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Abstract

Preconditioning with brief ischemia before a sustained pe-
riod of ischemia reduces infarct size in the perfused heart. A
cultured chick ventricular myocyte model was developed to
investigate the role of adenosine receptor subtypes in car-
diac preconditioning. Brief hypoxic exposure, termed pre-
conditioning hypoxia, prior to prolonged hypoxia, protected
myocytes against injury induced by the prolonged hypoxia.
Activation of the adenosine A; receptor with CCPA or the
A; receptor with CI-IB-MECA can replace preconditioning
hypoxia and simulate preconditioning, with a maximal ef-
fect at 100 nM. While activation of the A,, receptor by 1 uM
CGS21680 could not mimic preconditioning, its stimulation
during preconditioning hypoxia, however, attenuated the
protection against hypoxia-induced injury. Blockade of A,,
receptors with the selective antagonist CSC (1 wM) during
preconditioning hypoxia enhanced the protective effect of
preconditioning. Nifedipine, which blocked the A,, recep-
tor-mediated calcium entry, abolished the A,, agonist-induced
attenuation of preconditioning. Isoproterenol, forskolin,
and BayK 8644, which stimulated calcium entry, also atten-
uated preconditioning. Nifedipine blocked the increase in
calcium uptake by these agents as well as their attenuating
effect on preconditioning. The present study provides the
first evidence that the adenosine A; receptor is present on
ventricular myocytes and can mediate simulation of precon-
ditioning. The data demonstrate, for the first time, that acti-
vation of the A,, receptor antagonizes the preconditioning
effect of adenosine, with increased calcium entry during the
preconditioning stimuli as a novel mechanism. (J. Clin. In-
vest. 1996. 98:1773-1779.) Key words: myocardium « ade-
nosine « receptor « purinergic « ischemia

Introduction

Preconditioning has been demonstrated in isolated perfused
hearts of a number of mammalian species including dog,
guinea pig, pig, rabbit, and rat (1-6, 10-13). Indirect evidence
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for such protective preconditioning also exists in humans (5, 6,
14). Adenosine is released in large amounts during myocardial
ischemia and has been demonstrated to play a major role in
mediating preconditioning and other cardioprotective effects
in most animal species, including humans (1-14). Previous
studies (15-17) of adult human and rabbit ventricular myo-
cytes and cultured neonatal rat cardiac myocytes provided im-
portant insight by indicating that the cardioprotective mecha-
nism of preconditioning is exerted, at least in part, at the level
of and by the cardiac myocytes in the intact heart. Although a
non-A; receptor, possibly the A; subtype, may be involved in
mediating preconditioning, very little is known regarding the
role of different adenosine receptor subtypes in mediating or
modulating preconditioning of the cardiac myocytes.

Ventricular myocytes cultured from chick embryos retain
many of the properties of the intact heart and have served as a
useful model for a variety of experimental paradigms (18-24).
Previous studies have demonstrated that activation of adeno-
sine receptors in these cultured heart cells produces physio-
logic effects similar to those elicited by adenosine in the adult
mammalian heart (25-28). The cultured ventricular myocytes
contain predominantly (> 90%) myocytes (21; our unpub-
lished data) and are largely devoid of neuronal, blood, or vas-
cular cells, thus the confounding influence of changes in blood
flow is avoided (18-28). The present study aims to develop the
chick ventricular cell culture as a model to investigate the role
of adenosine receptor subtypes in the preconditioning process
and to study the mechanism(s) by which preconditioning of
the ventricular myocytes can be modulated. To simulate pre-
conditioning, ventricular myocytes were exposed to 5 min of
hypoxia (O, < 1%), reoxygenated in the presence of normal
percent O, (room air) for 10 min, and then incubated in the
presence of continuous hypoxia for 90 min (O, < 1%). The de-
velopment of a ventricular myocyte model for preconditioning
and the use of a protocol identical to that employed in pre-
conditioning of the isolated perfused heart facilitates cellular
characterization of this phenomenon and enables quantitative
determination of the extent of cardioprotection by precondi-
tioning. The present study elucidates the role of A;, A,,, or Az
adenosine receptors in mediating or modulating precondition-
ing and provides evidence that enhanced calcium entry during
preconditioning hypoxia is a novel mechanism for attenuating
the myocyte responsiveness to preconditioning stimuli.

Methods

Preparation and preconditioning of cultured ventricular cells. Ventric-
ular cells were cultured from chick embryos 14 d in ovo, according to a
previously described procedure (20, 27). Cells were plated at a den-
sity of 400,000 cells/ml and cultivated in a humidified 5% CO,-95%
air mixture at 37°C. All experiments were performed on day 3 in cul-
ture, at which time cells had grown to confluence and exhibited rhythmic
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spontaneous contraction. For preconditioning studies, the medium was
changed to a Hepes-buffered medium containing (mM) 139 NaCl, 4.7
KCl, 0.5 MgCl,, 0.9 CaCl,, 5 Hepes (N-2-hydroxyethylpiperazine-N '-2-
ethanesulfonic acid) and 2% fetal bovine serum, pH = 7.4, 37°C be-
fore exposing cells to the various conditions at 37°C. Control cells
were maintained in the Hepes-buffered media under room air. Hy-
poxia was produced by placing the cells in a hypoxic incubator
(NuAire) where O, was replaced by N,. The percent O, was moni-
tored by both an oxygen Fyrite Gas Analyzer (Bacharach, Pittsburgh,
PA) and an oxygen analyzer (model OX630; Engineered Systems &
Designs, Newark, DE). Preconditioning was induced by exposing the
cells to 5 min of hypoxia, termed preconditioning hypoxia, prior to a
second 90-min hypoxia. Cells not subjected to preconditioning were
exposed to 90 min of hypoxia only (nonpreconditioned cells). The ex-
tracellular pH was similarly maintained at 7.4 by Hepes in both pre-
conditioned and nonpreconditioned cells. Determination of basal
level of cell injury was made after parallel incubation of control cells
under normal percent O,. For preconditioned and nonpreconditioned
cells, determination of cell injury was made at the end of the 90-min
hypoxic period.

