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Introduction

ORIGINAL CONTRIBUTION

Protection of IB-MECA against myocardial
stunning in conscious rabbits is not mediated
by the A, adenosine receptor

Abstract The goal of this study was to determine whether the protective
effects of the A;AR agonist N°-(3-iodobenzyl)adenosine-5’-N-methylcarbox-
amide (IB-MECA) against myocardial stunning are mediated by the A|AR. Six
groups of conscious rabbits underwent a sequence of six 4-minute coronary
occlusion (0)/4-minute reperfusion (R) cycles for three consecutive days
(days 1,2, and 3). In vehicle-treated rabbits (group I), the recovery of systolic
wall thickening (WTh) in the ischemic/reperfused region was markedly
depressed on day 1, indicating the presence of severe myocardial stunning.
On days 2 and 3, however, the recovery of systolic WTh was markedly accel-
erated, indicating the presence of late ischemic preconditioning (PC). When
rabbits were pretreated with the A;AR agonist 2-chloro-N®-cyclopenty-
ladenosine (CCPA, 100 pg/kg i.v.) or with IB-MECA (100 pg/kg i.v.) 10 min
prior to the first sequence of O/R cycles on day 1 (group III and V, respec-
tively), the recovery of systolic WTh was markedly accelerated compared to
vehicle-treated animals (reflected as an ~48 % decrease in the total deficit of
systolic WTh). The magnitude of the protection afforded by adenosine recep-
tor agonists was equivalent to that provided by late ischemic PC. Pre-treating
rabbits with the A; AR antagonist N-0861 completely blocked both the hemo-
dynamic and the cardioprotective effects of CCPA (group IV). However, the
same dose of N-0861 did not block the cardioprotective actions of IB-MECA
(group VI). Importantly, N-0861 did not influence the degree of myocardial
stunning in the absence of PC (group II) and it did not block the development
oflateischemic PC. Taken together, these results provide conclusive evidence
that the cardioprotective effects of IB-MECA are not mediated via the A;AR,
supporting the concept that activation of A;ARs prior to an ischemic chal-
lenge provides protection against ischemia/reperfusion injury.

Key words Adenosine receptors - ischemia/reperfusion injury - myocar-
dial stunning - myocardial infarction - conscious rabbits

“stunning”) as well as from irreversible injury induced by
a prolonged occlusion and reperfusion (myocardial
infarction). The cardioprotective effects of IB-MECA

We (1) recently demonstrated in conscious rabbits that
pretreatment with the A;AR agonist IB-MECA produced
marked protection against reversible injury induced by
multiple occlusion/reperfusion cycles (myocardial

were blocked by the non-selective adenosine receptor
antagonist,  8-p-sulfophenyltheophylline  (8-SPT),
demonstrating that they were mediated by adenosine
receptors (1). However, it remains uncertain whether the
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cardioprotective actions of IB-MECA were mediated via
the A;AR. Since IB-MECA has recently been found to be
only slightly more potent at binding to rabbit A;ARs than
A,ARs (2), it is possible that IB-MECA protects by inter-
acting with the A AR rather than the A;AR. Accordingly,
the goal of this study was to determine whether IB-MECA
protects against ischemia/reperfusion injury in con-
scious rabbits during A, AR blockade. The study involved
the use of N-0861, a potent and selective (~1,400-fold)
A, AR antagonist (2-5).

Materials and methods

Experimental preparation

The experimental preparation has been described previ-
ously in detail (1, 2). Briefly, New Zealand White male
rabbits (weight, 2.5 + 0.1 kg; age, 3 - 4 months) were
instrumented under sterile conditions with a balloon
occluder around a major branch of the left coronary

artery,a 10-MHz pulsed Doppler ultrasonic crystal in the
center of the region to be rendered ischemic, and bipolar
ECG leads on the chest wall. The animals were allowed
to recover for a minimum of 10 days after surgery. Left
ventricular systolic WTh, range gate depth, and the ECG
were recorded throughout the experiments.

Experimental protocol

The experimental protocol consisted of three consecutive
days of coronary artery occlusions (days 1, 2, and 3,
respectively). On each day, the rabbits were subjected to
a sequence of six 4-minute coronary occlusion/4-minute
reperfusion cycles (Fig. 1). The performance of success-
ful coronary occlusions was verified by observing the
development of ST-segment elevation, changes in the
QRS complex, and the appearance of paradoxical systolic
wall thinning. No sedative or anti-arrhythmic agents
were given at any time.

