Expression and Regulation of Adhesion Molecules in
Cardiac Cells by Cytokines

Response to Acute Hypoxia
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Abstract—Adhesion molecules mediate inflammatory myocardial injury after ischemia/reperfusion. Cytokine release and
hypoxia are features of acute ischemia that may influence expression of these molecules. Accordingly, we studied
intercellular adhesion molecule (ICAM) and vascular cell adhesion molecule (VCAM) responses to cytokines and acute
hypoxia in cultured myocardial cells. Northern blot analysis and immunoassay showed that the proinflammatory cytokines
interleukin-183 (IL-18) and tumor necrosis factor-a stimulated concentration-dependent increases in ICAM and VCAM
mRNA and protein. In both cardiac myocytes and fibroblasts, pretreatment with a specific inhibitor of nuclear
transcription factor-kB (NF-kB) prevented cytokine induction of both molecules. We also found that inhibition of
tyrosine kinase and p38/RK (stress-activated protein kinase) pathways prevented IL-1B-induced ICAM and VCAM
protein synthesis, whereas extracellular signal-regulated protein kinase (ERK1/ERK?2) inhibition did not. Neither hypoxia
(0% O, for 6 hours) alone nor hypoxia/reoxygenation had any significant eftect on ICAM and VCAM mRNA. However,
hypoxia did enhance IL-1B—-induced ICAM mRNA expression in myocytes. As a possible mechanism of this synergistic
action on CAM expression, hypoxia induced a time-dependent increase in the DNA binding activity of both NF-«B and
activator protein-1 (AP-1), two transcription factors important for cell adhesion molecule expression. In contrast to the
enhanced ICAM mRNA induced by IL-18 during hypoxia, however, protein levels for this adhesion molecule were
unchanged beyond IL-1B-stimulated levels, suggesting posttranscriptional and/or posttranslational control mechanisms.
We conclude that cytokines regulate ICAM and VCAM mRNA and protein in both cardiac myocytes and fibroblasts.
Furthermore, adhesion molecule induction requires translocation of at least two transcription factors, NF-kB and AP-1.
(Circ Res. 1998;82:576-586.)
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Cell adhesion molecules are surface proteins involved in
modulating intercellular communication among a wide
variety of different cell types. Several major families of adhe-
sion molecule receptors have been identified and characterized;
these include the integrins, cadherins, selectins, membrane-
associated proteoglycans, and the immunoglobulin superfamily
members. VCAM-1 (or CD106) and ICAM-1 (or CD54) are
two members of the immunoglobulin gene superfamily that
are critical in the recruitment and infiltration of inflammatory
cells to sites of injury. VCAM-1 binds circulating monocytes
and lymphocytes expressing the integrins a,B; and a,f3;,"”
whereas ICAM-1 is the counterreceptor for several leukocyte
B, integrins (eg, lymphocyte function—associated antigen
[CD11a/CD18] and Mac-1 [CD11b/CD18]). The interaction
of ICAM-1 with leukocyte integrins also plays an important
role in leukocyte trafficking and the initiation of antigen-
specific immune responses.*’

Myocardial CAM gene expression is upregulated in inflam-

. . . . 59
matory states such as ischemia/reperfusion and myocarditis.””

Elevated CAM expression is temporally associated with leu-
kocyte sequestration and infiltration into myocardial tissues. In
cardiac inflammation, resident cells (eg, endothelial cells,
myocytes, fibroblasts, and smooth muscle cells) and infiltrating
leukocytes release cytokines capable of transcriptionally acti-
vating CAM genes and, as a consequence, promote leukocyte
sequestration and transmigration. The importance of myocyte
ICAM expression in neutrophil adherence and subsequent
myocardial injury has been shown by several groups.'’™"
Although ICAM and VCAM are constitutively expressed in a
few cell types, they are readily induced by proinflammatory
stimuli such as IL-1, TNF, LPS, and phorbol esters."*>'>!*
Control of CAM expression is largely due to an increase in
mRNA production, and several specific mechanisms respon-
sible for the transcriptional activation of CAM genes have been
investigated."*™"” Both ICAM and VCAM genes contain se-
quences in their promoter regions that are recognized by the
NF-kB/rel and AP-1 transcription factor families.'*'” Deletion
analysis has demonstrated that these sites are necessary for both
cytokine or LPS induction of these adhesion molecules.'*"”
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Selected Abbreviations and Acronyms

AMCA = 7-amino-4-methylcoumarin-3-acetic acid
AP-1 = activator protein-1 (Fos/Jun transcription factor)
CAM = cell adhesion molecule

CREB = cAMP-responsive element—binding protein

DB = dissociation buffer

EMSA = electrophoresis mobility shift assay
ERK = extracellular signal-regulated protein kinase
FCM = flow cytometry
FITC = fluorescein isothiocyanate
GRE = glucocorticoid response element

ICAM = intercellular adhesion molecule
IkB = inhibitory binding protein of NF-«B
IL = interleukin
iNOS = inducible NO synthase
LPS = lipopolysaccharide
MAP kinase = mitogen-activated protein kinase
NF-«kB = nuclear transcription factor-«B
p38/RK = a MAP kinase called stress-activated protein kinase
(SAPK) or reactive kinase (RK)
PBS/T = PBS/Tween 0.05
PDTC = pyrrolidine dithiocarbamate
PI = propidium iodide
PKA = cAMP-dependent kinase
PKC = protein kinase C
PMA = phorbol 12-myristate 13-acetate
Spl = stimulatory protein-1 (transcription factor)
TNF-a = tumor necrosis factor-a
VCAM = vascular cell adhesion molecule

Although CAMs have been extensively investigated in both
vascular tissue and in endothelial cells, there are few reports
available concerning CAM regulation by cytokines in myo-
cardial cells (myocytes and nonmyocytes). Furthermore, in the
investigations that have been reported, the signal transduction
pathways underlying CAM induction have not been identified.
Previous reports indicate that cytokines such as TNF-a and
monocyte chemotactic protein-1 induced a dose-dependent
induction of ICAM mRNA and protein in neonatal cardiac
myocytes.'" Among the important stimuli in the production
and release of cytokines in several cell types is hypoxia.'®™
Moreover, hypoxia and/or reoxygenation have been shown to
induce ICAM and E-selectin in endothelial cells."***>*

However, little is known about (1) the mechanisms of
adhesion molecule regulation in cardiac myocytes and fibro-
blasts by hypoxia and cytokines and (2) the potential interac-
tion of these two variables that are known to be involved in
inflammatory myocardial injury. Because hypoxia and cyto-
kine release are components of acute and chronic myocardial
ischemia, we investigated the induction and the regulation of
cardiac myocyte and fibroblast ICAM and VCAM expression
by hypoxia and cytokines in an established cell culture model.

Materials and Methods

Tissue culture media and additives were from GIBCO Life Technol-
ogies and the University of California at San Francisco cell culture
facility. Human recombinant IL-18 and TNF-a were from R & D
Systems. LPS, PMA, forskolin, and PDTC were from Sigma Chem-
ical Co. Tyrphostin, SB203580, and PD98059 were from Calbio-
chem. Mouse VCAM-1 (monoclonal antibody against rat VCAM-1)
was from Babco. Mouse ICAM (monoclonal antibody against rat
ICAM-1) was from R & D Systems. MF-20—FITC mouse monoclo-

nal antibody against striated muscle myosin was from the University of
Iowa hybridoma bank. AMCA-conjugated aftiniPure goat anti-mouse
IgG was from Accurate Chemical and Scientific Corp. Normal goat
serum was from Jackson Laboratories. [y-*P]JATP was from Amer-
sham. Poly(dI-dC).poly(dI-dC) was from Pharmacia Biotech Inc.
¢DNA for murine ICAM was from American Tissue Culture Collec-
tion (ATCC, clone No. 63044), and human ¢cDNA for VCAM was
the kind gift of Dr Tucker Collins (Brigham and Women’s Hospital,
Boston, Mass). The 28S oligoprobe was from Clontech. NF-«B,
AP-1, GRE, CREB, and Spl consensus oligonucleotides used for
gel-shift assays were from Promega. All reagents used were certified
free from endotoxin by the manufacturer.