Measurement of ¥ Ca uptake and cyclic AMP level. Determination
of Ca uptake was made according to a modification of a previously
described method (20). Cultures were incubated with L-(3, 4, 5-°H,
N)-leucine (152.2 Ci/mmol) for 24 h prior to ¥*Ca uptake. [*H] leucine
incorporated into the cellular protein allowed normalization of “*Ca
content to mg cell protein. After incubation with *Ca-containing me-
dium, cells were then washed free of “Ca and solubilized for 2 h with
1% sodium dodecyl sulfate and 10 mM sodium borate, and the levels
of H and ¥*Ca were determined. For all data comparing the effect of
different agents on “*Ca uptake, one-way ANOVA analysis followed
by group comparison with ¢ test was carried out at each time point of
the *Ca uptake. The cAMP level was determined according to a pre-
viously described radioimmunoassay (27).

Determination of cell injury. The extent of hypoxia-induced in-
jury to the ventricular cell was quantitatively determined by the per-
centage of cells killed and by the amount of creatine kinase (CK)! re-
leased into the media. To quantitate the percent cells killed, cells
were exposed to a trypsin-EDTA Hanks’ balanced salt solution for 10
min for detachment after the various treatments, followed by centrif-
ugation (300 g for 10 min) and resuspension in culture media for
counting in a hemocytometer. Only live cells sedimented, and the
cells counted represented those that survived (29). None of the sedi-
mented cells subsequently counted included trypan blue. In cells not
exposed to hypoxia, trypsin-EDTA treatment followed by reexpo-
sure to Ca?*-containing culture media did not cause the appearance
of trypan blue-stained cells or any significant increase in proteins or
CK in the trypsin-EDTA media following the 300 g, 10-min sedimen-
tation of the cells. There was no protein or CK in the culture media
following a second 300 g centrifugation of resuspended cells previ-
ously treated with trypsin-EDTA. Thus, trypsin treatment, reexpo-
sure to Ca?*-containing media or 300 g sedimentation did not cause
any significant damage to the control, normoxia-exposed cells. In con-
trast, the trypsin-EDTA media from cells exposed to 90-min hypoxia
contained substantial amounts of proteins (0.15+0.03 mg, n = 9) and
CK activity (163 U/mg protein, n = 8). Such proteins and CK activ-
ity could arise from hypoxia-damaged cells which failed to sediment
because of lighter cellular density from loss of soluble proteins or
from hypoxia-exposed cells that were further damaged by the trypsin
treatment. Because trypsin may cause further proteolysis of other

1. Abbreviations used in this paper: CCPA, 2-chloro-N°-cyclopentyl-
adenosine; CGS21680, 2-[4-(2-carboxyethyl)phenylethylamino]-5'-N-
ethylcarboxiamidoadenosine; C1-IB-MECA, 2-chloro-N°-(3-iodoben-
zyl)adenosine-5'-N-methyluronamide; CK, creatine kinase; CSC, 8-(3-
chlorostyryl)caffeine; DPCPX, 8-cyclopentyl-1-1, 3-dipropylxanthine;
IB-MECA, N°®-(3-iodobenzyl)adenosine-5'-N-methyluronamide; R-PIA,
NS-R-phenyl-2-propyladenosine.
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proteins and CK, the amount of protein and CK retained by the dam-
aged cells in the trypsin-EDTA media may not accurately reflect
those associated with the damaged cells. In support of the notion that
90-min hypoxia caused significant cell injury and loss of membrane
integrity, there was also marked release of LDH (hypoxia-exposed
cells, 35.5+2.7, U/mg, n = 8, £SE vs. control cells, 6.1+0.4 U/mg, n =
8) and proteins (hypoxia-exposed cells, 0.15+0.03 mg, n = 8 vs. con-
trol cells, 0.034=0.01 mg, n = 8) from the cells incubated under pro-
longed hypoxia. Thus, the cell viability assay separated out the hy-
poxia-damaged from the control normoxia-exposed cells. Parallel
changes in percent cells killed and CK released (Fig. 1) further vali-
dated this assay for percent cells killed. The amount of CK was mea-
sured as enzyme activity (U/mg), and increases in CK activity above
the control level were determined. The percentage of cells killed was
calculated as the number of cells obtained from the control group
(representing cells not subjected to any hypoxia or drug treatment)
minus the number of cells from the treatment group divided by num-
ber of cells in control group multiplied by 100%.

The pA, value for an antagonist at the A3 receptor was calcu-
lated by Schild plot in which log (X-1) was plotted versus -log [B] and
the x-intercept is the pA, value. X = dose ratio which was the ratio of
ICsy of the 2-chloro-N°-(3-iodobenzyl)adenosine-5'-N-methyluron-
amide (CI-IB-MECA )-induced response in the presence of antago-
nist to the ICy, of the Cl-IB-MECA response in the absence of antag-
onist; B = antagonist concentration; pA, = -log K, where Kj is the
affinity constant for the antagonist. The pA, value was obtained from
the line best fit by a slope value of —1.