Rabbits were randomly assigned to six groups (Fig. 1).
Groups I (vehicle group), III (CCPA group), and V
(IB-MECA group) received an intravenous bolus injec-

Fig. 1 Experimental protocol. NSnor-
mal saline. GROUP | Day 1 REPERFUSION 1
(vehicle) Day 2 REPERFUSION ]
Day 3 REPERFUSION ]
57 dh_2h 3h 4 sh
N-0861 (7.5 mg/kg bolus + 0.3 mg/kg/min for 64 mini.v.)
GROUP i | vehicie (DMSO 0.5ml + NS 0.5 ml)
(vehicle Day 1 O [0 IR0 LF O [0 G8 < REPERFUSION ]
+ N-0861) Day 2 REPERFUSION ]
Day 3 REPERFUSION ]
15 1h 2h 3h 4h 5h
GROUP i1} Day1
(CCPA) Day 2 REPERFUSION |
Day 3 REPERFUSION ]
15" 1h 2h 3h 4h 5h
N-0861 (7.5 mg/kg bolus + 0.3 mg/kg/min for 64 min i.v.)
GROUP IV El  CCPA (100 ug/kg iv.)
(CCPA Day 1 REPERFUSION ]
+ N-0861) Day 2 REPERFUSION ]
Day 3 REPERFUSION ]
757" 2h  3h 4 &
GROUP V Day 1 REPERFUSION ]
(IB-MECA) | Day 2 REPERFUSION ]
Day 3 REPERFUSION ]
15" 1h 2h 3h 4h 5h
N-0861 (7.5 mg/kg bolus + 0.3 mg/kg/min for 64 min i.v.)
1 } IB-MECA (100 pg/kg i.v.)
GROUP VI
(IB-MECA Day 1 REPERFUSION ]
+ N-0861) Day 2 REPERFUSION ]
Day 3 REPERFUSION ]
16" h 2h 3h 4h 5h
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tion of vehicle (1 ml), CCPA (100 pg/kg), or IB-MECA
(100 pg/kg), respectively, 10 minutes prior to the first
sequence of coronary occlusion/reperfusion cycles on
day 1. No drug treatments were given on subsequent
days. In groups II (vehicle + N-0861 group), IV (CCPA +
N-0861 group), and VI (IB-MECA + N-0861 group),
rabbits received an intravenous bolus injection of N-0861
(7.5 mg/kg) 5 minutes before the bolus of vehicle, CCPA,
or IB-MECA, respectively, followed by continuous infu-
sion of this agent (0.3 mg/kg/min) for 64 minutes (total
dose = 26.7 mg/kg) on day 1. Previous studies have
shown that this dose and route of administration of
N-0861 produces effective and long-lasting blockade of
A,ARs in rodents and pigs (2-5). The bolus injections of
CCPA and IB-MECA (Research Biochemicals Interna-
tional, Natick, MA) were dissolved in a 50% solution
(v/v) of DMSO in normal saline. The bolus injection of
N-0861 (gift from Dr. Noel Cusack, Discovery Therapeu-
tics, Richmond, VA) was dissolved in 1 ml of a 50 % solu-

Table 1 Heart rate during coronary occlusion and reperfusion

tion of DMSO in normal saline and the solution for infu-
sion consisted of 0.5% solution of DMSO in normal
saline (total volume injected, 11 ml). All solutions were
filtered through a 0.2 pm filter prior to their administra-
tion to ensure sterility.

Measurement of regional myocardial function

Regional myocardial function was assessed as systolic
WTh fraction using the pulsed Doppler probe (1). The
total deficit of systolic WTh (an integrative assessment of
the overall severity of myocardial stunning) was calcu-
lated by measuring the area comprised between the sys-
tolic WTh-versus-time line and the baseline (100 % line)
during the 5-hour recovery phase after the 6th reperfu-
sion (1). In all animals, measurements from at least ten
beats were averaged at baseline, and from at least five
beats at all subsequent time-points.

Baseline Pre- Third Reperfusion
Occlusion Occlusion 5min 30 min Th 3h 5h

Time (min) 0 10 30 60 90 120 240 360
Group | (vehicle)
Day 1 238+6 242 +7 245+8 229+7 236+7 228+8 224 +8 2167
Day 2 246+ 10 = 2437 236+ 13 2319 2337 226+ 11 2156
Day 3 239+3 - 242+8 227 £5 225+7 223+6 217+4 222+6
Group Il (vehicle + N-0861)
Day 1 223£12 220+8 218+9 23014 222£10 219£10 231+14 228+12
Day 2 240+9 = 249+ 16 226+ 12 234+8 227 +18 222+ 11 226+ 15
Day 3 242+ 11 - 25017 223+12 239+14 232+19 239+16 226 £14
Group Il (CCPA)
Day 1 230+13 171 £ 14*t 169 + 10** 152 + 8*t 152+ 11*t 187 £ 16 205+10 218+9
Day 2 220+ 16 = 206+ 18 199 +17 203+22 209+17 213+ 11 213+ 16
Day 3 224+14 — 222+9 209+9 21411 22411 211+9 226 £10
Group IV (CCPA + N-0861)
Day 1 233£12 220+8 218+10 238+23 239£19 229+23 232+ 11 238+10
Day 2 253+13 - 255+ 11 234+13 239+5 237+13 241+£15 242 £15
Day 3 250+ 10 = 248+ 10 238+8 235+10 250+ 11 235+13 2387
Group V (IB-MECA)
Day 1 225+16 220+13 214+9 211£10 221+14 218+11 239+10 237+13
Day 2 228+10 - 2377 214+9 2179 209 £ 11 211+ 11 21314
Day 3 2219 = 221+10 198+9 216+9 214+10 219+12 2147
Group VI (IB-MECA + N-0861)
Day 1 228+13 213£12 213+14 24818 242+14 238+13 237+12 234+14
Day 2 238+6 - 237+9 240+9 244 +5 244 +£10 242 +8 235+8
Day 3 258+4 = 25510 230+ 10 244 +2 2417 24110 223+7

