inhibi-
tion than with either MAb alone. (d) ICAM-1 mRNA levels
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were markedly increased in CJVEC after rTNFa and LPS stim-
ulation over a time frame similar to that of human umbilical
vein endothelial cells, and under conditions associated with
CL18/6 antigen on the cell surface and CL18/6-inhibitable neu-
trophil adhesion. The definitive experiment showing that the
MADbs react with the cloned gene product has not been per-
formed because we have not yet obtained a full length cDNA
clone. Nonetheless, the observations to date are consistent with
the conclusion that canine endothelial ICAM-1 functions as an
adhesion molecule for canine neutrophils.

The results in this report indicate that canine cardiac myo-
cytes also synthesize and express on their surface ICAM-1, and
that this ICAM-1 also functions as an adhesive molecule for
neutrophils. As we previously reported (32), the upregulation
of myocyte adhesiveness requires protein synthesis, and results
of the present studies do not indicate that there is constitutive
expression of ICAM-1 by myocytes. However, when myocytes
were exposed to rIL-18, rTNFa or LPS, CL18/6 binding and
ICAM-1 mRNA were detected, neutrophil adhesion was signifi-
cantly increased, and this adhesion was almost entirely inhibit-
able by either CL18/6 or R15.7. In contrast to the results with
endothelial cells (24, 36), chemotactically stimulated neutro-
phils do not show significant ICAM-1-independent adhesion to
cardiac myocytes. This is evident in two types of experiments.
PAF or ZAS stimulated neutrophils do not adhere to unstimu-
lated myocytes (32), and adhesion of neutrophils to cytokine-
stimulated myocytes is inhibited by > 90% (Fig. 7). Recent
evidence indicates that ICAM-1 can serve as a ligand for
CD11b/CD18 (Mac-1) (22, 36) as well as CD11a/CD18 (LFA-



Figure 5. Regulation of
CJVEC ICAM-1
mRNA by LPS, rTNFa,
or rlL-18. Total cell
RNA was isolated from
T175 flasks of CJVEC
preincubated in the
presence or absence of
LPS (10 ng/ml), rIL-18
(10 U/ml), or rTNFa
(30 U/ml) for varying
time intervals, and
Northern blots of RNA
aliquots were hybridized
with a 740-bp 3?P-la-
beled canine ICAM-1
B cDNA as described in
LPS Methods. Differential
stimulatory effects of
I.|_5 30 75 Q rIL-18 as compared to
ITNFa or LPS (3.5 h,
37°C) are shown (A4).
The effects of LPS on
quantitative levels of
ICAM-1 mRNA are
shown in (B) where 1.5
ng-15 ng of RNA from
stimulated CJVEC or 15
ng of RNA from un-
stimulated CJVEC are
loaded and compared.
The time course of
Cc CJVEC canine ICAM-1
mRNA regulation in
response to LPS incuba-
tion is shown in (C).
For these experiments,
a 3P-avian B-actin
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hybridize stripped
18S— membranes to demon-
o x strate equivalent levels
B-Actin . . . . of RNA in each lane.

1) (34, 35), though on endothelial cells there is evidence that
Mac-1 can bind to some moiety in addition to ICAM-1
(24, 36).

It is reasonable to propose that neutrophil adherence to
endothelial cells and cardiac myocytes is of pathogenic signifi-
cance in reperfusion injury. Numerous studies have demon-
strated a significant reduction in infarct size in animal models
of cardiac ischemia and reperfusion after manipulations that
either remove circulating neutrophils during the periods of isch-
emia and/or reperfusion (1) (e.g., administration of antineutro-
phil antisera, or the use of filters to remove neutrophils from
the blood), or that possibly alter the inflammatory functions of
neutrophils (e.g., administration of antiinflammatory drugs
known to reduce neutrophil accumulation). Such studies gener-
ally support a role for neutrophils in myocardial damage. The
specific mechanisms by which these cells localize in the tissue,
or how they may damage the myocytes, are still unknown.
However, recent results indicate possibly important roles for
adhesion molecules. The use of MADbs against CD18 appears to