Cell Culture

Primary myocyte cell cultures were prepared by enzymatic dissocia-
tion of ventricular tissue from 1-day-old Sprague-Dawley rat pups
according to methods described previously.”** Myocytes were seeded
onto 100-mm plastic dishes at a final density of 150 to 200 cells/mm?.
Through culture day 3, cells were kept in DMEM containing 5%
bovine calf serum supplemented with 1.5 mmol/L B,,, 50 U/mL
penicillin, and 0.1 mmol/L bromodeoxyuridine to prevent low-level
nonmyocardial cell proliferation as previously described.”®* On day 3,
cells were placed in serum-free medium containing 10 ug/mL insulin
and 10 pg/mL transferrin. Nonmyocytes (mostly fibroblasts) were
separated from cardiomyocytes by 1 hour of preplating, during which
cardiomyocytes did not attach to the culture plates. Cells were grown
at 37°C in humidified air with 1% CO,. Confluent fibroblasts were
passaged on day 1, seeded in 100-mm dishes, and refed with growth
medium (MEM/5% fetal calf serum) every 48 hours. Under the above
conditions, myocyte cultures showed <10% contamination with
other myocardial cell types. All experiments were initiated on day 4,
24 hours after the change to serum-free conditions.

Cell Treatments and Induction of Hypoxia

After overnight incubation, serum-free medium was removed, and
fresh medium was added. Cytokines (IL-18 and TNF-a), LPS, PMA,
forskolin, PDTC, tyrphostin, SB203580, PD98059, or vehicle was
then added, and cells were returned to the incubator or placed in the
hypoxia chamber.

Experiments at low oxygen tension were performed in an airtight
Plexiglas humidified chamber (Anaerobic Environment, Sheldon),
which was maintained at 37°C and continuously gassed with a mixture
of 99% N,/1% CO,/0% O,.** Cells were placed into the hypoxia
chamber on culture day 4 and remained for 6 to 12 hours. Mainte-
nance of the desired O, concentration was routinely monitored during
incubation using an oxygen electrode (Controls Katharobic System).
For concurrent normoxic conditions, cells were placed in a Forma
Scientific incubator (gassed with 99% air/1% CO, at 37°C).

Northern Blot Analysis of CAM

mRNA Expression

Total RNA was extracted from the cells by the guanidinium thiocya-
nate—phenol—chloroform method of Chomezynski and Sacchi.* For
Northern hybridization, 20 ug of total RNA was size-fractionated on
a 1% agarose gel containing 2.2 mol/L formaldehyde. Gels were
photographed and rinsed in 10X SSC (1X SSC contains 150 mmol/L
NaCl and 15 mmol/L trisodium citrate), and RNA was transferred to
a Hybond-N membrane (Amersham Inc) by blotting using 20X SSC
buffer. Thereafter, filters were air-dried and UV—cross-linked (Str-
atalinker). Blots were hybridized at 55°C in a bufter containing 0.25
mol/L sodium phosphate, 7.5% dextran, and 7% SDS. cDNA probes
used were murine ICAM (1.2-kb XhoI-EcoRI fragment) and human
VCAM (0.8-kb EcoRI-HindIIl fragment). Probes were labeled by
random priming (Decaprime, Ambion) to a specific activity of 10°
cpm/pg DNA using [PP]dCTP (6000 Ci/mmol). After the labeling
reaction, probes were purified using a Biospin column (Bio-Rad) to
remove unincorporated radioactive [*P]|dCTP. Filters were washed at
room temperature for 5 minutes in 2X SSC and 0.1% SDS and at
55°C in 0.1X SSC containing 0.1 SDS for 20 minutes. Subsequently,
filters were wrapped in plastic wrap and exposed to Kodak X-OMAT
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films at —80°C for 1 to 2 days. A 28S oligoprobe (Clontech) was used
to control for variations in RNA loading. Several exposures of the
Northern blot were taken to ensure that quantification of the
hybridization signal for each gene was expressed in the linear range
and normalized by dividing the optical density of the hybridization
signal for each gene by the optical density of the corresponding 28S
signal.

ELISA of VCAM and ICAM

Total cellular expression of VCAM and ICAM in myocytes and
fibroblasts was analyzed by an ELISA after cell fixation. For these
experiments, cells were seeded onto 96-well flat-bottomed microtiter
plates in 100 uL DMEM. After overnight incubation in serum-free
medium, cells were treated with cytokines for the designated time
period. After treatment, cells were washed twice with DMEM and
then fixed at room temperature for 15 minutes with 1% paraformal-
dehyde dissolved in PBS. After four washes with PBS/T, cells were
incubated for 30 minutes in PBS/T containing 2% BSA to block
nonspecific binding. Then cells were washed and incubated with
specific mouse monoclonal antibodies against ICAM and VCAM at a
dilution of 1:500. After 1 hour at 37°C, cells were washed four times
with PBS/T and incubated with goat anti-murine IgG coupled to
horseradish peroxidase (1:1000). After 1 hour, cells were washed four
times with PBS/T, and peroxidase substrate solution (1 ug/mL
o-phenylenediamine in citrate buffer, pH 5, containing 0.015% H,O,)
was added for 10 minutes. The reaction was stopped by adding 2
mol/L N,SO,. Optical density was read in a multichannel spectro-
photometer at 492 nm. Each experiment was performed in quadru-
plicate. Data were corrected for the blank values obtained without use
of the primary antibody.

FCM Analysis of Myocardial CAM Expression
Myocytes plated as described above were treated with IL-18 (1
ng/mL) for 24 hours in serum-free medium. At this time, cells were
trypsinized for 10 minutes with 500 uL of 0.75 mg/mL trypsin (1:250,
Difco) and DNAse I (250 ug/mL) in DB containing 137 mmol/L
NaCl, 5.36 mmol/L KCI, 0.81 mmol/L MgSO, * 7H,0,
5.55 mmol/L dextrose, 0.44 mmol/L KH,PO,, 0.34 mmol/L
Na,HPO, * 7H,0O, 20 mmol/L HEPES, and 1% BSA. The remaining
attached cells (mostly nonmyocytes) from the same dish were removed
by a second more aggressive trypsinization step with 2 mg/mL trypsin
and 0.2% EDTA along with gentle scraping. All cells were pooled in
DB containing a final concentration of 10% bovine calf serum and
collected by centrifugation (500¢ for 5 minutes). Cell pellets were
fixed by resuspension in 500 pL of 25% ethanol/15 mmol/L MgCl,
on ice for 30 minutes, followed by a second centrifugation (500g for
5 minutes). Fixed cells were resuspended in 100 uL DB containing
10% normal goat serum (to block nonspecific binding of antibody),
0.1% Triton X-100, and 1:50 dilution of monoclonal antibody to
either VCAM-1 or ICAM-1. After overnight incubation at 4°C, the
cells were washed with 3 mL DB on ice and incubated in 100 uL DB
containing 0.1% Triton X-100 and 1:100 goat anti-mouse AMCA for
1 hour on ice. Cells were then washed two times with DB and
incubated overnight at 4°C in DB containing 0.1% Triton X-100 and
ME-20-FITC (1:300). Cells were then washed again in DB, filtered
through a 70-mm nylon mesh, and resuspended in 400 uL of DB
containing 10 ug/mL PI and 2 ug/mL RNAse in preparation for
FCM. FCM was performed on a dual-laser FACStar Plus (Becton
Dickinson Immunocytometry Systems) flow cytometer. The primary
laser was set at the 488-nm line of an argon-ion laser for excitation of
FITC and PI. FITC emission was detected through bandpass filter at
530£30 nm and PI emission at >620 nm. The second laser was set at
the UV lines for excitation of AMCA. AMCA emission was detected
at 42550 nm. Thresholding was performed using PI intensity to
observe only nucleated cells, omitting debris. A minimum of 30 000
events were collected for postacquisition processing using CellQuest
software (Becton Dickinson Immunocytometry Systems).