In the studies of myocardial stunning (groups I-VI), all rabbits underwent a sequence of six cycles of 4-min coronary occlusion/4-min reperfusion followed by a 5-h obser-
vation period on days 1, 2, and 3. Heart rate (beats/min) was measured before any treatment (baseline), 1 min before occlusion (pre-occlusion) 3 min into the 3rd occlusion,
and at selected times after the 6th reperfusion. Time (min) shows the interval after injection of vehicle, CCPA, or IB-MECA. Data are means + SEM. *P < 0.05 vs. baseline
within the same group; T P < 0.05 vs. corresponding value in group |.
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Measurement of region at risk

At the conclusion of the study, the rabbits were given
heparin (1,000 U i.v.), after which they were anesthetized
with sodium pentobarbital (50 mg/kg i.v.) and eutha-
nized with KCL The heart was excised and the size of the
ischemic-reperfused region (region at risk) was deter-
mined by tying the coronary artery at the site of the pre-
vious occlusion and by perfusing the aortic root for 2
minutes with a 5% solution of Phthalo blue dye in nor-
mal saline at a pressure of 70 mmHg using a Langendorff
apparatus. The heart was then cut into 6 to 7 transverse
slices. All atrial and right ventricular tissues were excised.
The region at risk (which was identified by the absence of
blue dye) was separated from the rest of the left ventricle
and both components were weighed.

Statistical analysis

Data are reported as means + SEM. For intragroup com-
parisons, hemodynamic variables and WTh were ana-
lyzed by a two-way repeated-measures ANOVA (time
and day) followed by Student’s t-tests for paired data
with the Bonferroni correction. For intergroup compar-
isons, data were analyzed by either a one- or two-way
repeated-measures (time and group) ANOVA, as appro-
priate, followed by unpaired Student’s t-tests with the
Bonferroni correction.

Results

Exclusions and postmortem analysis

Of the 37 rabbits instrumented for the studies, 6 were
assigned to group I (vehicle group), 5 to group II (N-0861
group), 5 to group III (CCPA group), 8 to group IV
(CCPA +N-0861 group), 8 to group V (IB-MECA group),
and 5 to group VI (IB-MECA + N-0861 group). A total of
five rabbits (14%) were excluded from data analysis
because of ventricular fibrillation (one rabbit in group
IV), an excessively large risk region (one rabbit in group
IV), or technical difficulties (one rabbit each in groups IV
and two rabbits in group V). All of the other rabbits com-
pleted the protocols satisfactorily and were included in
the data analysis.

Postmortem analysis showed that the size of the
occluded-reperfused vascular bed was similar (P > 0.05)
in the six groups: 0.79 £0.21 g (19.2 + 4.4 % of LV weight)
ingroup I, 0.83 +0.19 g (20.3 + 3.4%) in group II, 0.85 +
0.09 g (24.0 = 1.5%) in group III, 0.84 + 0.15 g (20.8
3.0%) in group IV, 1.02 + 0.09 g (24.0 + 2.5%) in group
V,0.78 £ 0.09 g (21.3 £ 2.6 %) in group VI. Tissue stain-

ing with triphenyltetrazolium chloride confirmed the
absence of infarction in all hearts.

Hemodynamic variables

On day 1, there were no significant differences in heart
rate following the bolus injections of vehicle (group I) or
IB-MECA (group V). In contrast, administration of
CCPA (group V) produced a marked decrease in heart
rate (maximal decrease of ~36%), which persisted for
~90 minutes. The decrease in heart rate induced by CCPA
was abrogated completely by N-0861 (group IV), demon-
strating that the dose of N-0861 blocked A;ARs. On day
2, there were no significant differences in heart rate at any
time throughout the occlusion/reperfusion cycles or the
first 5 hours of the recovery period (Table 1).

Regional myocardial function
There were no significant differences among the 6 groups
of rabbits in baseline systolic WTh fraction or paradoxi-

cal wall thinning during the six occlusions (Table 2 and
Figs. 2-4). Furthermore, there were no significant differ-

Table 2 Thickening fraction on each experimental day

Baseline Pre-occlusion
Group | (vehicle)
Day 1 31.3+22 31719
Day 2 303+£22 -
Day 3 327+15 =
Group Il (vehicle + N-0861)
Day 1 33.6+4.2 33.8+45
Day 2 343+4.0 -
Day 3 344+38 -
Group Il (CCPA)
Day 1 31.2+4.0 29.8+3.5
Day 2 30.5+4.0 -
Day 3 304438 =
Group IV (CCPA + N-0861)
Day 1 344+43 333+4.0
Day 2 328+3.2 -
Day 3 326432 =
Group V (IB-MECA)
Day 1 31.9+4.1 31.2+3.8
Day 2 325+£35 -
Day 3 338143 =
Group VI (IB-MECA + N-0861)
Day 1 29.9+4.1 29.8+3.5
Day 2 31.8+3.0 -
Day 3 32.7£33 -

