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Intravenous adenosine protects the myocardium primarily
by activation of a neurogenic pathway
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1 Endogenous adenosine is a trigger for ischemic myocardial preconditioning (IPC). Although
intravascular administration of adenosine has been used to further unravel the mechanism of
protection by IPC, it is questionable whether adenosine and IPC employ the same signaling pathways
to exert cardioprotection.

2 We therefore investigated whether the active metabolic barrier of the endothelium prevents an
increase in myocardial interstitial adenosine concentrations by intravenous adenosine, using
microdialysis, and also the role of NO and activation of a neurogenic pathway in the cardioprotection
by adenosine.

3 In pentobarbital-anesthetized rats, area at risk and infarct size (IS) were determined 120 min after
a 60-min coronary artery occlusion (CAQ), using trypan blue and nitro-blue-tetrazolium staining,
respectively.

4 IPC with a single 15-min CAO and a 15-min adenosine infusion (ADO, 200 ug min~'i.v.) limited
IS to the same extent (IS=41+6% and IS=40+4%, respectively) compared to control rats
(IS=63+3%, both P<0.05). However, IPC increased myocardial interstitial adenosine levels seven-
fold from 4.34+0.7 to 27.1+10.0 uM (P<0.05), while ADO had no effect on interstitial adenosine
(4.1+1.2 uM), or any of the other purines.

5 The NO synthase inhibitor N”-nitro-L-arginine (LNNA), which did not affect IS (IS=62+3%),
attenuated the protection by ADO (IS=56+3%; P<0.05 vs ADO, P=NS vs LNNA). The ganglion
blocker hexamethonium, which had also no effect on IS (IS=66+3%), blunted the protection by
ADO (IS=55+4%; P<0.05 vs ADO and vs hexamethonium).

6 These observations demonstrate that cardioprotection by ADO is dependent on NO, and is
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primarily mediated by activation of a neurogenic pathway.
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Introduction

Adenosine has been identified as one of the triggers of ischemic
myocardial preconditioning (IPC), based on the capability of
adenosine receptor antagonists to abolish and adenosine
receptor agonists to mimic the cardioprotection by IPC
(Mubagwa & Flameng, 2001; Liem et al., 2001; Headrick
et al., 2003). However, the mechanism of protection by
intravascularly administered adenosine is still incompletely
understood, and doubt has been expressed as to whether
exogenous adenosine and endogenous adenosine released
during IPC employ the same signaling pathways (Van Winkle
et al., 1994; Yao & Gross, 1994; Lasley et al., 1995; Manthei &
Van Wylen, 1997). For instance, several groups of investiga-
tors have shown that myocardial interstitial adenosine levels
increase during the brief ischemic episodes that are employed
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to precondition the myocardium (Lasley et al., 1995; Martin
et al., 1997; Manthei & Van Wylen, 1997), and these increased
adenosine levels has been proposed as a primary determinant
of the degree of cardioprotection by IPC (Miura et al., 1992;
Suzuki et al., 1998). In contrast to adenosine that is
endogenously released by IPC, access of intravascular adeno-
sine into the interstitial compartment is impeded by the active
metabolic barrier function of the endothelium (Lasley ez al.,
1995; 1998; Headrick et al., 2003), which may explain why
intravenous (i.v.) adenosine failed to decrease infarct size in
some (Liu et al., 1991; Hale et al., 1993; Li & Kloner 1993)
though not all studies (Toombs et al., 1992; Lasley et al., 1995),
whereas high intracoronary doses (Van Winkle et al., 1994;
Yao and Gross 1994; Lasley & Mentzer, 1998; Lasley et al.,
1998) or coinfusion with dipyridamole (Auchampach & Gross,
1993) afforded cardioprotection. Furthermore, although sev-
eral studies indicate that adenosine can reach the interstitium
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(Lasley et al., 1995; Manthei & Van Wylen, 1997), other
investigators observed that intra-arterial infusion of adenosine
into the forearm of healthy human volunteers only showed an
increase in the interstitial adenosine levels of the forearm in the
presence of the nucleoside transporter blocker dipyridamole
(Gamboa et al., 2003), lending further support to the concept
of the barrier function of the endothelium for adenosine
(Lasley et al., 1998; Headrick er al., 2003). In line with this
notion, several groups of investigators have shown that the
cardiovascular effects of adenosine involve, at least in part, the
release of endothelium-derived substances, including nitric
oxide (NO) and prostanoids (Smits ez al., 1995; Rubio &
Ceballos, 2003), although this is not a ubiquitous finding
(Costa & Biaggioni, 1998). Equally important, there is
substantial, although somewhat conflicting evidence suggest-
ing a role for NO in the second window of protection by
adenosine, while very little is known about the role of NO in
the first window of cardioprotection by adenosine (see
Ferdinandy & Schulz, 2003).