Electrophoresis Mobility Shift Assay
Nuclear extracts were prepared according to Dignam et al’ as
previously described.*® Nuclei were resuspended in 40 uL of

20 mmol/L HEPES, pH 7.9, 400 mmol/L NaCl, 1 mmol/L EGTA,
1 mmol/L EDTA, 1 mmol/L dithiothreitol, and 1 mmol/L phenyl-
methylsulfonyl fluoride, rocked for 20 minutes at 4°C, and centri-
fuged at 14 000 rpm for 5 minutes. Supernatants containing nuclear
proteins were snap-frozen in liquid nitrogen and stored at —80°C.

Oligonucleotide probes for the NF-«kB and AP-1 consensus se-
quences (Promega Inc) were end-labeled with [y-*P[ATP by incu-
bation with T4 polynucleotide kinase at 37°C for 10 minutes. The
labeled probe was separated from unincorporated nucleotide using a
spin column (Bio-Rad). Nuclear protein content was determined by
the bicinchoninic acid method (BCA, Pierce). EMSA experiments
were performed by incubating 10 ug of nuclear extracts in 20 uL of
binding buffer containing 50 mmol/L Tris, pH 7.5, 250 mmol/L
NaCl, 2.5 mmol/L dithiothreitol, 5 mmol/L MgCl,, 2.5 mmol/L
EDTA, 0.25 mg/mL poly(dI-dC), and 10% glycerol for 10 minutes at
room temperature. For competition experiments, an excess of unla-
beled NF-kB and nuclear protein were preincubated in the binding
buffer for 10 minutes. **P-labeled oligonucleotide probe (20 000 to
50 000 cpm) was then added, and the reaction mixture was incubated
for 20 minutes at room temperature. The reaction was stopped by
adding 2 uL of 10X loading bufter (250 mmol/L Tris, pH 7.5, 0.2%
bromophenol blue, and 0.2% xylene cyanole). Samples were electro-
phoresed in native 4% polyacrylamide gels in running buffer (0.5X
TBE) at 100 V for 3 hours. The gels were then dried and exposed to
autoradiographic x-ray film (X-Omat AR-5, Eastman Kodak Co)
with an intensifying screen for 6 to 12 hours at —80°C.

Data Analysis

Hybridization signals on autoradiographs were quantified by scanning
densitometry (NIH image). Values are expressed as mean*SEM.
Differences in the means among the groups were tested by ANOVA.
If the F test showed overall significance, comparison among groups
was performed by the Student-Newman-Keuls test. Values of P<<.05
were considered statistically significant.

Results
ICAM-1 and VCAM-1 mRNA Expression

Time and Concentration Dependence

Although unstimulated cardiac myocytes constitutively ex-
pressed low levels of ICAM and VCAM mRNA, the proin-
flammatory cytokines IL-18 and TNF-« induced both con-
centration- and time-dependent increases in CAM mRNA
expression (Fig 1A). A plateau was observed as early as 1 hour
for ICAM; the peak expression for VCAM was at 6 hours.
After 24 hours, the expression of both ICAM and VCAM
mRNA declined but was still significantly increased above
control (Fig 1B). LPS also induced VCAM and ICAM mRNA
expression (data not shown). Similar induction of VCAM and
ICAM mRNAs was seen in cardiac fibroblasts treated with
IL-18 or TNF-a (Fig 2).

Effects of Hypoxia

Given our previous findings that IL-1B-induced iNOS
mRNA and protein expression were inhibited by prolonged
hypoxia,™ we asked whether hypoxia modulates ICAM and
VCAM mRNA expression. We found that neither hypoxia
alone (0% for 6 hours) nor hypoxia followed by reoxygenation
for 1 to 24 hours had any significant effect on ICAM-1 and
VCAM-1 mRNA in either myocytes (n=10) or fibroblasts
(n=3) (Figs 2 and 3). In contrast, hypoxia did enhance ICAM
mRNA expression induced by IL-18 in myocytes, although
this observation did not extend to the fibroblasts (n=6) (Figs 2
and 3). Hypoxia did not affect VCAM mRNA expression in
either myocytes or fibroblasts (Figs 2 and 3).
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Figure 1. Concentration dependence and time course of cyto-
kine-induced ICAM and VCAM mRNA in cardiac myocytes.
Neonatal cardiac myocytes were incubated with vehicle (PBS/
BSA), IL-18 (0.1 to 10 ng/mL), or TNF-« (10 ng/mL) for 6 hours.
Total RNA (20 pg/lane) was isolated, and ICAM-1 mRNA levels
were determined by Northern blotting (top blots of both panels).
rRNA (28S) levels were used as an internal standard to confirm
equal loading (bottom blots of both panels). A, ICAM-1 mRNA is
induced by IL-18 in a concentration-dependent manner up to 10
ng/mL. B, ICAM and VCAM mRNA were induced in a time-de-
pendent fashion by IL-18 and TNF-«. This experiment was
repeated with same result.

ICAM and VCAM Protein Expression

ELISA

Consistent with the mRINA analysis, ELISA showed that both
ICAM and VCAM were constitutively expressed in myocytes
and fibroblasts. These adhesion molecules were further up-
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regulated by incubation with the proinflammatory mediators
IL-1B, TNF-c, and LPS, peaking at 8 to 12 hours for all agents
tested (Fig 4). Moreover, we also found a time-dependent
increase of soluble ICAM in cell culture medium (data not
shown).

Flow Cytometry

Since primary cultures of cardiac myocytes are always “con-
taminated” to some degree by cardiac nonmyocytes, it was
critical to confirm that our observations of CAM expression in
myocytes were due to the expression of CAMs by myocytes
themselves.

FCM is a technique that takes advantage of the differential
staining characteristics of cultured cells to make unambiguous
observations on the expression of various cell surface and/or
intracellular proteins. FCM is an important tool in the deter-
mination of cell cycle events and has also been used to measure
the expression of cytokines by mixed populations of cells.
Using MF-20, the well-described antibody to sarcomeric
myosin heavy chain, we have been able to use FCM to
distinguish cardiac myocytes from a nonmyocyte population
present in our culture system.

Previous work with nonmyocytes has indicated that these
cells are largely fibroblast in origin®' and that primary cultures
of cardiac myocytes contain =~15% “‘contaminating” fibro-
blasts. In an effort to delineate further the cell specificity of our
observations of CAM expression in our cultured cells, we used
FCM to compare the expression of [CAM-1 and VCAM-1 on
the two cell types and their responses to IL-13. As indicated in
Fig 5, MF-20 staining separates cells into two distinctive
populations of the appropriate composition, ie, 80% MF-20
positive (myocytes) and 20% MF-20 negative (nonmyocytes).”'
By staining with antibody to CAM, we have found that, under
control conditions, most of the cells are located in the
negative—CAM-staining quadrants. After stimulation with IL-
1B, however, there is a clear shift of both myocytes and
nonmyocytes into the quadrants that indicate an increase in
CAM staining. Although the data shown are for VCAM-1,
identical results were also obtained with the antibody to rat

Figure 2. Acute hypoxia has no effect on cytokine-induced
ICAM (A) and VCAM (B) mRNA in cardiac fibroblasts. Neona-
tal cardiac fibroblasts were treated with vehicle (PBS/BSA),
IL-1B (10 ng/mL), or TNF-« (10 ng/mL) for 6 hours in the
presence or absence of hypoxia (0% O,), and cells were an-
alyzed for ICAM-1 and VCAM-1 mRNA expression by North-
ern blot analysis (top) by hybridization with specific cDNA
probes. Quantitative analysis was performed by densitomet-
ric scanning of the blots and normalized with respective 28S
rRNA. Values are expressed as percentage of control. Each
bar represents the mean=SEM of three separate experi-
ments (A and B). *P<.05 vs basal.
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ICAM-1. These observations are consistent with both the
RNA and protein data, suggesting that IL-1f increases the
expression of both CAMs in both cell populations. In our
myocyte cultures, it is the myocytes that are responsible for the
bulk of CAM expression, which is, in turn, in proportion to
their preponderance in these cultures.