Thickening fraction (%) was measured before any treatment (baseline) and 1 min
before occlusion (pre-occlusion). Data are means + SEM.
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Fig.2 Systolic WTh fraction in the A.
ischemic-reperfused region in groups |
(vehicle group) and Il (N-0861 group) 100
5 minutes before the administration of
vehicle or N-0861 (Baseline), 3 minutes
into each coronary occlusion (0), 3 min- 75
utes into each reperfusion (R), and at >
selected times during the 5-hour reper- @)
fusion interval following the 6% occlu- 5 =
sion. For purposes of comparison, the é vg 50
data from day 1 of group 1 (vehicle o %
group) are also shown in panel B. Sys- o 8
tolic WTh fraction is expressed as a per- =z g 25
centage of baseline values. Data are E )
the means + SEM. X~
Q
I
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B.
100
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ences in systolic WTh among the groups immediately
before the first occlusion/reperfusion cycle (pre-occlu-
sion; Table 2), indicating that none of the adenosine
receptor ligands influenced regional contractile function.

Groups | and Il (vehicle groups)

On day 1, thickening fraction in group I (vehicle group)
remained significantly depressed for 5 hours after the
6% reperfusion (Fig. 2), indicating that the sequence of
six 4-minute occlusion/4-minute reperfusion cycles
resulted in severe myocardial stunning. On days 2 and 3,

vehicle

O---0O day 1, group ! vehicle
@——@ day 2, group | on day 1
11300 A— — A day 3, group | (n=6)
- Q!?@%Q *P<0.05 day 2 and 3 vs. day 1, group | 1
2 L____1s18300 1h 2h 3h 4h 5h
® QSixO/R - - - :
g2 cycles Reperfusion after 6th occlusion
vehicle + N-0861
* *

—. —.— day 1, group | (vehicle, n=6)
vehicle
+ N-0861

O-——0 day 1, group Ii J
(n=5)

@—@ day 2, group Il
*P<0.05 day 2 and 3 vs. day 1, group Il A

A- — A day 3, group Il

ine |

L____151530' 1h 2h 3h 4h 5h
3 OSixOR - - .
g & cycles Reperfusion after 6th occlusion

however, the recovery of WTh after six occlusion/reper-
fusion cycles was markedly improved compared with
that observed on day 1 (Fig. 2). The total deficit of WTh
after the 6th reperfusion was 48 % less on day 2 and 45 %
less on day 3 compared with day 1 (155.5 + 20.7, 81.5 £
1.8, and 86.2 £ 11.0 on days 1, 2, and 3, respectively;
P < 0.05; Fig. 5). Thus, the occlusion/reperfusion cycles
on day 1 induced late PC, which provided protection
against myocardial stunning on days 2 and 3.

The recovery of systolic WTh on days 1, 2, and 3 in
group II (N-0861-treated group) was nearly identical to
that of group I (vehicle group). Thickening fraction
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A
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Fig.3 Systolic WTh fraction in the
ischemic-reperfused region in groups Il
(CCPA group) and IV (CCPA + N-0861
group) 5 minutes before the adminis-
tration of CCPA or N-0861 (Baseline),

3 minutes into each coronary occlusion

. . L 75
(0), 3 minutes into each reperfusion (R), =
and at selected times during the 5-hour e}
reperfusion interval following the 6™ B ’g‘
occlusion. For purposes of comparison, é ‘% 50
the data from day 1 on day 1 (vehicle T
group) are also shown. Systolic WTh oo
fraction is expressed as a percentage of £ g 25
baseline values. Data are the means + P =2
X~
SEM. S
T
Ll 0
-25
B.
100
75
=z
e
I_ _—
O c
Z 2 50
=2
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28
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X
(3]
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remained significantly depressed for 4 hours after the 6
reperfusion (Fig. 2), and the recovery of systolic WTh was
markedly improved on days 2 and 3 compared to day 1.
The total deficit of WTh was 55% less on day 2 and 60 %
less on day 3 compared to day 1 (159.8 £ 6.3, 71.3 £ 5.9,
and 62.2 £ 3.6 on days 1, 2, and 3, respectively; P < 0.05;
Fig. 5). Thus, pretreatment with N-0861 did not affect
myocardial stunning on day 1 or the development of late
PC on days 2 and 3.

Basic Research in Cardiology, Vol. 96, No. 5 (2001)

- day 1, group | (vehicle, n=6)

O---0 day 1, group Il | ccPA
®—@ day2,group il |onday 1
J i A— — A day 3, group lll {n=5)
L D ® “P<0.05 day 1,2, and 3vs.day 1, group! | -
[ 182
2 !éf_bﬁJsﬂs'w 1h 2h 3h 4h 5h
‘g O SIX : p : ‘
§ g cycles Reperfusion after 6th occlusion

CCPA + N-0861

—.—..— day 1, group | (vehicle, n=6)
CCPA
+ N-0861

O---0 day 1, group IViI
(n=5)

®—® day2 group IV
*P<0.05 day 2 and 3 vs. day 1, group IV 1

A- — A day 3, group IV

1 L )

! 1h 2h 3h 4h 5h

Reperfusion after 6th occlusion

Groups lll and IV (CCPA-treated groups)