Adenosine administered via the intravenous route does not
only reach the myocardium but other organs as well. This is
noteworthy, because we have previously shown that an
intramesenteric artery infusion of adenosine (in a dose that
did not afford cardioprotection when infused into the portal
vein or 1.v.), mimics remote ischemic myocardial precondition-
ing (Gho et al., 1996; Przyklenk et al., 2003) by activating a
neurogenic pathway (Liem ef al., 2002). These observations
suggest that actions at extracardiac sites could contribute to
the limitation of myocardial infarct size by adenosine.
Furthermore, in view of earlier findings in our laboratory
that blockade of the neurogenic pathway by the ganglion
blocker hexamethonium does not modify the cardioprotection
by IPC (Gho et al., 1996), the latter would imply that IPC and
adenosine use distinctly different mechanisms to exert cardi-
oprotection.

In light of these considerations, we used microdialysis to
determine whether myocardial interstitial adenosine levels
were similarly affected during IPC and adenosine in a dose
that was equally effective in limiting myocardial infarct size as
IPC (Liem et al., 2005). Since we observed that myocardial
interstitial adenosine levels remained unchanged during
adenosine infusion, but increased during IPC, we subsequently
investigated the role of NO in the first window of cardio-
protection by adenosine. Finally, we addressed the putative
contribution of extracardiac sites to the cardioprotection by
adenosine.

Methods

Experiments were performed in ad libitum fed male Wistar rats
(300-380 g) in accordance with the Guide for the Care and Use
of Laboratory Animals (NIH publication 86-23, revised 1996)
and with the approval of the Erasmus MC Animal Care
Committee.

Surgical procedures

Pentobarbital-anesthetized (60mgkg~'i.p.) rats were intu-
bated for positive pressure ventilation with oxygen-enriched
room air. Through the carotid artery a PE-50 catheter was
positioned in the thoracic aorta for measurement of arterial

blood pressure and heart rate. In the inferior caval vein a
PE-50 catheter was placed for infusion of Haemaccel (Hoechst)
to compensate for blood loss during surgery, and for drug
infusion during the experiments. After thoracotomy, via the
left third intercostal space, the pericardium was opened and a
silk 6-0 suture was looped under the left anterior descending
coronary artery for later CAO. A catheter was positioned in
the abdominal cavity to allow intraperitoneal (i.p.) adminis-
tration of pentobarbital for maintenance of anesthesia. Rectal
temperature was continuously measured and maintained at
36.5-37.5°C (Gho et al., 1996; Van den Doel et al., 1998).

Microdialysis

In 17 rats a CMA/20 microdialysis probe (Carnegie Medicine
AB, Stockholm, Sweden; membrane 4 x 0.5mm, -cutoff:
20 kD) was implanted in the area perfused by the left anterior
descending coronary artery, to determine myocardial inter-
stitial adenosine levels (Lameris ez al., 2000; Liem et al., 2005).
The probe was inserted tangentially to the epicardial surface
and positioned in the left ventricular midwall; the proper probe
position was confirmed at the end of each experiment.
Dialysate samples were collected (with an 8-min delay to
correct for 16.1 ul dead space of the probe and the distal
tubing) at 15-min intervals at a rate of 2 ulmin~' (total volume
of each sample was 30ul). At the conclusion of each
experiment, adenosine recovery of the probe was determined
ex vivo using a solution containing 100 uM adenosine, and
found to be 15+1%. All samples were stored at —50°C for
later analysis.