Adenosine measurement and synthesis of adenosine receptor selec-
tive agonists. Adenosine concentrations in the buffer media were
measured by an adenosine radioimmunoassay using antiserum spe-
cific to adenosine, which does not cross react with inosine or adenine
nucleotides (30, 31). The recovery of adenosine standard, when
added to the media containing the endogenous adenosine, was
96.4+7.2%,n = 8, £SE. The electrolytes Na*, K*, and Cl~ were de-
termined by ion-selective electrodes in a Boehringer Mannheim/Hita-
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Figure 1. Preconditioning of ventricular cells by adenosine and hy-
poxia. Cells were preconditioned by a 5-min exposure to hypoxia or
to 10 uM adenosine. In adenosine-treated cells, media were replaced
by that lacking adenosine for 10 min prior to a 90-min hypoxic expo-
sure. Effects of nonselective adenosine receptor antagonist 8-SPT
(100 M) on adenosine- or hypoxia-induced preconditioning, where
8-SPT was added during the 5-min exposure to adenosine or hypoxia,
was also determined. The nonpreconditioned cells were exposed to
90 min of hypoxia only. Data were presented as percent cells killed
(O) or as amount of CK released (@) and were mean=SE of six to
eight experiments. * Difference from nonpreconditioned cells or
from cells preconditioned in the presence of 8-SPT was statistically
significant (one-way ANOVA analysis using F value, followed by
group comparison employing unpaired ¢ test where P < 0.01).



chi 747 analyzer using reagents supplied by Boehringer Mannheim
(Indianapolis, IN) (32). 8-(3-chlorostyryl) caffeine (CSC), N°-(3-iodo-
benzyl)adenosine-5'-N-methyluronamide (IB-MECA) and CI-IB-
MECA were synthesized as described (33-35).

Results

Hypoxic preconditioning of the cultured ventricular cells. The
cultured cells were preconditioned by a 5-min preconditioning
hypoxia prior to a 90-min period of sustained hypoxia. The
concentration of Na* (140 mM), K* (4.5 mM), CI~ (145 mM),
and the pH (7.44) of the buffer media did not change in con-
trol, preconditioned, or nonpreconditioned cells. The level of
adenosine in culture media was determined next. In precondi-
tioned cells, both 5-min and 90-min hypoxia produced signifi-
cant increases in adenosine in the media (basal adenosine
level: 212 nM, *=SE of triplicates; after 5-min hypoxia:
32+2.6 nM; after 90-min hypoxia: 70+5.5 nM; data were typi-
cal of nine experiments; ANOVA and paired ¢ test P < 0.01).
However, the extent of increase in adenosine produced by the
90-min hypoxia in preconditioned cells was less than that of
the increase in nonpreconditioned cells (310+46%, n = 10,
+SE vs. 468+33%,n = 10; P < 0.01, ¢ test), similar to the find-
ing in preconditioning of the isolated perfused heart (36).

Exposure to 5-min hypoxia resulted in no significant in-
crease in CK release or in any cell death (not shown). 90 min
of hypoxic exposure resulted in a significant proportion of cells
killed and a large increase in the release of CK into the media.
Preconditioning hypoxia caused pronounced reductions in the
percentage of cells killed (70.4+4%) and in the CK released
(69£3%) (Fig. 1). There was minimal variability of proteins
from one culture plate to another within the same culture (a
typical culture has 0.9+0.03 mg protein per 60 mm dish, =SD,
n = 20 dishes). For all experiments, data on CK activity was
normalized to total amount of protein content per 60 mm dish
determined for each culture. The duration of the precondition-
ing effect was between 30 and 60 min after the preconditioning
hypoxia but was lost at 60 min (data not shown).

Role of adenosine receptors in mediating preconditioning. To
investigate the role of adenosine in mediating the precondi-
tioning effect, the ventricular cells, instead of being exposed to
the brief hypoxia, were incubated with adenosine for 5 min
prior to the 90-min hypoxia. Adenosine did not cause any cell
injury but elicited a significant attenuation of the injury pro-
duced by the subsequent 90-min hypoxia (P < 0.01 compared
to nonpreconditioned cells, ¢ test) (Fig. 1). The non-selective
adenosine receptor antagonist 8-sulfophenyltheophylline (8-
SPT, 100 uM), when added during exposure to adenosine or
preconditioning hypoxia, completely abolished the precondi-
tioning effect induced by adenosine or the preconditioning hy-
poxia, respectively (Fig. 1). The data indicate that adenosine
receptor activation initiated the preconditioning. Continued
activation of the adenosine receptor was required to sustain
preconditioning because the presence of 8-SPT during the 90-
min hypoxia was also able to completely abolish its protective
effect. Such role of adenosine receptor is similar to that of the
receptor in preconditioning of the intact heart (2, 3).