Effect of Hypoxia

To determine whether hypoxia modulates ICAM mRNA and
protein expression in a parallel fashion, we investigated the
effect of hypoxia on ICAM protein. We found that hypoxia
did not affect baseline levels of ICAM protein. Rather, we
found that despite enhanced ICAM mRNA expression stim-
ulated by cytokines during hypoxia, the increased protein
levels after cytokine stimulation under normoxic conditions
were unchanged by hypoxia, suggesting that additional post-
transcriptional as well as posttranslational mechanisms may
operate under hypoxic conditions (Fig 4).

Mechanisms Regulating ICAM and VCAM
mRNA and Protein

Regulation by PKC and cAMP

Although the intracellular signals that mediate the induction of
CAMs in cardiac cells have not been clearly identified, both
PKC and PKA have been implicated in the regulation of
cytokine-induced CAM expression in other cell types. To
further analyze these signal transduction pathways, we initially
used the phorbol ester PMA and the cAMP stimulatory agent
forskolin. PMA, 100 nmol/L for 6 hours, induced ICAM
mRNA expression but was less efficacious than either IL-1f3 or
TNF-a (Fig 6). However, depletion of PKC by 24 hours of
pretreatment with 500 nmol/l PMA inhibited ICAM mRNA
induction by PMA without an effect on VCAM mRNA,

Normoxia

Figure 3. Effect of hypoxia on ICAM and
VCAM expression stimulated by cytokines
in cardiac myocytes. The Northern blots at
the top are from neonatal cardiac myo-
cytes that were treated for 6 hours with
vehicle (control [CT]), TNF-« (10 ng/mL), or
IL-18 (10 ng/mL) under normoxic or
hypoxic (HX) conditions (0% O, for 6
hours). The blots were performed as
described in “Materials and Methods.” The
data shown are representative of eight
separate experiments involving IL-13 and
TNF-a with or without HX. Panels A and B
show densitometric analyses of acute hyp-

HEBasal oxia on cytokine-induced ICAM (A) and
w_-1p VCAM (B) mRNA. Myocytes were stimu-
EITNFa lated with vehicle (control [basal]), IL-18 (10

ng/mL), or TNF-« (10 ng/mL) for 6 hours in
presence or absence of hypoxia. Total cel-
lular RNA was isolated and analyzed for
the expression of ICAM and VCAM mRNA
by hybridization with specific cDNA
probes. Rehybridization with a 28S probe
was performed to control for RNA loading.
Quantitative analysis was performed by
densitometric scanning of the blots and
was normalized with respective 28S rRNA.
Values are expressed as percentage of
control. Each bar represents the
mean=SEM of eight separate experiments.
*P<.05 vs basal; TP<.05 vs normoxia.

Hypoxia

implicating PKC as a dominant signal pathway in ICAM
mRNA induction (Fig 6). In contrast to ICAM induction by
PMA, however, neither the PKC inhibitor staurosporine (100
nmol/L) nor PKC depletion prevented ICAM and VCAM
mRNA induction by IL-1f (n=3, data not shown). Forskolin
(10 wmol/L for 6 hours), which activates adenylate cyclase and
promotes cAMP synthesis, had no effect on either CAM
mRNA expression; however, in the presence of hypoxia,
forskolin did induce ICAM mRNA expression in cardiac
myocytes (n=2, data not shown).

Role of NF-kB and AP-1

Since NF-kB binding motifs have been identified in VCAM
and ICAM promoters, we sought to evaluate the role of
NEF-kB activation in CAM induction in cardiac myocytes. We
used PDTC, a radical oxygen species scavenger and metal
chelator, as an inhibitor of radical oxygen species and/or
NF-kB activation. Pretreatment with PDTC (50 wmol/L)
inhibited ICAM-1 and VCAM-1 mRNA upregulation in-
duced by IL-13 and TNF-a (Fig 6). These observations
suggest that the transcription factor NF-kB is involved in the
activation of adhesion molecule gene expression in cardiac
cells.

In our previous report on the induction of iNOS gene
expression in response to moderate prolonged hypoxia (1% O,
for 48 hours), we found no activation of NF-«B.* In contrast,
cells subjected to more severe hypoxia (0% O, for 1 to 6 hours)
exhibited time-dependent increases in the DNA binding
activities of both NF-«kB and AP-1 as shown by gel shift
analysis (Figs 7A and 7B). The increases in NF-«kB and AP-1
DNA binding in response to acute hypoxia appear to be
specific, because DINA binding for the unrelated transcription
factors CREB, GRE, and Spl do not increase in nuclear
extracts prepared from hypoxic myocytes (Fig 7C).
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Figure 4. Top, ICAM and VCAM protein expression in cardiac
myocytes: effect of cytokines, LPS, and/or hypoxia. Cardiac
myocytes seeded in 96-well plates were either left untreated or
stimulated with IL-18 (10 ng/mL), TNF-« (10 ng/mL), or LPS (1
ng/mL) for 6 to 12 hours at 37°C under normoxic or hypoxic
conditions. Cell surface levels of ICAM-1 and VCAM-1 were
measured by ELISA using specific antibodies for ICAM-1 and
VCAM-1 as described in “Materials and Methods.” Data are pre-
sented as optical density value at 492 nm. Test and control
samples were analyzed in triplicate in each experiment. Each
bar represents the mean=SEM of eight separate experiments.
*P<.05 vs basal. Bottom, ICAM and VCAM protein expression
in cardiac fibroblasts: effect of cytokines, LPS, and/or hypoxia.
Cardiac fibroblasts seeded in 96-well plates were either left
untreated or stimulated with IL-18 (10 ng/mL), TNF-«a (10
ng/mL), or LPS (1 ng/mL) for 6 to 12 hours at 37°C under nor-
moxic or hypoxic conditions. Cell surface levels of ICAM-1 and
VCAM-1 were measured by ELISA using specific antibodies for
ICAM-1 and VCAM-1 as described in “Materials and Methods.”
Data are presented as optical density value at 492 nm. Test and
control samples were analyzed in triplicate. Each bar represents
the mean=SEM of eight separate experiments. *P<.05 vs basal.

In a previous report, we demonstrated a link between a
cytokine-inducible gene (INOS) and activation of the tran-

* In the present

scription factor NF-kB in cardiac myocytes.
study, we extend this observation and find an induction of
DNA binding activity of the transcription factors AP-1 and
NF-kB by IL-18, LPS, and PMA both in cardiac myocytes
and fibroblasts (Fig 8). Similar to the results described earlier on
the PDTC inhibition of CAM mRNA expression, NF-«kB
mobilization was inhibited by cotreatment with this agent (Fig
8). Furthermore, PDTC also blocked DNA binding activity of
AP-1 induced by IL-1 and PMA (n=4, data not shown).
These observations implicate a redox-sensitive pathway in
both NF-kB and AP-1 induction.

We also found that PDTC blocked the increase in ICAM
and VCAM protein expression stimulated by IL-18 in both
myocytes and fibroblasts, consistent with the requirement for
an oxidative pathway in cytokine-induced CAM expression in
cardiac cells (Fig 9). Since cytokines activate a broad spectrum

of signaling molecules, we investigated additional second-
messenger pathways implicated in cytokine-induced ICAM
and VCAM expression. Our data showed that tyrphostin, a
tyrosine kinase inhibitor, prevents IL-1f induction of both
ICAM and VCAM (Fig 9). In a similar fashion, SB203580, a
specific inhibitor of p38/RK stress kinase, blocked IL-13—
induced ICAM and VCAM expression, whereas PD98059, an
inhibitor of ERK1/ERK2, did not (Fig 9).