In group III (CCPA group), the recovery of systolic WTh
following the occlusion/reperfusion cycles on day 1 was
faster than in group I (vehicle group), and this improve-
ment was sustained throughout the 5-hour recovery
period. The total deficit of WTh on day 1 was 48 % less
than that observed on day 1 in vehicle-treated rabbits
(80.7 £ 13.3 versus 155.5 £ 20.7, respectively; P < 0.05)
and was similar to that observed in vehicle-treated rab-
bits on days 2 and 3 (Fig. 5). Similarly, on days 2 and 3,
there was no further improvement in recovery of systolic
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Fig.4 Systolic WTh fraction in the A.
ischemic-reperfused region in groups V
(IB-MECA group) and VI (IB-MECA + 100
N-0861 group) 5 minutes before the
administration of CCPA or N-0861
(Baseline), 3 minutes into each coronary 75
occlusion (0), 3 minutes into each -
reperfusion (R), and at selected times o
during the 5-hour reperfusion interval 5 =
following the 6™ occlusion. For pur- é 2 50
poses of comparison, the data from day w3
1on day 1 (vehicle group) are also o8
shown. Systolic WTh fraction is = g o5
expressed as a percentage of baseline E ©
values. Data are the means W SEM. 5 <
I
= 0
-25
B.
100
75
pa
o
|,_ —
[$) c
S § 50
™9
[OR-]
z2
=425
R
Y~
o
T
= 0
-25

WTh compared with group I (total deficits of WTh were
71.3+6.3and 62.2 £ 3.6 on days 2 and 3, respectively; Fig.
5). Thus, administration of CCPA 10 minutes prior to six
4-minute occlusion/4-minute reperfusion cycles resulted
in an attenuation of myocardial stunning on day 1 that
was essentially equivalent in magnitude to that effected
by late ischemic PC. An additive cardioprotective effect
with A, AR activation and late ischemic PC did not occur.

To determine whether blockade of A;ARs abolishes
the protective effect of CCPA, rabbits in group IV (CCPA
+ N-0861 group) were given N-0861 prior to the admin-
istration of CCPA. As illustrated in Figure 3, recovery of

IB-MECA

—..— .— day 1, group | (vehicle, n=6}
O-———0 day 1, group V

®—@ day2,groupV |onday1

A— — A day 3, group V (n=6)
*P<0,05 day 1, 2, and 3 vs. day 1, group |

IB-MECA

L L L

Baseline |

2h

3h 4h 5h

cycles

Reperfusion after 6th occlusion

IB-MECA + N-0861

. | — —..— day 1, group | (vehicle, n=6) ‘

3L O---O day 1,group VI T IB-MECA |

A @@ day 2, group VI | + N-0861 |

g é i;a A—-—A day 3, group VI (n=5) 1

i 8 o] *P<0.05 day 1,2, and3vs. day 1, group| |

i T . L | L L

¢ L____ls1830 1h 2h 3h 4n 5h

3 OSixOR - - - .
g2 cycles Reperfusion after 6th occlusion

systolic WTh in group IV was similar to that noted in
vehicle-treated rabbits (group I). On day 1, thickening
fraction remained significantly depressed following the
6th reperfusion. On days 2 and 3, however, the recovery
of WTh after the six occlusion/reperfusion cycles was
markedly improved compared with day 1 (Fig. 4). Com-
pared to day 1, the total deficit of WTh after the 6th reper-
fusion was 51% less on day 2 and 48 % less on day 3 (156.6
+ 18.4, 76.1 £ 15.3, and 81.5 + 15.9 on days 1, 2, and 3,
respectively; P < 0.05; Fig. 5). Thus, the improvement in
the recovery of WTh provided by pretreatment with
CCPA was blocked completely by N-0861, indicating that
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the cardioprotective effects of CCPA are mediated via
A ARs.

Groups V-VI (IB-MECA-treated groups)

In group V (IB-MECA group), the recovery of systolic
WTh was very similar to that noted in group III (CCPA
group). The recovery of WTh following the occlusion/
reperfusion cycles on day 1 was faster than in group I
(vehicle group), and this improvement was sustained
throughout the entire 5-hour recovery period. The total
deficit of WTh was 40 % less than that observed on day 1
of vehicle-treated rabbits (92.1 + 18.0 versus 155.5 + 20.7,
respectively; P < 0.05) and was similar to that observed
in vehicle-treated rabbits on days 2 and 3 (Fig. 5). On days
2 and 3, there was no further improvement in recovery of
systolic WTh compared with group I (total deficits of
WTh were 84.2 + 17.1 and 91.7 £ 17.3 on days 2 and 3,
respectively; Fig. 5). Thus, administration of IB-MECA 10
minutes prior to six 4-minute occlusion/4-minute reper-
fusion cycles resulted in attenuation of myocardial stun-
ning on day 1 that was equivalent in magnitude to that
produced by either late ischemic PC or CCPA.