Adenosine A,, receptor activation attenuates preconditioning.
The adenosine receptor agonist R-PIA (Fig. 2), but not the
A,, receptor-selective agonist CGS21680 (not shown), could
substitute for preconditioning hypoxia and induce precondi-
tioning. However, compared to preconditioned cells, blocking
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Figure 2. Effect of adenosine A,, receptor activation on the protec-
tive effect of preconditioning hypoxia. Ventricular cells were precon-
ditioned by a 5-min exposure to hypoxia in the presence or absence of
the A,, receptor-selective antagonist CSC (1 uM). Media, with or
without the adenosine compounds, were obtained after the precondi-
tioning hypoxia for CK measurement and were replaced with fresh
media prior to 90-min hypoxia. The effect of CSC on R-PIA-induced
preconditioning was also tested. Cells preconditioned by the 5-min
treatment with 10 uM R-PIA in the presence or the absence of CSC
were exposed to the 90-min hypoxia after R-PIA was removed by re-
placement with fresh media. Data were plotted as percent cells killed
(O) or as amount of CK released (@). Data were the mean and stan-
dard errors of five experiments from five separate cultures.

of the adenosine A,, receptor with its selective antagonist CSC
(27, 32) during preconditioning hypoxia resulted in increased
protection, that is, a further decrease in the percent cells killed
and in the amount of CK released (ANOVA followed by
group comparison using ¢ test, P < 0.01) (Fig. 2). On the other
hand, activation of the A,, receptor by its agonist CGS21680
during preconditioning hypoxia attenuated the protection with
an increase in the percent cells killed and in the amount of CK
released (ANOVA and ¢ test, P < 0.01) (Fig. 3). CSC en-
hanced the preconditioning effect induced by 10 uM R-PIA,
which could activate not only the A; or A; receptors but also
the A,, receptor, with a further decrease in percent cells killed
and in the amount of CK released compared to cells precondi-
tioned by R-PIA alone (Fig. 2) (P < 0.01, ¢ test). Prior expo-
sure of the ventricular cells to CSC in the absence of precondi-
tioning hypoxia had no effect on the extent of injury induced
by the 90-min hypoxia (not shown). Such data further sup-
ported the notion that A,, receptor activation can attenuate
preconditioning.

Mechanism underlying the A,, receptor-mediated attenua-
tion of preconditioning. Activation of the adenosine A,, recep-
tor by CGS21680 (1 uM) led to nifedipine-sensitive increase in
calcium entry. The levels of ¥*Ca uptake after 90-s exposure to
#Ca-containing media, in nmol/mg, were 4.2+0.1 for control,
5.8+0.2 for CGS21680 stimulated, and 4.4+0.1 for CGS21680
plus nifedipine (1 uM) stimulated cells (=SD, representative
of five experiments). Thus, an increase in calcium entry during
hypoxia- or R-PIA-induced preconditioning may be the mech-
anism by which A,, receptor activation attenuated the protec-
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Figure 3. Nifedipine blocked the ability of CGS21680, isoproterenol,
forskolin, and BayK 8644 to attenuate preconditioning. Ventricular
cells were preconditioned by a 5-min exposure to hypoxia in the pres-
ence or absence of the various agents indicated (all were present at
1 uM except BayK 8644 which was 0.1 uM). After replacing with
fresh media, the preconditioned cells were exposed to 90 min of hy-
poxia as did the nonpreconditioned cells. Data were plotted as per-
cent cells killed (A) or as the amount of CK released (B) and were
the mean and standard error of five experiments from five cultures.
(® Non-preconditioned; O pre-conditioned; A CG521680; B ISO;

A Forskolin; (] BayK 8644.)

tion conferred by preconditioning. This notion was supported
by the finding that nifedipine (1 nM) abolished the CGS21680-
induced attenuation of cardioprotection induced by precondi-
tioning hypoxia (P > 0.1 compared to cells preconditioned in
the absence of CGS21680 or nifedipine, ¢ test) (Fig. 3). To fur-
ther test the hypothesis, the effect of isoproterenol (0.3 wM),
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forskolin (1 pM), and BayK 8644 (RBI, Natick, MA) (0.1 pM)
on the preconditioning responsiveness was determined. All
three agents induced increased calcium influx into the cultured
cells (not shown). Both isoproterenol and forskolin stimulated
calcium influx by increasing cyclic AMP accumulation (per-
cent increase in cAMP level by isoproterenol, 228+31%, n =
6, =SE vs. by forskolin, 54.8£9.7%, n = 6) while BayK 8644
activated the calcium channel directly. All three agents, when
present during preconditioning hypoxia, caused an increase in
percent cells killed and amount of CK released (P < 0.01 com-
pared to cells preconditioned in the absence of any agent,
ANOVA, and ¢ test) (Fig. 3). The deleterious effect of all three
agents on the preconditioning response was abolished by 1 uM
nifedipine (P > 0.1 compared to cells preconditioned in the
absence of added agent), indicating that increased calcium en-
try during preconditioning hypoxia is the mechanism mediat-
ing the decreased responsiveness to preconditioning. Neither
the calcium entry-promoting agents nor nifedipine had any ef-
fect on the extent of injury caused by the 90-min hypoxia when
these agents were present only during the preconditioning epi-
sode and not during the subsequent 90-min hypoxia (not
shown).