We considered the possibility that during hypoxia there
might be extensive cell death such that stable levels of
cytokine-stimulated protein expression actually represent an
increase in protein content per cell. To investigate this ques-
tion, we used the viability/cytotoxicity kit (Live/Dead assay,
Molecular Probes) to determine the percentage of cell death
during 6 hours of 0% O,. Control cultures routinely contained
5% to 10% dead cells, and hypoxia increased this proportion to
24£6% (n=4). Thus, there was a 15% to 20% decrease in the
number of the living cells in hypoxic cultures, consistent with
a modest proportional increase in protein expression per cell,
which was far less than the 2-fold increase in mRNA expres-
sion that occurred after cytokine stimulation.

Discussion

ICAM-1 and VCAM-1 mRNA and

Protein Expression

Expression of CAMs by myocardial cells is a major determinant
of injury after ischemia/reperfusion. The importance of adhe-
sion molecules in the inflammatory process has been confirmed
by several in vitro and in vivo studies. Specifically, monoclonal
antibodies and antisense oligonucleotides to adhesion mole-
cules and their ligands, as well as the absence of CAM
expression in knockout mice, prevent tissue injury associated
with both acute and chronic inflammation.”?* Modulation of
the expression and function of cardiac genes by hypoxia and
cytokines may be two important mechanisms through which
inflammatory signals initiate and propagate tissue injury after
ischemia/reperfusion. Our data provide unambiguous evi-
dence that cytokines cause a significant induction of CAM
mRNA and protein in both cardiac myocytes and fibroblasts.
Previous studies have shown the induction of VCAM mRNA
in rat cardiac myocytes'" and the expression of VCAM protein
in murine hearts with acute myocarditis.* Our data are the first
to demonstrate both constitutive and increased levels of
VCAM protein in cardiac myocytes. Our data also indicate
that myocardial CAMs exhibit cell-specific expression patterns,
because hypoxia, an important component of ischemic myo-
cardial injury, differentially regulates cytokine-induced CAM
mRNAs between these two cell types.

A major aspect of the present work is the utilization of FCM
to establish the specificity of CAM expression in cytokine-
treated myocardial cells. It is well recognized that the lack of
myocardial cell lines requires that in vitro investigations of
gene expression must use primary cells that are, by necessity,
cocultures consisting of both cardiac myocytes and nonmyo-
cytes. As such, it was critical to confirm that our observations
on CAM expression in IL-1f—treated myocytes were due to
expression of the CAMs of interest by the myocytes them-
selves. A possible explanation of our results is that the increase
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Figure 5. FCM analysis of myocardial
VCAM expression. Cardiac myocytes were
treated with IL-18 (1 ng/mL) or vehicle for
24 hours and analyzed by FCM as indi-
cated in “Materials and Methods.” A, Rep-
resentative “quadrant” analysis of data
obtained from bivariate analysis of VCAM
expression in myocyte cultures divided into
two populations (MF-20-negative fibro-
blasts and MF-20-positive myocytes).
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Background immunofluorescence was
determined by analysis of cells incubated
with primary or secondary antibodies (Abs)
alone (upper panels). As indicated, the
upper left quadrant represents cells that
are MF-20 positive (myocytes) but VCAM
negative (+/—); the lower left quadrant con-
tains cells that are MF-20 negative (fibro-
blasts) and VCAM negative (—/—). The
upper right quadrant contains cells that are
MF-20 positive and VCAM positive (+/+);
the lower right quadrant contains cells that
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are MF-20 negative but VCAM positive (—/+). B, Plots derived from data in panel A showing the shift in VCAM-AMCA fluorescence
intensity between control and IL-1pB-treated myocytes (MF-20+) and fibroblasts (MF-20—). Given the logarithmic scale, the shift
observed represents a doubling of VCAM intensity of treated cells. Each experiment was repeated twice more with identical results.

in CAM mRNA and protein in the myocyte cultures was due
to an exuberant response of the contaminating nonmyocyte
population. Although the use of in situ hybridization could
identify cell-specific responses at the mRINA level, the critical
question we addressed was whether IL-18 induces CAM
protein expression. FCM established that the bulk of the
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Figure 6. Effects of PDTC cotreatment and PKC depletion on
cytokine- and PMA-induced ICAM and VCAM mRNA in myo-
cytes. Cytokine-induced ICAM and VCAM mRNA was inhibited
by cotreatment with the antioxidant PDTC (50 umol/L). The
phorbol ester PMA (100 nmol/L) alone stimulated ICAM and
VCAM mRNA, an effect that was blocked for ICAM mRNA by
prior PMA treatment (500 nmol/L for 24 hours), which depletes
PKC (PMA/PKC—). A and B, Densitometric analyses of PDTC
and PKC depletion on ICAM and VCAM mRNA expression. Bar
graphs show the effect of PDTC (50 umol/L) and PKC depletion
(24 hours of treatment with 500 nmol/L PMA) on IL-18 (10
ng/mL)-induced and PMA (100 nmol/L)-induced ICAM and
VCAM mRNA. Values represent densitometric quantification of
signal intensity after Northern blotting (top). Each scanning value
was normalized to its corresponding 28S value and expressed
as percentage of control (CT). Data represent the average of five
separate experiments. *P<.05 vs CT; tP<.05 vs IL-183 or PMA.

increase in CAM protein in the myocyte cultures was the result
of enhanced myocyte expression. The maintenance of cyto-
kine-induced adhesion molecule mRINA and protein levels
during acute hypoxia is a new finding suggesting that hypoxia
does not depress cellular mechanisms implicated in myocyte
damage.

Signaling Pathways Regulating ICAM and
VCAM mRNA and Protein

Intracellular signal transduction required for ICAM and
VCAM expression in response to cytokines may involve
pathways that include the intracellular second messengers
PKC,” cAMP,**' and Ca**,** as well as proteasome activa-
tion.” In cultured neonatal rat myocardial cells, we have
shown that the PKC activator PMA induces ICAM expression
in both myocytes and fibroblasts. This effect is PKC depen-
dent, since PKC downregulation prevented ICAM induction
by PMA. However, PKC inhibition did not prevent CAM
induction by cytokines, suggesting that PKC is not the main
pathway by which IL-18 stimulates ICAM and VCAM
mRNA. Although the cAMP-PKA pathway is another signal
transduction cascade that has been implicated in CAM induc-
tion, we found that under normoxic conditions, forskolin had
no effect on ICAM expression in these cells.

In additional experiments, we studied signaling pathways
implicated in cytokine-induced CAM expression. Consistent
with our previous data in which the tyrosine kinase inhibitor
genistein blocked IL-1B-induced NF-kB translocation and
iNOS expression,” we found that tyrphostin, another potent
tyrosine kinase inhibitor, significantly reduced IL-1B—stimu-
lated ICAM and VCAM protein expression in both myocardial
cell types.

We also asked whether there is a connection between
myocardial CAM expression and the MAP kinases and their
homologues, namely, the stress-activated protein kinases (c-jun
N-terminal kinases and p38/RK, the mammalian homologue
of the yeast HOGI1 kinase)."* p42/p44 MAP kinases, also
known as ERKs, and their upstream activator, MAP kinase
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kinase, were among the first kinases implicated in IL-1[
signaling.*® Using PD98059, a potent inhibitor of ERK signal-
ing, we could not block IL-1B-induced CAM expression.
However, using SB203580, a specific inhibitor of p38/RK
7% we found that cytokine-induced CAM ex-
pression was abolished in both cardiac myocytes and fibro-

stress kinase,

blasts. Therefore, our data implicate the stress kinase cascades
in cytokine induction of adhesion molecule expression in
cardiac cells.