Experimental protocols

Cardioprotection by adenosine and IPC 1In the animals
that were included in the infarct studies, a 30-min stabilization
period was allowed before experimental protocols were carried
out. Infarct size was determined after a 60-min CAO followed
up by 120 min of reperfusion. Nine rats underwent the 60-min
CAO (Control), while seven animals were preconditioned by a
15-min CAO followed by 10min of reperfusion prior to the
60-min CAO (Figure la). This IPC stimulus has been shown
to precondition the myocardium via an adenosine-dependent
signaling pathway (Liem et al., 2001). Seven rats received a
15-min infusion of intravenous adenosine (ADO) in a dose
(200 ugmin~'i.v.) that produced a similar degree of cardio-
protection as IPC with a 15-min CAO (Liem et al., 2005).

Myocardial interstitial adenosine levels during ADO and
IPC 1In the 17 rats in which myocardial dialysis was
performed, baseline measurements were obtained 90 min after
insertion of the microdialysis probe (Figure 1b). Subsequently,
rats were subjected to either a 15-min CAO (n=9), or a 15-min
intravenous infusion of 200 ug min~' of adenosine (n=8).

Mechanism of cardioprotection by ADO To investigate
the involvement of endothelial NO synthase in the protection
by ADO, rats were pretreated with the NO synthase inhibitor
N®-nitro-L-arginine (LNNA, 25mgkg~! intravenously infused
over a 20-min period; Figure lc). To investigate whether
activation of a neurogenic pathway was involved, rats were
pretreated with the ganglion-blocker hexamethonium
(20mgkg™" i.v. infused over a 15-min period). Appropriate
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Figure 1 Experimental protocol in which the effects of IPC by 15-min CAO and of 15-min ADO (200 ygmin~"i.v.) on myocardial
infarct size (panel a) and myocardial interstitial adenosine concentrations (panel b) were studied. In panel ¢ we studied the effects of
NO synthase inhibition with N“®-nitro-L-arginine (LNNA, 25mgkg~'i.v.) and ganglion blockade with hexamethonium
(20mgkg~'i.v.) on cardioprotection by ADO. IS = infarct size; BL = baseline; I =intervention (ADO or IPC).

controls were added where necessary. All
purchased from Sigma Chemical Co. (Germany).

Rats that encountered ventricular fibrillation during CAO
or reperfusion were allowed to complete the experimental
protocol, provided that conversion to normal sinus rhythm
occurred spontaneously within 1 min or that defibrillation via
gently thumping on the thorax was successful within 2 min of
the onset of fibrillation. Occlusion and reperfusion were
visually verified.

drugs were

Infarct size analysis

Infarct size was determined as previously described (Gho et al.,
1996; Van den Doel et al., 1998). Briefly, after 120min of
reperfusion the LAD was reoccluded, immediately followed by

intravenous infusion of 10ml trypan blue (0.4%, Sigma
Chemical Co.) into the femoral vein to stain the normally
perfused myocardium dark blue and delineate the nonstained
area at risk (AR). Subsequently, hearts were excised, rinsed in
cold NaCl 0.9%, and cut into slices of 2mm thickness from
apex to base. From each slice the right ventricle was removed
and the left ventricular area at risk (nonstained) was dissected
from the remaining left ventricular tissue. The area at risk was
then incubated for 10 min in 37°C nitro-blue tetrazolium (Sigma
Chemical Co., Germany; 1 mgml~' Sorensen buffer, pH 7.4),
which stains viable tissue purple but leaves infarcted tissue
unstained. After the infarcted area was isolated from the
noninfarcted area, the different areas of the left ventricle were
dried and weighed separately. Myocardial infarct size (IS) was
computed as infarcted area expressed as a percentage of the AR.
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HPLC analysis of purine concentrations

The adenosine, inosine, hypoxanthine, xanthine and uric acid
concentrations in the dialysate samples were determined by
reversed-phase high-performance liquid chromatography as
described by Smolenski et al. (1990). In brief, adenosine and its
metabolites were determined by reversed-phase high-perfor-
mance liquid chromatography using a C;3 column (Hypersil
ODS 3um, 150 x4.6mm, Alltech, Deerfield, IL, U.S.A))
combined with a C,g guard column (Hypersil ODS 5 um,
7.5 x4.6mm). We used an AS 3000 cooled autosampler, a
SCM 1000 vacuum membrane degasser, a P2000 gradient
pump, a 50 ul sample loop and PC 1000 software from Thermo
Separation Products, Riviera Beach, FL, U.S.A.) in combina-
tion with a Spectra Focus forward optical scanning detector
(Spectra-Physics, San Jose, CA, U.S.A.). Peaks were detected
(and concentrations determined) at 254nm (hypoxanthine,
xanthine, inosine and adenosine) and at 280 nm (uric acid).
Purines were identified based on external standards, retention
times and the ratios of the areas under the curve at 254 and
280 nm (Smolenski et al., 1990).