Involvement of both adenosine A; and A; receptors in pre-
conditioning. Blockade of the adenosine A, receptor with
8-cyclopentyl-1,3-dipropylxanthine (DPCPX) during precon-
ditioning hypoxia did not completely abolish the protection
conferred by preconditioning (Fig. 4). Such data are consistent
with the notion that an adenosine receptor other than the A;
subtype, possibly the A; receptor, mediates part of the precon-
ditioning response. Whether A; receptor is present and
whether its activation can simulate preconditioning in the cul-
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Figure 4. Effect of adenosine A, receptor-selective antagonist
DPCPX on the protection provided by preconditioning hypoxia. The
cultured ventricular cells were exposed to the varying concentrations
of DPCPX during the brief preconditioning hypoxia. Media contain-
ing DPCPX were replaced with fresh media prior to the 90-min hy-
poxia. Data were plotted as percent cells killed (O) or as amount of
CK released (@) and were the mean and SE of eight experiments
from eight cultures. The percent cells killed and the amount of CK
released in cells preconditioned in the presence of 0.1 or 0.3 uM
DPCPX were less than those in nonpreconditioned cells but were
greater than those in cells preconditioned in the absence of DPCPX
(one-way ANOVA followed by  test, P < 0.05).



ISO - Stimulated cAMP Level
pmol / mg

s

7 l—rf;‘

0 1 10 100
CCPA, nM

ISO-Stimulated cAMP Level
p mol/ mg

0 0.1 1 10 100

Cl-IB-MECA, nM

Figure 5. Effects of A; receptor-selective agonists on isoproterenol-
stimulated cAMP level. Ventricular cells were cultured and the ef-
fects of various adenosine agonists and antagonist on the isoprotere-
nol-stimulated cAMP accumulation determined as described in
Methods. The levels of cAMP (pmol/mg) were determined in the
presence of isoproterenol and varying concentrations of (4) CCPA
(M) and (B) CI-IB-MECA (A) or in the presence of isoproterenol,
CCPA (0O), or CI-IB-MECA (A) plus 0.1 uM of DPCPX. Data were
plotted as cAMP vs. concentrations of the indicated agonists and rep-
resented mean=*SE of triplicate determinations, which were typical
of four other experiments.

tured ventricular cell was determined next. Fig. 5 A demon-
strated that the A;-selective agonist 2-chloro-N°-cyclopentyl-
adenosine (CCPA) caused a dose-dependent inhibition of the
isoproterenol-induced stimulation of cAMP accumulation;
such inhibition was completely abolished by the A;-selective
antagonist DPCPX. The Aj-selective agonist Cl-IB-MECA
(Fig. 5 B) or IB-MECA (not shown) was also able to elicit a
dose-dependent inhibition of the isoproterenol-induced stimu-
lation of cAMP accumulation, which, however, was not attenu-
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ated by DPCPX. Such data suggest that a non-A; subtype,
likely the A; receptor, is present and functional on the cul-
tured ventricular cell.

Fig. 6 A showed that prior treatment of the cells with
CCPA was able to cause a DPCPX-sensitive preconditioning
response in that CCPA pretreatment decreased the extent
of CK release or the percent of cells injured during the sub-
sequent 90-min hypoxia. The data indicate that activation of
the A, receptor could replace preconditioning hypoxia and
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Figure 6. Effects of prior exposure to A; and A; receptor-selective
agonists on the hypoxia-induced cell injury. Cells were preexposed to
varying concentrations of (A) CCPA in the presence (A, A) or the
absence of 0.1 uM DPCPX (@, O) or (B) CI-IB-MECA in the pres-
ence of 0.1 M DPCPX (O, @), then incubated in the presence of
fresh media lacking the adenosine analogs for 10 min, and finally ex-
posed to 90 min of hypoxia. Data were plotted as percent cells killed
or as amount of CK released vs. varying concentrations of the indi-
cated agonists and were the mean and standard errors of five experi-
ments. The CK released or percent cells killed were higher in cells
pretreated with CCPA and DPCPX than in cells pretreated with
CCPA alone (P < 0.01, ¢ test at each CCPA concentration).
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simulate preconditioning. Prior exposure of the cells to the A
agonists CI-IB-MECA (Fig. 6 B) and IB-MECA (data not
shown) was able to induce a DPCPX-insensitive precondition-
ing response. While DPCPX blocked the CCPA-induced
cAMP and preconditioning responses with pA, values of 5+2
nM (mean=*SE, n = 3) and 93 nM (n = 3), respectively, even
10 uM of DPCPX failed to affect the Cl-IB-MECA-induced
cAMP or preconditioning response (not shown). These data
suggest that the response mediated by CI-IB-MECA is the re-
sult exclusively of a non-A; adenosine receptor, likely the A;
subtype. The cAMP and preconditioning studies provide fur-
ther evidence that a functional A; receptor is present on the
ventricular cell and that its activation can also precondition the
ventricular cells against hypoxia-induced injury.

DPCPX, even at 10 uM, was not able to block completely
the protective effect of preconditioning hypoxia (not shown).
This is similar to the inability of DPCPX to antagonize the
CI-IB-MECA-induced preconditioning response. The non-
selective antagonist 8-SPT could block the DPCPX-insensitive
protection of preconditioning hypoxia (not shown), similar
to the ability of 8-SPT to antagonize the CI-IB-MECA-induced
preconditioning response. The pA, value for 8-SPT-medi-
ated inhibition of CI-IB-MECA-induced preconditioning re-
sponse (0.5+0.2 pM, n = 3, =SE) was similar to its pA,
value in inhibiting the CI-IB-MECA-induced cAMP response
(0.2+0.1 uM, P > 0.1, paired ¢ test). These data provide fur-
ther evidence that the DPCPX-insensitive cardioprotective ef-
fect, induced by the brief preconditioning hypoxia, is mediated
by the A; receptor.