To determine whether the A|AR is necessary for IB-
MECA-induced protection against myocardial stunning,
rabbits in group VI (IB-MECA + N-0861) were given
N-0861 prior to the administration of IB-MECA. As illus-
trated in Fig. 4, the recovery of systolic WTh in group VI
was similar to that noted in rabbits treated with IB-MECA
alone (group V). On day 1, systolic WTh was markedly
faster compared to group I (vehicle group), and this
improvement in regional wall function was sustained
throughout the reperfusion period. The total deficit of
WThin group VI was 44 % less than that observed on day
1 of vehicle-treated rabbits (87.8 + 27.9 versus 155.5 +
20.7, respectively; P < 0.05) and was similar in magnitude
to that provided by late PC in vehicle-treated rabbits
(Fig. 5). On days 2 and 3, there was no further improve-
ment in recovery of systolic WTh compared to group I
(total deficits of WTh were 87.5 + 24.0 and 86.4 + 23.0 on

Group | .Grnup ] Groug Il Group IV Graup V Group V1
{vehicie) {vehicle (CCPA) (COPA (IB-MECA) (1B MECA
300 [n=8] + N-DB61) [n=5] + N-0BG1) [n=6] + N-0881)
[n=5] [m=5] [n=5]
250 | Feats P<0.05
P<0.05
200 1 PepOS
150

g

o
(=1}

TOTAL DEFICIT OF WALL THICKENING
(arbitrary units)

[sEVE]
DAY 3 7
DAY 1
DAY 1

o
> > s
€ o= < T T
a g dadao

= = = = o=
Tz
& ER & &

DAY 1

Fig. 5 Total deficit of WTh after the 6% reperfusion on days 1,2, and 3 in groups | -
V1. Data are the means + SEM.

days 2 and 3, respectively; Fig. 5). Thus, blockade of
A, ARs with N-0861 did not abrogate the cardioprotective
effects of IB-MECA.

Discussion

Although we have previously demonstrated that IB-
MECA is a potent cardioprotective agent against
ischemia/reperfusion injury in conscious rabbits (1), the
possibility remains that its cardioprotective effects are
mediated via the A, AR rather than the A;AR. To address
this important issue, in the present study we adminis-
tered IB-MECA to conscious rabbits in the presence of
the A|AR antagonist N-0861 (2-5). N-0861 was adminis-
tered at a dose that effectively blocked the A AR, evi-
denced by the observation that it abrogated both the anti-
stunning and hemodynamic effects of the highly-selec-
tive A;AR agonist CCPA (Table 1 and Figs. 3 and 5). An
A;AR antagonist could not be used in these studies, since
selective antagonists for this receptor subtype in rabbits
has not yet been developed (2). We observed that IB-
MECA was as effective at protecting against the develop-
ment of myocardial stunning in the presence of N-0861
as it was when it was administered alone (Figs. 4 and 5).
These results provide conclusive evidence that the car-
dioprotective effects of IB-MECA are not mediated via
the A|AR. Considering the high affinity of IB-MECA for
the A;AR, these results support the concept that activat-
ing A;AR immediately prior to an ischemic challenge
provides protection against myocardial ischemia/reper-
fusion injury.

Armstrong and Ganote (6) and Liu et al (6, 7) were the
first to suggest that A;ARs may play a protective role in
the heart during ischemia/reperfusion injury. These
investigators observed in isolated rabbit cardiomyocytes
and isolated rabbit hearts, respectively, that the cardio-
protective effects of the mixed acting A;/A;AR agonist
N5-[2-(4-aminophenyl)ethyl]adenosine (APNEA) could
not be blocked by the A AR antagonist 1,3-dipropyl-8-
cyclopentylxanthine (CPX), but was blocked by high con-
centrations of non-selective antagonists such as
8-SPT or BWA 1433 (6, 7). Subsequent studies in various
other in vitro model systems have obtained similar
results and there is evidence to suggest that the A;AR is
also involved in the mechanism of early phase of
ischemic PC (6-15). Although these in vitro studies pro-
vided evidence that the A;AR plays a cardioprotective
role in the heart, the importance of the A;AR during
ischemia/reperfusion injury in vivo remained to be
assessed.

Accordingly, we studied the effects of IB-MECA in
conscious rabbits, i.e., a physiologically relevant in vivo
model of ischemia/reperfusion injury (1). At the time
this study was performed, IB-MECA was identified as a
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potent and selective (~50-fold) agonist for rat A;ARs
(16). We observed that pre-treating (10 minutes) con-
scious rabbits with IB-MECA produced a profound pro-
tection against myocardial stunning induced by multiple
occlusion/reperfusion cycles. This protection was
blocked by the non-specific adenosine receptor antago-
nist 8-SPT as well as the protein kinase C inhibitor chel-
erythrine, suggesting that IB-MECA acted via a receptor-
mediated mechanism involving kinase signaling. Pre-
treatment with IB-MECA also produced a marked reduc-
tion in infarct size following prolonged coronary occlu-
sion and reperfusion (1). Since IB-MECA was effective at
a dose that produced no changes in heart rate or systemic
blood pressure (1), we concluded that the A;AR is the
predominant receptor subtype responsible for the car-
dioprotective actions produced by IB-MECA. Two recent
developments, however, weaken this line of reasoning
and suggest that, theoretically, the beneficial effects of
IB-MECA may be mediated via the A AR. First, since it
has become apparent that the potency of adenosine
receptor ligands in eliciting responses can differ
markedly depending on coupling efficiency and receptor
reserve (17-19), IB-MECA may act on A;ARs to produce
cardioprotection at doses that do not effect systemic
hemodynamics. Secondly, we have determined that IB-
MECA is only ~13-21-fold selective at binding to rabbit
A;ARsversus rabbit A;ARs (2). The results of the present
study, however, confirm our original interpretation (1).
The mechanisms by which A;ARs protect the ischemic
myocardium have yet to be determined. It has been sug-
gested that A;ARs are expressed in cardiomyocytes,
which may modulate ATP-sensitive potassium channels
via kinase signaling (20). This mechanism is analogous to
that by which several different G-protein coupled recep-
tors, including the A AR, induce the early phase of
ischemic PC (21). Indeed, although improvement in the
oxygen-supply balance can not be ruled out, we predict
that CCPA provided cardioprotection in the present
study by enhancing the function of K,1p channels. The