Data analysis and presentation

Infarct data were analyzed using one-way analysis of variance
followed by posthoc testing using Student—Newman—Keuls
method. Hemodynamic variables were compared using two-
way analysis of variance for repeated measures followed by
post hoc testing using Student—Newman—Keuls method. Purine
data were analysed using the paired z-test. Statistical sig-
nificance was accepted when P<0.05. Data are presented as
mean £ s.e.m.

Results
Mortality and exclusions

Of the 78 rats that entered the infarction protocol, four rats
were excluded because of pump failure during the 60-min index

Table 1 Heart rate and arterial blood pressure

ischemia. Several rats fibrillated during the 60-min index
ischemia CAO period (no more than three rats per group), but
were successfully reverted to sinus rhythm and completed the
experimental protocol. Infarct size was not different in rats
that fibrillated and were thus included in the final analysis.
Finally, one rat was excluded due to technical failure and one
rat due to an AR<10% of the left ventricle.

Heart rate and arterial blood pressure

Baseline heart rate and mean arterial blood pressure for all
animals were 351+3b.p.m. and 99+ 1mmHg, with no
differences in heart rate (P=0.55) and mean arterial blood
pressure (P=0.11) between the experimental groups. ADO
produced a small decrease in heart rate (5.4+2.5%), while
decreasing mean arterial blood pressure by up to 414+3%
(both P<0.05) at the end of the infusion (Table 1). After
discontinuation of ADO, both heart rate and arterial pressure
recovered to baseline values well before the onset of the 60-min
CAO. Infusion of LNNA caused a marked pressor response,
as arterial pressure increased by up to 37+3%, which was
accompanied by an 114+2% decrease in heart rate (both
P <0.05). These changes were sustained until the onset of the
60-min CAO. Administration of hexamethonium produced
decreases in both heart rate (11+3%) and arterial pressure
(33+4%), which had recovered partly at the onset of the
60-min CAO. LNNA and hexamethonium did not blunt the
hemodynamic responses to ADO.

Cardioprotection and myocardial interstitial adenosine
concentrations

IPC with a 15-min CAO and a 15-min ADO produced similar
marked reductions in IS (Figure 2a). However, while IPC
produced marked increments in myocardial interstitial adeno-
sine levels from 4.34+0.7uM at baseline to 27.1+10.0 uM
during the 15-min CAO (P<0.05), as well as increases in
dialysate concentrations of the other purines, ADO had no

n Baseline Control|ADO Coronary artery occlusion Reperfusion
Pre End Pre End End

(—25min) (—10min) (—1min) (60 min) (120 min)

Control 15

HR 345+8 346+ 10 348 +11 348 +12 365+ 12%* 394 +12%*

MAP 9143 93+2 98+3 96+3 92+3 79+4*

ADO 10

HR 361+9 35847 337+£6% 368+9 368412 385413

MAP 104+5 106+5 634 3*" 118+4* 106+4 93+ 6*

LNNA Control 10

HR 338+6 301+6* 30447 299 +6* 319+8 311+17

MAP 10142 138 +4* 145+ 3* 140+ 3* 10747 72+ 6*

LNNA +ADO 10

HR 348+6 316+ 6* 335+8" 325+6%* 323+8* 324+ 14*

MAP 103+3 150+4* 81+ 5% 1514+3* 11717 744 9%

HEX Control 13

HR 353+8 312+ 6* 318 +8*F 32748 343+ 11 3774+ 13*

MAP 10045 67+2% 834 2%" 89+4 95+4 96+5

HEX+ADO 7

HR 346+ 11 311 +£8* 307+ 5* 34012 349+9 399+ 11*

MAP 93+4 70+ 3* 494 1** 89+4 96+4 89+5

HR = heart rate (b.p.m.); MAP =mean aortic pressure (mmHg); Data are mean+s.e.m.; *P<0.05 vs Baseline; P <0.05 End Control/

Adenosine vs Pre Control/Adenosine.
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effect on myocardial interstitial adenosine levels (4.1+1.2 uM;
Figure 2b), or on dialysate concentrations of any of the other
purines (Table 2).