Role of NF-kB and AP-1 in Regulating ICAM
and VCAM mRNA and Protein

As noted above, changes in the expression of VCAM and
ICAM genes during myocardial ischemia/reperfusion involve
a complex program of intracellular signal transduction pro-
cesses and transcription events. A common feature, however, is
the presence of a kB DNA-regulatory element interacting with
the transcription factor NF-kB. The NF-kB system represents
the most important transcription-regulatory element in the
CAM promoters and plays a key role in regulating cytokine-
induced leukocyte adhesion.'®!"**%

We used inhibitor experiments with the metal chelator and
radical-scavenging antioxidant PDTC to assess activation of
endogenous gene expression in our system. PDTC potently
and specifically inhibits NF-kB activation in response to
various stimuli by suppressing the release of IkB in intact
cells.'*” We demonstrated that PDTC pretreatment prevents
ICAM-1 and VCAM-1 mRNA expression in IL-1f-and
TNE-a—stimulated myocytes. Thus, this redox-sensitive con-
trol mechanism appears to operate for VCAM-1 and ICAM-1
mRNA induction by cytokines in cardiac myocytes as previ-
ously described for VCAM in endothelial cells.”"*

C HX CHX CHX CHX

Figure 7. Effect of acute hypoxia on activation of the
transcription factors AP-1 and NF-«B. DNA binding activ-
ity for AP-1 and NF-«B was determined by a gel shift
assay using cardiac myocyte nuclear extracts as
described in “Materials and Methods.” A, Left, AP-1 com-
petition binding assay. The specificity of the DNA binding
complex was evaluated by competition with excess unla-
beled AP-1 oligonucleotide. Lane 1 is control (C); lane 2,
PMA (100 ng/mL, 2 hours); and lane 3, PMA+100X
excess unlabeled AP-1, which displaced labeled AP-1
binding. A, Right, Acute hypoxia-induced time-dependent
AP-1 DNA binding activity. Lane 1 is control (C); lanes 2,
3, 4, and 5, 0.5-, 2-, and 4- hour hypoxia (0% O,) and
4-hour hypoxia+2-hour reoxygenation (H/R), respectively.
B, Acute hypoxia (HX)-induced time-dependent NF-«B
DNA binding activity. Lane 1 is control (C); lane 2, 2-hour
HX (0% O,); lane 3, 4-hour HX (0% O,); and lane 4, 4
hour HX+2-hour reoxygenation (H/R). Free indicates free
probe. C, Blot showing that acute HX has no effect on
Sp1, CREB, or GRE DNA binding activities. Lanes 1, 3,
and 5 are control (C); lanes 2, 4, and 6, 4-hour HX.
NF-«kB is shown as a positive control. Data are represen-
tative of five separate experiments.

A second key component of the CAM transcriptional
machinery involves the transcription factor AP-1, a two-
subunit DNA binding protein composed of heterodimers or
homodimers of the c-fos and c-jun proto-oncogene families.
The specificity of AP-1 for activating various genes depends on
its composition and degree of phosphorylation.™** It has been
shown that oxidative stress induced by H,O, upregulates
ICAM expression in endothelial cells via activation on the
AP-1/ets transcription factor complex, whereas TNF-a—in-
duced ICAM expression is not due to AP-1 activation but
rather to NF-kB translocation.”® Using gel shift assays, we
found that PMA, which induces ICAM mRNA expression,
also activates AP-1 DNA binding activity. We also found that
DNA binding activities of both of these transcription factors
are increased in cardiac cells subjected to acute hypoxia. The
activation of both NF-kB and AP-1 DNA binding activity was
time dependent, with AP-1 activation peaking very quickly at
30 minutes. This activation is consistent with the hypoxia-
induced activation of immediate-early response genes, such as

56

c—fos and c-jun as previously described,” that then transcribe
AP-1 binding factors/activators.

Previous reports have shown that NF-kB and AP-1 DNA
binding are important for CAM induction in other cell
types.'*'”>> We found that although hypoxia alone induces an
early activation of NF-kB and AP-1 DNA binding in cardiac
myocytes, there was no subsequent increase in CAM expres-
sion. IL-1f also induced DNA binding of these transcription
factors as well as induction of ICAM and VCAM mRNA,
whereas hypoxia enhanced ICAM but not VCAM induction
by cytokines. It should be noted that responses may differ
depending on the duration of exposure to hypoxia and the
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level of hypoxia to which cells are exposed. For example, we
recently reported that IL-18 induces iNOS gene expression,
de novo synthesis of iNOS protein, and NO generation in
neonatal rat cardiomyocytes and that chronic hypoxia (1% O,
for 48 hours) decreased or abolished these IL-1B-stimulated
responses.”® During prolonged 1% hypoxia, there was no
induction of NF-kB,” whereas in the present study, 4 hours of
0% O, induced NF-kB activity (Fig 7C).

Although a direct connection between the transcription
factors AP-1 and NF-«kB and CAM induction by hypoxia
and/or cytokines is not conclusively proven by our data, the
presence of NF-kB and AP-1 sites in the upstream regulatory
sequences and the lack of induction of several other transcrip-
tion factors (eg, Spl, CREB, and GRE) during hypoxia
suggests a close relationship. Moreover, our observations
suggest that although activation of either of these two tran-
scription factors may be necessary for CAM mRNA induction
during hypoxia alone, they are not sufficient. We speculate that
additional as-yet-undefined signals are required for further
induction of these genes during cytokine stimulation. These
factors presumably play a role in the synergistic interaction of
hypoxia and cytokines on adhesion molecule mRNA expres-
sion in our cells.

These data raise the possibility that myocardial CAM ex-
pression during ischemia-associated inflammation is modulated
by both cytokines and the cellular oxygen environment (ie,
redox state), which function in concert to determine specific
CAM expression. Ultimately, CAM induction under these
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CAM Regulation in Cardiac Cells

Figure 8. Induction of AP-1 and NF-«B activity by
IL-18, LPS, and PMA and inhibition by PDTC. A, Myo-
cytes were stimulated with vehicle (control [C]), IL-18
(10 ng/mL), or PMA (100 nmol/L) for 2 hours. Nuclear
extracts were prepared and analyzed for AP-1 binding
using EMSA. B, PDTC blocks NF-«kB binding activity
induced by IL-1B and LPS in cardiac myocytes. Lane 1
is control (C); lane 2, IL-18 (10 ng/mL for 2 hours; lane
3, LPS (1 png/mL); lane 4, IL-18+PDTC (50 umol/L) for
2 hours; and lane 5, LPS+PDTC (50 umol/L) for 2
hours. C, Induction of AP-1 binding activity in cardiac
fibroblasts. Lane 1 is control (C); lane 2, PMA (100
nmol/L) for 2 hours; lane 3, IL-18 (10 ng/mL) for 2
hours; and lane 4, LPS (1 ug/mL) for 2 hours. D, NF-«B
DNA binding activity in cardiac fibroblasts. Lane 1 is
control (C); lane 2, PMA (100 nmol/L) for 2 hours; lane
3, IL-1B (10 ng/mL) for 2 hours; and lane 4, LPS (1
ng/mL) for 2 hours. Data are representative of three to
six separate experiments.

pathological circumstances may involve specific interaction of
transcriptional factors (such as NF-kB and AP-1), which may
be required to regulate complex patterns of CAM gene
expression.

Our studies indicate that CAM mRNAs and protein were
upregulated in parallel in both cardiac myocytes and fibroblasts
in response to cytokines and LPS. We found that despite
enhancement of cytokine-induced ICAM expression in hy-
poxic myocytes, ICAM protein expression was not similarly
augmented. To our knowledge, the posttranscriptional events
in ICAM expression have not been established, but variability
in mRNA translation, although less well characterized than the
influences controlling gene transcription, is now recognized as
a major determinant in the regulation of gene expression.
Moreover, during hypoxia an increase of adhesion-processing
enzymes such as chedases® may be an alternative explanation
of our results. Our observation of a disparity between ICAM
mRNA and protein induction during hypoxia suggests that
additional posttranscriptional regulation mechanisms that pre-
vent ICAM protein enhancement may be activated during
hypoxia.