cell types within the heart that express the A;AR may not
be limited to the cardiomyocyte, however. It has been
suggested that A;ARs are expressed in endothelial cells,
vascular smooth muscles cells, and/or tissue resident
leukocytes (22-24). It remains possible, therefore, that
A;ARs provide cardioprotection via actions on non-
myocytic cells.

Another important observation of the present study is
that blockade of A;ARs with N-0861 in vehicle-treated
animals did not abrogate the late phase of ischemic PC
against myocardial stunning. This observation is consis-
tent with previous studies from our research group in
which we observed that 8-SPT did not block the develop-
ment of late PC against myocardial stunning in conscious
rabbits (25) and pigs (26). Interestingly, however, Baxter
and colleagues (27) have demonstrated that blockade of
A, ARs with CPX abrogates the late phase of ischemic PC
against infarction in rabbits, and we have observed in
conscious rabbits that administration of either CCPA or
IB-MECA induces late PC against infarction, but not
against myocardial stunning (2, 25). Collectively, these
results demonstrate that adenosine receptors play a dif-
ferential role in late PC against myocardial stunning and
infarction, indicating that there are important differ-
ences between these two phenomena.

In conclusion, the results of the present study provide
further evidence that the potent cardioprotective effects
of IB-MECA are mediate via the A;AR, rather than
through non-specific interactions with the A;AR. Since
the dose of IB-MECA used herein did not cause any
appreciable changes in systemic hemodynamic parame-
ters (Table 1 and ref. 1), the results suggest that therapies
targeting A;ARs may be useful in the clinical arena.

Acknowledgments This study was supported in part by NIH grants R01
HL60051 (J.A.A.), HL-43151 (R.B.), and HL-55757 (R. B.); by AHA
National Center grant 9630083N (J.A.A.); and by the Jewish Hospital
Research Foundation, Louisville, KY. Eitaro Kodani is an International
Research Fellow from Nippon Medical School, Tokyo, Japan.



496

References

1.

Auchampach JA, Rizvi A, Qiu Y, Tang XL,
Maldonado C, Teschner S, Bolli R (1997)
Selective activation of A; adenosine
receptors with N°-(3- iodobenzyl)adeno-
sine-5’-N-methyluronamide  protects
against myocardial stunning and infarc-
tion without hemodynamic changes in
conscious rabbits. Circ Res 80: 800-809

. Takano H, Bolli R, Black RG, Jr, Kodani

E, Tang XL, Yang Z, Bhattacharya S,
Auchampach JA (2001) A, or A; adeno-
sine receptors induce late precondition-
ing against infarction in conscious rab-
bits by different mechanisms. Circ Res 88:
520-528

. Shryock JC, Travagli HC, Belardinelli L

(1992) Evaluation of N-0861, (+)-N°-
endonorbornan-2-yl-9-methyladenine,
as an A, subtype-selective adenosine
receptor antagonist in the guinea pig
isolated heart. ] Pharmacol Exp Ther 260:
1292-1299

. Pelleg A, Hurt CM (1992) Effects of N°-

endonorbornan-2-yl-9-methyladenine,
N-0861, on negative chronotropic and
vasodilatory actions of adenosine in the
canine heart in vivo. Can J Physiol Phar-
macol 70: 1450-1456

. Barrett R], Droppleman DA, Wright KF

(1992) N-0861 selectively antagonizes
adenosine A, receptors in vivo. Eur J
Pharmacol 216: 9-16

. Armstrong S, Ganote CE (1994) Adeno-

sine receptor specificity in precondition-
ing of isolated rabbit cardiomyocytes:
evidence of A; receptor involvement. Car-
diovasc Res 28: 1049-1056

. Liu GS, Richards SC, Olsson RA, Mullane

K, Walsh RS, Downey JM (1994) Evidence
that the adenosine A, receptor may medi-
ate the protection afforded by precondi-
tioning in the isolated rabbit heart. Car-
diovasc Res 28: 1057-1061

. Armstrong S, Ganote CE (1995) In vitro

ischaemic preconditioning of isolated
rabbit cardiomyocytes: effects of selective
adenosine receptor blockade and cal-
phostin C. Cardiovasc Res 29: 647-652

. Carr CS, Hill R], Masamune H, Kennedy

SP, Knight DR, Tracey WR, Yellon DM
(1997) Evidence for a role for both the
adenosine A, and A; receptors in protec-
tion of isolated human atrial muscle
against simulated ischaemia. Cardiovasc
Res 36: 52-59

Basic Research in Cardiology, Vol. 96, No. 5 (2001)
© Steinkopff Verlag 2001

10.