Mechanism of protection by ADO

There were no differences (P =0.32) in the area at risk of the
various experimental groups (Table 3). In agreement with
earlier reports on rats (Van den Doel et al., 1998; Liem et al.,
2005), rabbits (Miura et al., 1992) and pigs (Koning et al.,
1994), we observed no significant linear correlation between
the rate-pressure product at the onset of the 60-min CAO and
the corresponding infarct size (linear regression: r>=0.02;
P=0.31). LNNA, which had no significant effect on IS by
itself IS=62+4+3% vs IS=66+2% in sham-treated control
rats), virtually abolished the protection by ADO (Figure 3).
Pretreatment with hexamethonium, which also did not affect
IS (IS=66+3%) by itself, attenuated the amount of protec-
tion by ADO by 65% (Figure 3).

Discussion

The mechanism by which IPC protects the myocardium has
been the topic of numerous studies since the first description of
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Figure 2 Panel a displays the protective effect of IPC (n=7) and
ADO (n=7) compared to control rats that underwent only the 60-
min CAO (n=7 and n=09, respectively). Panel b displays the
increase in myocardial interstitial adenosine concentrations from
baseline produced by IPC (n=9) and the lack of increase by ADO
(n=38). *P<0.05 vs corresponding Control or Baseline.

the phenomenon by Murry et al. (1986) in the expectation that
knowledge of the mechanism would permit the development of
pharmacological exploitation in the clinical setting (Kloner &
Jennings, 2001; Vinten-Johansen et al., 2003). The discovery

Table 2 Dialysate concentrations of purines

Concentration (UM)

Baseline Intervention
IPC (n=9) Adenosine 0.6+0.1 4.74+1.9*%
Inosine 3.0+04 9.442.7*
Hypoxanthine 0.3+0.1 39+1.3*
Xanthine 0.7+0.2 3.6+0.8*
Uric acid 5.0+0.5 5940.5
Total purines 9.6+0.9 27.54+6.8*
ADO (n=28) Adenosine 09+0.2 0.7+0.1
Inosine 2.84+0.3 2.74+0.2
Hypoxanthine 0.2+0.1 0.3+0.1
Xanthine 0.6+0.1 0.6+0.1
Uric acid 59404 6.9+0.4
Total purines 10.54+0.8 11.440.8
Data are mean+s.e.m.
*P<0.05 vs corresponding baseline.
Table 3 Area at risk and infarct area
n AR (% LV) IA (%LV)
Control 15 38+2 2442
IPC 12 3243 1342%*
ADO 10 3243 1242%
LNNA Control 10 38+3 23+1
LNNA +ADO 10 3943 2242°F
HEX Control 13 38+2 26+2
HEX +ADO 7 36+4 20437

AR =area at risk; LV =left ventricle; IA = infarct area.
Data are mean+s.e.m.

*P<0.05 vs corresponding control.

P<0.05 vs ADO.
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Figure 3 Infarct size in control rats and in rats receiving ADO,
without (Sham) or after NO-synthase blockade (LNNA) or ganglion
blockade (hexamethonium, HEX). Infarct size is expressed as
percentage of the area at risk. The number of animals in each
group is shown within the bars. * P<0.05 vs corresponding Control;
TP<0.05 vs corresponding Sham.

British Journal of Pharmacology vol 145 (6)



708 0.C. Manintveld et a/

Adenosine-mediated cardioprotection

that activation of adenosine receptors is one of the triggers of
IPC has led to the investigation of the usefulness of adenosine
in the treatment of a coronary artery stenosis by elective
percutaneous coronary intervention (Strauer ef al., 1996;
Leesar et al., 1997), as adjuvant to thrombolysis (Mahaffey
et al., 1999) or percutaneous coronary intervention (Garratt
et al., 1998) in myocardial infarction and as adjuvant to the
cardioplegic solution during cardiac surgery (Lee et al., 1995).