The augmented response of ICAM mRNA to cytokine
stimulation during hypoxia contrasts with the VCAM mRNA
response. This observation suggests that hypoxia difterentially
regulates cardiac cell responses, with a permissive effect on
cytokine-induced ICAM mRNA expression in myocytes but
not in fibroblasts. Taken together, these data reflect a cell
type—specific effect and identify differential regulatory path-
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Figure 9. Inhibition of increased ICAM and VCAM protein
expression stimulated by IL-18 in cardiac myocytes and
fibroblasts. Cardiac myocytes or fibroblasts were treated with
10 ng/mL IL-1B alone, with 10 ng/mL IL-1B8+50 umol/L
PDTC, with 10 ng/mL IL-18+10 pumol/L tyrphostin (TYRP),
with 10 ng/mL IL-13+10 pmol/L SB203580, or with 10 ng/mL
IL-18+10 pumol/L PD98059 for 6 hours. ICAM and VCAM
were analyzed by ELISA as described in “Materials and Meth-
ods.” Test and control (CT) samples were analyzed in tripli-
cate. Each bar represents the mean*=SEM of five to eight
separate experiments. *P<.0.5 vs control; 1P<.05 for PDTC
vs IL-1B.

ways that control gene expression of ICAM and VCAM in
response to hypoxia and/or cytokines in cells resident in the
heart. Our results also provide new insights into the factors
involved in cell-specific CAM induction in the heart and may
provide additional targets for therapeutic intervention.

Acknowledgments
This study was supported by program project grant HL-25847 from the
National Heart, Lung, and Blood Institute and the Research Service,
Department of Veterans Affairs. We thank Norm Honbo for technical
assistance and Dr Lucia Piacentini for cell viability experiments.

References

1. Osborn L, Hwaaion R, Tizard C, Vassalo S, Luhowskyj G, Chi-Rosso,
and Robb R. Direct cloning of vascular cell adhesion molecule-1
(VCAM-1), a cytokine-induced endothelial protein that binds to lym-
phocytes. Cell. 1989;59:1203-1211.

2. Elices M], Osborn L, Takada Y, Crouse C, Luhowskyj S, Helmer ME,
Robb RR. VCAM-1 on activated endothelium interacts with the leu-
kocyte integrin VLA-4 at a site distinct from the VLA/fibronectin binding
site. Cell. 1990;60:577—584.

3. Bevillacqua MP. Endothelial-leucocyte adhesion molecules. Annu Rev
Immunol. 1993;11:767—804.

o)

10.

20.

21.

22,

24.

25.

6.

. Springer TA. Traffic signals for lymphocyte recirculation and leucocyte

emigration: the multiple step paradigm. Cell. 1994;76:301-314.

. Kukiella GL, Hawkins HK, Micheal LL, Manning AM, Youker K, Lane

CL, Entman ML, Smith CW, Andersan DC. Regulation of intercellular
adhesion molecule-1 (ICAM-1) expression in ischemic and reperfused
myocardium. J Clin Invest. 1993;92:1504-1516.

Yamazaki T, Seko Y, Tamatani T, Miyasaka M, Yagita H, Okumara K,
Nagai R, Yazaki, Y. Expression of intercellular adhesion molecule-1 in rat
heart with ischemia/reperfusion and limitation of infarct size by treatment
with antibodies against cell adhesion molecules. Am J Pathol. 1993;143:
410-418.

. Youker KA, Hawkins HK, Kukiella G L, Perrard JL, Micheal LH,

Ballantyne CM, Smith CW, Entman ML. Molecular evidence for
induction of intercellular adhesion molecule-1 in the viable border zone
associated with ischemia-reperfusion injury of the dog heart. Circulation.
1994;89:2736-2746.

. Seko Y, Yagita H, Okumura K, Yazaki Y. Expression of vascular cell

adhesion molecule-1 in murine hearts with acute myocarditis caused by
coxsackievirus B3. J Pathol. 1996;180:450—454.

. Entman ML, Youker K, Shappel, Siegel C, Rothein R, Dreyer WJ.

Schmalstieg FC, Smith CW. Neutrophil adherence to isolated adult canine
myocytes: evidence for a CD18-dependent mechanism. J Clin Invest. 1990;
85:1497-1506.

Smith CW, Entman ML, Lane CL, Beaudet AL, Ty TI, Youker K,
Hawkins HK, Anderson DS. Adherence of neutrophils to canine myocytes
in vitro is dependent on intercellular adhesion molecule-1. J Clin Invest.
1991;88:1216-1223.

. Ban K, Ikeda U, Takahashi M, Kanbe T, Kasahara T, Shimada K.

Expression of intercellular adhesion molecule-1 on rat cardiac myocytes by
monocyte chemoattractant protein-1. Cardiovasc Res. 1994;28:1258-1262.

. Ikeda U, Ikeda M, Kano S, Shimada K. Neutrophil adherence to rat cardiac

myocyte by proinflammatory cytokines. J Cardiovasc Pharmacol. 1994;23:
647—-652.

. Hattori Y, Kasai K. Induction of mRNAs for ICAM-1, VCAM-1, and

ELAM-1 in cultured rat cardiac myocytes and myocardium in vivo.
Biochem Mol Biol Int. 1997;41:979-986.

. Dustin ML, Rothlein R, Bhan AK, Dinarello CA, Springer TA. Induction

by IL-1 and interferon-gamma: tissue distribution, biochemistry, and
function of natural adherence molecule (ICAM-1). J Immunol. 1986;137:
1893-1896.

. Angel P, Imagura M, Chin R, Stein B, Imbra RJ, Rahmsdorf HJ, Jonat C,

Herrlich P, Karin M. Phorbol ester-inducible genes contain a common cis
element recognized by TPA-modulated trans-acting factor. Cell. 1987;49:
729-739.

. Baeuerle PA, Henkel T. Function and activation of NF-kB in the immune

system. Annu Rev Immunol. 1994;12:141-179.

. Collins T, Read MA, Neish AS, Whitely MZ, Thanos D, Maniatis T.

Transcriptional regulation of endothelial cell adhesion molecules:
NF-kappa B and cytokine-inducible enhancers. FASEB J. 1995;9:
899-909.

. Ghezzi P, Dinarello CA, Bianchi M, Rosandish ME, Repine JE, White

CW. Hypoxia increases production of interleukin-1 and tumor necrosis
factor by human monocytes. Cytokine. 1991;3:189-194.

. Shreeniwas R, Koga S, Karakurum M, Pinsky D, Kaiser E, Brett ],

Wolitzky BA, Norton C. Plocinski J, Benjamin W, Burk DK, Goldstein A,
Stern D. Hypoxia-mediated induction of endothelial cell interleukin-1
alpha. J Clin Invest. 1992;90:2333-2339.

Yamauchi-TK, Thara Y, Ogata A, Yoshizaki K, Azuma J, Kishimoto T.
Hypoxic stress induces cardiac myocyte-derived interleukin-6. Circulation.
1995;91:1520-1524.

Hempel SL, Monick MM, Hunninghake GW. Effect of hypoxia on release
of IL-1 and TNF by human alveolar macrophages. Am J Respir Cell Mol
Biol. 1996;14:170-176.

Palluy O, Morliere L, Gris JC, Bonne C, Moda G. Hypoxia/reoxygenation
stimulates endothelium to promote neutrophil adhesion. Free Radic Biol
Med. 1992;13:21-30.

. Yoshida ND, Anderson C, Rothlein R, Granger DN, Kvietys PR.

Anoxia/reoxygenation-induced neutrophil adherence to cultured endo-
thelial cells. Am J Physiol. 1992;262:H1891-H1898.

Hess DC, Zhao W, Carroll J, McEachin M, Buchanan K. Increased
expression of ICAM-1 during reoxygenation in brain endothelial cells.
Stroke. 1994;25:1463-1468.