11.

12.

13.

14.

15.

16.

17.

18.

Jordan JE, Thourani VH, Auchampach
JA, Robinson JA, Wang NP, Vinten-
Johansen J (1999) A; adenosine receptor
activation attenuates neutrophil function
and neutrophil-mediated reperfusion
injury. Am J Physiol 277: H1895-H1905
Strickler J, Jacobson KA, Liang BT (1996)
Direct preconditioning of cultured chick
ventricular myocytes. Novel functions of
cardiac adenosine A,, and A; receptors.
] Clin Invest 98: 1773-1779

Thourani VH, Ronson RS, Jordan JE,
Guyton RA, Vinten-Johansen ] (1999)
Adenosine A; pretreatment before car-
dioplegic arrest attenuates postischemic
cardiac dysfunction. Ann Thorac Surg 67:
1732-1737

Thourani VH, Nakamura M, Ronson RS,
Jordan JE, Zhao ZQ, Levy JH, Szlam F,
Guyton RA, Vinten-Johansen ] (1999)
Adenosine A;-receptor stimulation atten-
uates postischemic dysfunction through
K,rp channels. Am J Physiol 277: H228-
H235

Tracey WR, Magee W, Masamune H,
Kennedy SP, Knight DR, Buchholz RA,
Hill R] (1997) Selective adenosine A,
receptor stimulation reduces ischemic
myocardial injury in the rabbit heart.
Cardiovasc Res 33: 410-415

Tracey WR, Magee W, Masamune H,
Oleynek JJ, Hill R] (1998) Selective activa-
tion of adenosine A; receptors with N°-(3-
chlorobenzyl)-5’-N-methylcarboxami-
doadenosine (CB-MECA) provides car-
dioprotection via KATP channel activa-
tion. Cardiovasc Res 40: 138-145
Gallo-Rodriguez C, Ji XD, Melman N,
Siegman BD, Sanders LH, Orlina J,
Fischer B, Pu Q, Olah ME, van Galen PJ,
Stiles GL, Jacobson KA (1994) Structure-
activity relationships of N®-benzyladeno-
sine-5’-uronamides as  Aj-selective
adenosine agonists. ] Med Chem 37:
636-646

Baker SP, Scammells PJ, Belardinelli L
(2000) Differential A -adenosine receptor
reserve for inhibition of cyclic AMP accu-
mulation and G-protein activation in
DDT(1) MF-2 cells. Br ] Pharmacol 130:
1156-1164

Shryock JC, Snowdy S, Baraldi PG,
Cacciari B, Spalluto G, Monopoli A,
Ongini E, Baker SP, Belardinelli L (1998)
A,,-adenosine receptor reserve for coro-
nary vasodilation. Circulation 98: 711-
718

19.

20.

21.

22.

23.

24.

25.

26.

27.

Srinivas M, Shryock JC, Dennis DM,
Baker SP, Belardinelli L (1997) Differen-
tial A, adenosine receptor reserve for two
actions of adenosine on guinea pig atrial
myocytes. Mol Pharmacol 52: 683-691
Liang BT, (1998) Protein kinase C-
dependent activation of K,pp channel
enhances adenosine-induced cardiopro-
tection. Biochem ] 336: 337-343

Nakano A, Cohen MV, Downey JM (2000)
Ischemic preconditioning: from basic
mechanisms to clinical applications.
Pharmacol Ther 86: 263-275

Tilley SL, Wagoner VA, Salvatore CA,
Jacobson MA, Koller BH (2000) Adeno-
sine and inosine increase cutaneous
vasopermeability by activating A; recep-
tors on mast cells. J Clin Invest 105:
361-367

Salvatore CA, Tilley SL, Latour AM,
Fletcher DS, Koller BH, Jacobson MA
(2000) Disruption of the A; adenosine
receptor gene in mice and its effect on
stimulated inflammatory cells. J Biol
Chem 275: 4429-4434

Zhao Z, Makaritsis K, Francis CE, Gavras
H, Ravid K (2000) A role for the A, adeno-
sine receptor in determining tissue levels
of cAMP and blood pressure: studies in
knock-out mice. Biochim Biophys Acta
1500: 280-290

Maldonado C, Qiu Y, Tang XL, Cohen
MYV, Auchampach JA, Bolli R (1997) Role
of adenosine receptors in late precondi-
tioning against myocardial stunning in
conscious rabbits. Am ] Physiol 273:
H1324-H1332

Sun]JZ, Tang XL, Knowlton AA, Park SW,
Qiu Y, Bolli R (1995) Late precondition-
ing against myocardial stunning. An
endogenous protective mechanism that
confers resistance to postischemic dys-
function 24 h after brief ischemia in con-
scious pigs. J Clin Invest 95: 388-403
Baxter GF, Marber MS, Patel VC, Yellon
DM (1994) Adenosine receptor involve-
ment in a delayed phase of myocardial
protection 24 hours after ischemic pre-
conditioning. Circulation 90: 2993-3000