Discussion

Brief ischemia, known as preconditioning ischemia, prior to a
second sustained ischemia reduces the infarct size in the iso-
lated perfused heart. Although adenosine has been shown to
trigger and mediate preconditioning, the role of multiple aden-
osine receptor subtypes in mediating or modulating precondi-
tioning is not well understood, and the mechanisms modulating
responsiveness of ventricular cells to preconditioning stimuli
have not been studied. In the present study, ventricular heart
cells cultured from chick embryos were developed as a novel
myocyte model of preconditioning. A brief hypoxic incubation
of the cell was used to simulate preconditioning and a second
sustained hypoxic exposure was able to induce injury. The pro-
tocol used to precondition the ventricular cells was similar to
that employed to precondition the intact heart. The basic char-
acteristics of preconditioning of the myocyte are similar to
those of preconditioning of the intact heart (1-4, 11-13). Ade-
nosine triggers as well as mediates the preconditioning effect
on the myocytes, similar to its role in preconditioning of the in-
tact heart. In examining the mechanism of adenosine-medi-
ated preconditioning of the myocytes, a number of possibilities
can be ruled out. Because these cultured ventricular cells were
devoid of sympathetic innervation, it was unlikely that an ade-
nosine-mediated antagonism of catecholamine-stimulated in-
crease in force or rate of myocyte contraction (37) was a
mechansim. The lack of circulating blood or vascular cells es-
sentially precluded their involvement in mediating the precon-
ditioning. While the present study does not exclude a role for
neuronal, vascular, or blood cells in mediating preconditioning
in the intact heart in vivo and while hypoxia in this in vitro
model was different from and was not intended to simulate is-
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chemia in vivo, the data provide conclusive evidence that acti-
vation of adenosine receptors on ventricular cells can directly
precondition the cells against injury. The data suggest that the
cultured ventricular cells are an excellent model to study the
role of different adenosine receptor subtypes in cardiac myo-
cyte preconditioning.

A novel finding on the action of adenosine in myocyte pre-
conditioning is that activation of the adenosine A, receptor
caused a decrease in the level of protection afforded by pre-
conditioning hypoxia. In fact, blockade of the A,, receptor
with the A,,-selective antagonist CSC (27, 33) during precon-
ditioning hypoxia enhanced the protection by preconditioning
with a further decrease in the percent cells killed and in the
amount of CK released while stimulation with the A,,-selec-
tive agonist CGS21680 had the opposite effect. Neither CSC
nor CGS21680, when substituted for preconditioning hypoxia,
had any protective or adverse effect on the extent of cell injury
incurred during the 90-min hypoxia. Such results suggest that
adenosine A,, receptor has primarily a modulatory role during
preconditioning. Because activation of the A,, receptor re-
sulted in an increase in calcium entry into the cardiac ventricu-
lar cell, the question arose regarding whether the increased
calcium entry was the mechanism mediating the attenuation of
preconditioning. Isoproterenol, acting via the B-adrenergic re-
ceptor-Gs-adenylyl cyclase pathway, forskolin, acting via the
adenylyl cyclase, and BayK 8644, stimulating the L-type cal-
cium channel directly, all caused a significant increase in the
calcium entry. All three agents, when present during precondi-
tioning hypoxia, attenuated the protection by preconditioning.
The deleterious effect of all these agents on preconditioning
was abolished by nifedipine and correlated with the nifedipine-
mediated blockade of calcium entry. Neither isoproterenol,
forskolin nor BayK 8644 had any effect on the protection
when cells were exposed to these agents for 5 min in place of
the preconditioning hypoxia. Although the effect of these
agents on the cytosolic calcium level is not known in the
present study, the data support the notion that increased cal-
cium entry during the initial brief hypoxia is the mechanism
down-modulating the responsiveness of ventricular cells to
preconditioning stimuli. Exposure of ventricular cells to nife-
dipine in the absence of preconditioning hypoxia did not simu-
late preconditioning, indicating that modulating the level of
calcium entry alone could not induce preconditioning.

The ability of the adenosine A, receptor agonist R-PIA to
simulate preconditioning is consistent with a role of this ade-
nosine receptor in mediating the protective effect of precon-
ditioning. However, the A; receptor-selective antagonist
DPCPX could block only some of the protective effect of pre-
conditioning when it was present during the preconditioning
hypoxia. Since R-PIA can activate both A; and A; receptor
subtypes and since the A; receptor is insensitive to blockade
by DPCPX, it is possible that the A; receptor was also present
on these ventricular heart cells and its activation contributed
to the protective effect of preconditioning. The present study
demonstrates that the A; receptor-selective agonists IB-
MECA and CI-IB-MECA (34, 35) were able to cause a
marked inhibition of isoproterenol-stimulated cAMP accu-
mulation. While the A,-selective antagonist DPCPX com-
pletely abolished the inhibition of isoproterenol-stimulated
cAMP caused by the A, agonist CCPA, even 10 pM of
DPCPX could not affect the A; agonist-mediated inhibition of
cAMP. These data suggest that an adenosine receptor subtype