Simpson PC, Savion S. Differentiation of rat myocytes in single cell culture
with and without proliferating non myocardial cells: cross striation, ultra-



586

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

structure, and chronotropic response to catecholamines. Circ Res. 1989;50:
101-116.

Kacimi R, Long CS, Karliner JS. Chronic hypoxia modulates IL-1[3-
induced nitric oxide synthase signaling in neonatal ventricular myocytes.
Circulation. 1997;96:1937—1943.

Rocha-Singh K, Honbo NY, Karliner JS. Hypoxia and glucose indepen-
dently regulate the B-adrenergic receptor-adenylate cyclase system in
cardiac myocytes. J Clin Invest. 1991;88:204-213.

Li H-T, Long CS, Rokoch DG, Honbo NY, Karliner JS. Chronic hypoxia
differentially regulates al-adrenergic receptor subtype mRNAs and
inhibits al-adrenergic receptor-stimulated cardiac hypertrophy and sig-
naling. Circulation. 1995;92:918-925.

Chomczynski P, Sacchi N. Single step method of RNA isolation by
guanidine thiocyanate-phenol-chloroform extraction. Anal Biochem. 1987;
162:156—159.

Dignam JD, Lebovitz RM, Roeder RG. Accurate transcription initiation
by RNA polymerase II in a soluble extract from isolated mammalian
nuclei. Nucleic Acids Res. 1983;11:1475-1489.

Long CS, Henrich CJ, Simpson PC. A growth factor for cardiac myocytes
is produced by cardiac non myocytes. Cell Regul. 1991;2:1081-1099.

Ma X-L, Lefer D, Lefer A, Rothlein R. Coronary endothelial and cardiac
protective effects of a monoclonal antibody to intercellular adhesion
molecule-1 in myocardial ischemia and reperfusion. Circulation. 1992;86:
937-946.

Sligh JE, Ballantyre CM, Rich SS, Hawkins HK, Smith CW, Bradely A,
Beaudet AL. Inflammatory and immune responses are impaired in mice
deficient in intercellular adhesion molecule-1. Proc Natl Acad Sci U S A.
1993;90:8529—-8533.

Kurose I, Anderson DC, Miyasaka M, Tamatani T, Paulson JC, Todd RF,
Rush J, Ranger DR. Molecular determinants of reperfusion induced leu-
kocyte adhesion and vascular protein leakage. Circ Res. 1994;74:336-343.
Kubes P, Jutila M, Payne D. Therapeutic potential of inhibiting leukocyte
rolling in ischemia/reperfusion. J Clin Invest. 1995;2510-2519.

Xu H, Gonzalo JA, Pierre YS, William IR, Kupper TS, Cotran RS, Springer
TA, Gutierres RJ. Leukocytosis and resistance to septic shock in intercellular
adhesion molecule-1-deficient mice. | Exp Med. 1994;180:95-109.

Hartman CJ, Anderson DC, Wiltse AL, Lane CL, Rosenbloom CL,
Manning AM, Humphrey WR, Wall TM, Shebuski RJ. Protection of
ischemic/reperfused canine myocardium by CL18/6, a monoclonal
antibody to adhesion molecule ICAM-1. Cardiovasc Res. 1995;30:47-54.
Panes J, Perry MA, Anderson DC, Manning A, Leone B, Cepinskas G,
Rosenbloom CL, Miyasaka M, Granger DM. Regional differences in
constitutive and induced ICAM-1 expression in vivo. Am J Physiol. 1995;
269:H1955-H1964.

Dean NM, McKay R, Condon TP, Bennett CF. Inhibition of protein
kinase C-a expression in human A549 cells by antisense oligonucleotides
inhibits induction of intercellular adhesion molecule 1 (ICAM-1) mRINA
by phorbol esters. J Biol Chem. 1994;269:16416—16424.

Bouillon M, Fortier MA, Boulianne R, Audette M. Biphasic effect of
cAMP-elevating agents on ICAM-1 expression stimulated by retinoic acid
and interferon 7. Int J Cancer. 1992;52:281-288.

Pober JS, Slowik MR, de Luca L. G, Ritchie AJ. Elevated cyclic AMP
inhibits endothelial cell synthesis and expression of TNF-induced endo-

42.

43.

44.

45.

46.

47.

48.

49.

CAM Regulation in Cardiac Cells

thelial leukocyte adhesion molecule-1, and vascular cell adhesion
molecule-1, but not intercellular adhesion molecule-1. J Immunol. 1993;
150:5114-5123.

Renkonen R, Mennander A, Ustinov J, Mattila P. Activation of protein
kinase C is crucial in the regulation of ICAM-1 expression on endothelial
cell by interferon-y. Int Immunol. 1990;2:719-724.

Read MA, Neish AS, Luscinskas FW, Palombella V], Maniatis T, Collins
T. The proteasome pathway is required for cytokine-induced endotheli-
al-leukocyte adhesion molecule expression. Immunity. 1995;2:493-506.
Marshall CJ. Specificity of receptor tyrosine kinase signaling: transient
versus sustained extracellular signal regulated kinase activation. Cell. 1995;
80:179-185.

Cano E, Mahadevan LC. Parallel signal processing among mammalian
MAPKSs. Trends Biochem Sci. 1995;20:117—124.

Saklatvala J, Rawlison LM, Marshall CJ, Krallt M. Interleukin-1 and tumor
necrosis factor activate the mitogen-activated protein (MAP) kinase kinase
in cultured cells. FEBS Lett. 1993;334:189—-192.

Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher TF,
Young PR, Lee JC. Pro-inflammatory cytokine and environmental
stress cause p38 mitogen-activated protein kinase activation by dual
phosphorylation on tyrosine and threonine. J Biol Chem. 1995;270:
7420-7426.

Kyriakis JM, Avruch J. Sounding the alarm: protein kinase cascade acti-
vated by stress and inflammation. J Biol Chem. 1996;271:24313-24316.
Iademarco MF, McQuillan JJ, Rosen GD, Dean DC. Characterization of
the promoter for vascular cell adhesion molecule-1. J Biol Chem. 1992;267:
16323-16329.

50. Ledbur HC, Park TP. Transcription regulation of intercellular adhesion

molecule-1 gene by inflammatory cytokines in human endothelial cells.
J Biol Chem. 1995;270:933-943.

. Hou J, Baichwal V, Cao Z. Regulatory elements and transcription factors

controlling basal and cytokine-induced expression of the gene encoding
intercellular adhesion molecule 1. Proc Natl Acad Sci U S A. 1994;91:
11641-11645.

. Marui N, Offermann MK, Swerlick R, Kunsh C, Rosen CA, Ahmad M,

Alexansed R, Medford RM. Vascular cell adhesion molecule-1 (VCAM-1)
gene transcription and expression sensitive mechanism in human vascular
endothelial cells. J Clin Invest. 1993;92:1866—1874.

. Kyriakis JM, Banerjee P, Nikolakaki E, Dai T, Rubie EA, Ahmad MF,

Avruch J, Woodgett JR. The stress-activated protein kinase subfamily of
c-Jun kinases. Nature. 1994;369:156—160.

. Karin M. The regulation of AP-1 activity by mitogen-activated protein

kinase. J Biol Chem. 1995;270:16483—16486.

. Roebuck K, Rahman A, Lakshminarayanan V, Janakidevi K, Malik AB.

H,O, and tumor necrosis factor-« activate intercellular adhesion molecule
1 (ICAM-1) gene transcription through distinct cis-regulatory elements
within the ICAM-promoter. J Biol Chem. 1995;270:18966—-18974.

. Webster KA, Discher DJ, Bishopric NH. Induction and nuclear accumu-

lation of fos and jun proto-oncogenes in hypoxic cardiac myocytes. J Biol
Chem. 1993;268:16852-16859.

. Hugli TE. Proteinase inhibitors: novel therapeutic application and devel-

opment. Trends Biotechnol. 1996;14:409—412.