Intercellular Adhesion Molecule-1 Expression by Cardiac Myocytes

reduce accumulation of neutrophils in both rabbit and canine
models (12, 13, 15, 17-19). Additionally, the systemic adminis-
tration of an anti-CD11b MAD significantly reduced infarct
size in a canine model (14, 16). These observations are consis-
tent with the experiments using other models of injury after
ischemia and reperfusion at extracardiac sites showing a signifi-
cant CD18-dependent component (49, 50). Evidence that
ICAM-1 may play a role in postischemic inflammatory cardiac
injury was provided by studies using MAb R6.5, an anti-
ICAM-1 that appears to cross-react with rabbit ICAM-1 (12).
This MADb reduced infarct size in a rabbit model by 50%. More-
over, recent studies using the canine ICAM-1 cDNA probe
described herein have demonstrated detectable levels of
ICAM-1 mRNA in ischemic but not normal segments of ca-

Figure 6. Colloidal gold labeling of CL18/6 binding sites on
IL-1-stimulated cardiac myocytes. Cells were incubated with CL18/6,
biotinylated anti-mouse IgG, and streptavidin-labeled colloidal gold.
(A) Control omitting CL18/6, showing low level lof nonspecific bind-
ing of colloidal gold. (B) Representative cell intubated with CL18/6
showing extensive binding of 25 nm colloidal gold particles. Back-
scattered electron imaging, magnification ~ 30,000.
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Figure 7. Effects of MAbs on neutrophil adhesion to cardiac myocytes
stimulated with rIL-18. Isolated canine cardiac myocytes were incu-
bated for 3 h with 4 U/ml rIL-18, then exposed to canine neutrophils
in the presence of 1% ZAS with and without the MAbs indicated (50
ug/ml). The percent inhibition of adhesion was calculated for each
experiment and the mean+1SD plotted. The number in parentheses
indicates the number of separate experiments. The values for MAbs
R15.7 and CL18/6 are significant (P < 0.01). MAbs SG10GS8,
SG2GS8, and R15.7 (anti-CD18) all bind to neutrophils but not myo-
cytes. MAbs CL18/1D8 and CL18/6 bind to canine myocytes but
not neutrophils.

nine myocardium after experimental coronary artery occlu-
sion (1 h) and reperfusion (3 h) (Anderson, D. C., and M.
Entman, unpublished observations). Thus, a possible mecha-
nism contributing to neutrophil mediated myocyte damage

&

Control

Figure 8. Regulation of
canine myocyte ICAM-
1 mRNA by LPS or cy-
tokines. Total cell RNA
was isolated from iso-
lated canine myocytes
preincubated in the
presence or absence of
LPS (10 ng/ml), rIL-18
(10 U/ml), or rTNFa
(30 U/ml) for 3 h at
37°C, and Northern
blots of RNA aliquots
were hybridized with
B a 740-bp 3?P-labeled ca-
IL-1 nine ICAM-1 cDNA
1 prepared as described in
ugRNA: 20 5 10 20  Methods(4). Hybridiz-
g ing signals (~ 2.9 kb)
are demonstrated for
blots of 15 ug of RNA
of IL-18, TNFa, and
LPS stimulated but not
unstimulated myocytes
(B). rIL-18 elicits a
greater than twofold in-
crease of this hybridiz-
ing signal as shown in
comparative blots of
varying quantities of
RNA.

28S — |

185 — |
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may result from local cytokine stimulation of endothelial or
myocyte ICAM-1 expression. Endothelial ICAM-1 could con-
tribute to neutrophil localization through its role in transen-
dothelial migration (20, 22), a role that it may play in the early
phases of inflammation before cytokine induced upregulation,
since postcapillary endothelial cells appear to constitutively ex-
press ICAM-1 (33, 51). In fact, Furie et al. (52) have recently
demonstrated that neutrophil migration across unstimulated
endothelial cells in vitro toward a chemotactic gradient is re-
duced by ~ 50% by anti-ICAM-1 monoclonal antibody. Myo-
cyte ICAM-1 could contribute to myocardial injury through its
role in neutrophil adhesion, thereby providing a small distance
over which neutrophil-derived cytotoxic molecules could act.
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