other than the A; receptor, likely the A; subtype, is also
present and can mediate inhibition of isoproterenol-stimulated
cAMP accumulation on these ventricular cells. Both A; ago-
nists were able to simulate the protective effect of precondi-
tioning hypoxia. The preconditioning effect of A; agonists was
not blocked by DPCPX while that induced by the A; agonist
CCPA was completely inhibited by this xanthine, similar to
the results obtained in the cAMP study. Previous studies (15,
38) indicated the potential presence of a non-A, subtype, pos-
sibly an A; receptor, on the rabbit myocardium. However, the
present study, utilizing a novel ventricular cell model of pre-
conditioning, provides the first conclusive evidence that the
adenosine A; receptor is present on the ventricular myocyte
and that in addition to the A, receptor, A; receptor activation
can also simulate the cardioprotective effect of precondition-
ing. The possibility that some of these receptors may exert in-
direct effects via other contaminating cell types is unlikely.
This is because the principal nonmyocytes, the fibroblasts, ex-
press the A, receptor and none of the A;, A,,, or A; agonists,
at the concentrations used, could cause significant stimulation
of the A,, receptor. The data show, for the first time, that a
physiologic role of the adenosine A,, receptor is to mediate an
antagonistic effect on the preconditioning of ventricular cells
and that increased calcium entry during preconditioning stim-
uli is a novel mechanism capable of attenuating the responsive-
ness of heart cells to such stimuli. The novel pro- and antiis-
chemic functions of the A,, and A; receptors, respectively,
should have implications for the treatment of ischemic heart
disease. Receptor-selective adenosine analogs such as A, re-
ceptor antagonists or A; receptor agonists represent targets for
developing new antiischemic pharmacologic agents.

Acknowledgments

The authors thank Ms. Pallavi Shah for capable technical assistance.

This work was supported by an Established Investigatorship of
the American Heart Association and RO1-HL-48225 from the Na-
tional Institutes of Health awarded to B. Liang.

References

1. Murry, C.E., R.B. Jennings, and K.A. Reimer. 1986. Preconditioning with
ischemia: A delay of lethal cell injury in ischemic myocardium. Circulation. 74:
1124-1136.

2. Downey, J.M. 1992. Ischemic preconditioning. Nature’s own cardio pro-
tective intervention. Trends Cardiovasc. Med. 2:170-176.

3. Ely, S.W., and R.M. Berne. 1992. Protective effects of adenosine in myo-
cardial ischemia. Circulation. 85:893-904.

4.Li, G.C, J.A. Vasquez, K.P. Gallagher, and B.R. Lucchesi. 1990. Myocar-
dial protection with preconditioning. Circulation. 82:609-619.

5. Deutsch, E., M. Berger, W.G. Kussmaul, J.W. Hirshfield, H.C. Hermann,
and W.K. Laskey. 1990. Adaptation to ischemia during percutaneous translumi-
nal coronary angioplasty: Clinical, hemodynamic, and metabolic features. Cir-
culation. 82:2044-2051.

6. Cribier, A.L., R. Korsatz, R. Koning, P. Rath, H. Gamra, G. Stix, S. Mer-
chant, C. Chan, and B. Letac. 1992. Improved myocardial ischemic response
and enhanced collateral circulation with long repetitive coronary occlusion dur-
ing angioplasty: A prospective study. J. Am. Coll. Cardiol. 20:578-586.

7. Olafsson, B., M.B. Forman, D.W. Puett, A. Pou, and C.U. Cates. 1987.
Reduction of reperfusion injury in the canine preparation by intracoronary aden-
osine: Importance of the endothelium and the no-reflow phenomenon. Circula-
tion. 76:1135-1145.

8. Babbitt, D.G., R. Virmani, and M.B. Forman. 1989. Intracoronary aden-
osine administered after reperfusion limits vascular injury after prolonged is-
chemia in the canine model. Circulation. 80:1388-1399.

9. Wyatt, D.A., S.W. Ely, R.D. Lasley, R. Walsh, R. Mainwaring, R.M.
Berne, and R.M. Mentzer. 1989. Purine-enriched asanguineous cardioplegia re-
tards adenosine triphosphate degradation during ischemia and improves post
ischemic ventricular function. J. Thorac. Cardiovasc. Surg. 97:771-778.

10. Miura, T., T. Ogawa, T. Iwamoto, K. Shimamoto, and O. Iimura. 1992.

Adenosine Receptor Subtypes and Cardiac Myocyte Preconditioning

Dipyridamole potentiates the myocardial infarct size-limiting effect of ischemic
preconditioning. Circulation. 86:979-985.

11. Auchampach, J.A., GJ. Grover, and G.J. Gross. 1992. Blockade of is-
chemic preconditioning in dogs by the novel ATP dependent potassium chan-
nel antagonist sodium 5-hydroxydecanoate. Cardiovas. Res. 26:1054-1062.

12. Yao, Z., and G.J. Gross. 1994. A comparison of adenosine-induced car-
dioprotection and ischemic preconditioning in dogs. Efficacy, time course, and
role of K,rp channels. Circulation. 89:1229-1236.

13. Schulz, R., J. Rose, and G. Heusch. 1994. Involvement of activation of
ATP-dependent potassium channels in ischemic preconditioning in swine. Am.
J. Physiol. 267:-H1341-H1352.

14. Tomai, F., F. Crea, A. Caspardone, F. Versaci, R. DePaulis, A. Penta de
Peppo, L. Chiariello, and P.A. Gioffré. 1994. Ischemic preconditioning during
coronary angioplasty is prevented by glibencladmide, a selective ATP-sensitive
K+ channel blocker. Circulation. 90:700-705.

15. Armstrong, S., and C.E. Ganote. 1994. Adenosine receptor specificity in
preconditioning of isolated rabbit cardiomyocytes: evidence of A3 receptor in-
volvement. Cardiovasc. Res. 28:1049-1056.

16. Ikonomidis, J.S., L.C. Tumiati, R.D. Weisel, D.A.G. Mickle, and R.-K.
Li. 1994. Preconditioning human ventricular cardiomyocytes with brief periods
of simulated ischemia. Cardiovasc. Res. 28:1285-1291.

17. Webster, K.A., D.J. Discher, and N.H. Bishopric. 1995. Cardioprotection in
an in vitro model of hypoxic preconditioning. J. Mol. Cell. Cardiol. 27:453-458.

18. DeHaan, R.L. 1967. Developmental changes in the calcium currents in
embryonic chick ventricular myocytes. Dev. Biol. 16:216-249.

19. Galper, J.B., and T.W. Smith. 1978. Properties of muscarinic acetylcho-
line receptors in heart cell cultures. Proc. Natl. Acad. Sci. USA. 75:5831-5835.

20. Barry, W.H., and T.W. Smith. 1982. Mechanisms of transmembrane cal-
cium movement in cultured chick embryo ventricular cells. J. Physiol. 325:243-260.

21. Marsh, J.D., D. Lachance, and D. Kim. 1985. Mechanism of B-adrener-
gic receptor regulation in cultured chick heart cells. Circ. Res. 57:171-181.

22. Liang, B.T., M.R. Hellmich, E.J. Neer, and J.B. Galper. 1986. Develop-
ment of muscarinic cholinergic inhibition of adenylate cyclase in embryonic
chick hearts: its relationship to changes in the inhibitory guanine nucleotide
regulatory protein. J. Biol. Chem. 261:9011-9021.

23. Stimers, J.R., S. Liu, and M.J. Lieberman. 1991. Apparent affinity of the Na/
K pump for ouabain in cultured chick cardiac myocytes.J. Gen. Physiol. 98:815-833.

24. Xu, H., J. Miller, and B.T. Liang. 1992. High-efficiency gene transfer
into cardiac myocytes. Nucleic Acids Res. 20:6425-6426.

25. Liang, B.T. 1992. Adenosine Receptors and Cardiovascular Function.
Trends Cardiovasc. 2:100-108.

26. Liang, B.T. 1989. Characterization of the adenosine receptor in cultured
embryonic chick atrial myocytes: Coupling to modulation of contractility and
adenylyl cyclase activity and identification by direct radioligand binding. J.
Pharmacol. Exp. Ther. 249:775-784.

27. Liang, B.T., and B. Haltiwanger. 1995. Adenosine A,, and A,, receptors
in cultured fetal chick ventricular cells. High- and low-affinity coupling to stim-
ulation of myocyte contractility and cyclic AMP accumulation. Circ. Res. 76:
242-251.

28. Liang, B.T., and J.F. Morley. 1996. A new Gs-mediated, cyclic AMP-
independent stimulatory mechanism via adenosine A,, receptor in the intact
cardiac cell. J. Biol. Chem. 271:18678-18685.

29. Mestril, R., S.-H. Chi, M.R. Sayen, K. O’Reilly, and W.H. Dillmann.
1994. Expression of inducible stress protein 70 in rat heart myogenic cells con-
fers protection against simulated ischemia-induced injury. J. Clin. Invest. 93:
759-767.

30. Hori, M., M. Inoue, M. Kitakaz, Y. Koretsune, K. Iwai, J. Tamai, H. Ito, A.
Kitabatake, T. Sato, and T. Kamada. 1986. Role of adenosine in hyperemic response
of coronary blood flow in microembolization. Am. J. Physiol. 250:H509-H518.

31. Yamane, R., T. Nakamura, E. Matuura, H. Ishige, and M. Fujimoto. 1991. A
simple and sensitive radioimmunoassay for adenosine. J. Immunoassay. 12:501-509.

32. Tietz, N.W. 1983. Fundamentals of Clinical Chemistry. W.B. Saunders
Co., Philadelphia, PA.

33. Jacobson, K.A., O. Nikodijevi¢, W.L. Padgett, C. Gallo-Rodriguez, M.
Maillard, and J.W. Daly. 1993. 8-(3-chlorostyryl)caffeine is a selective A,-
adenosine antagonist in vitro and in vivo. FEBS Lett. 323:141-144.

34. Gallo-Rodriguez, C., X. Ji, N. Melman, B.D. Siegman, L.H. Sander, J.
Orlina, B. Fischer, Q. Pu, M.E. Olah, et al. 1994. Structure-activity relationships
of N°-benzyladenosine-5'-uronamides as Aj-selective adenosine agonists. J.
Med. Chem. 37:636-646.

35. Kim, H.O., X. Ji, S.M. Siddiqi, M.E. Olah, G.L. Stiles, and K.A. Jacob-
son. 1994. 2-Substitution of N°-benzyladenosine-5’-uronamides enhances selec-
tivity for A; adenosine receptors. J. Med. Chem. 37:3614-3621.

36. Van Wylen, D.G.L. 1994. Effect of ischemic preconditioning on intersti-
tial purine metabolite and lactate accumulation during myocardial ischemia.
Circulation. 89:2283-2289.

37. Dobson, J.G., Jr. 1983. Mechanism of adenosine inhibition of catechol-
amine-induced responses in the heart. Circ. Res. 52:151-160.

38. Liu, G.S., S.C. Richards, R.A. Olsson, K. Mullane, R.S. Walsh, and J.M.
Downey. 1994. Evidence that the adenosine A; receptor may mediate the pro-
tection afforded by preconditioning in the isolated rabbit heart. Cardiovasc.
Res. 28:1057-1061.

1779