Adenosine has been shown to be a trigger of IPC in all
animal species studied. However, based on several studies
including those in which the selective adenosine A;-receptor
antagonist PD 115,199 and the nonselective antagonist SPT
failed to block IPC (Liu & Downey, 1992; Li & Kloner, 1993),
Ganote & Armstrong (2000) concluded that adenosine does
not play a role in the myocardial infarct size limitation by IPC
in rats. Importantly, in these studies (Liu & Downey, 1992; Li
& Kloner, 1993) the duration of the multiple IPC stimuli was
3—-5min. We subsequently confirmed the observations by Li &
Kloner (1993) that the cardioprotection by a triple 3-min CAO
did not depend on intact adenosine receptors, but in contrast,
that cardioprotection by a single 15-min CAO was completely
abolished by the adenosine receptor antagonist 8-SPT (Liem
et al., 2001). Thus, similar to the porcine heart (Schulz et al.,
1998), in the rat heart the role of adenosine in IPC depends
critically on the type of IPC stimulus.

The mechanism of protection by intravascular adenosine is
still incompletely understood, but a large number of studies
indicate that it may differ from that of endogenous adenosine
in IPC (Van Winkle ef al., 1994; Yao & Gross, 1994; Lasley
et al., 1995; Manthei & Van Wylen, 1997; Headrick et al.,
2003). For example, while myocardial interstitial adenosine
levels increase during IPC (Lasley et al., 1995; 1998; Martin
et al., 1997; Harrison et al., 1998; Mei et al., 1998; Liem et al.,
2005), access of intravascular adenosine into the interstitial
compartment is impeded by the active metabolic barrier
function of the endothelium (Nees et al., 1985; Lasley et al.,
1995; Manthei & Van Wylen, 1997; Headrick et al., 2003). This
barrier function may explain why in some studies, though not
all (Toombs et al., 1992; Lasley et al., 1995), intravascular
adenosine failed to decrease infarct size (Auchampach &
Gross, 1993; Hale et al., 1993; Li & Kloner 1993), or increase
interstitial adenosine concentrations (Gamboa et al., 2003),
unless the adenosine transport inhibitor dipyridamole was
coadministered (Auchampach & Gross, 1993; Gamboa et al.,
2003). In contrast, studies employing high doses of intra-
arterial adenosine observed cardioprotection (Liu ez al., 1991;
Van Winkle et al., 1994; Yao and Gross 1994; Lasley et al.,
1998), and increases in interstitial adenosine concentrations
(Lasley et al., 1995; 1998; Manthei & Van Wylen, 1997). In the
present study, we observed that ADO produced a marked
reduction in IS, which contrasts with Li & Kloner (1993) who
reported a lack of cardioprotection by adenosine in the rat
heart in situ. These divergent findings are difficult to explain
but could be related to differences in the employed anesthesia.
Thus, the signaling pathway involved in IPC has been shown
to differ in ketamine-xylazine vs pentobarbital anesthesia
(Miura et al., 1995). In addition, differences in rat strain
(Sprague—Dawley vs Wistar) and gender (female vs male), the
dose and duration of intravenous adenosine infusion (1.5mg
administered over 5min vs 3 mg administered over 15 min) and
CAO duration (90 vs 60 min) may also have contributed to the
different outcomes.

Interestingly, we observed that while ADO produced
marked cardioprotection, it failed to increase myocardial
interstitial adenosine concentration. These findings are at
variance with the increases in myocardial interstitial adenosine
concentrations produced by intravenous adenosine, in a dose
that produced a degree of cardioprotection in the rabbit
(Lasley et al., 1995), that was comparable to the cardioprotec-
tion observed in the present study. Failure to detect an increase
in interstitial adenosine does not appear to be due to increased
adenosine catabolism in the rat heart, because concentrations
of the adenosine metabolites remained similarly unchanged
(Table 2). It could also be argued that the probe recovery was
too low to detect changes in adenosine concentrations. The
recovery rate of our microdialysis fibers was 15+ 1%, which is
considerably lower than that reported in other studies (64—
66%:; Lasley et al., 1995; 1998). However, the lower recovery in
the present study is at least in part due to the higher dialysate
flow rate (2 ulmin™' compared to 0.75 ulmin~" in the studies
by Lasley et al., 1995; 1998), which is inversely related to
recovery percentage of the probe (Lameris et al., 1999).
Furthermore, we readily detected marked increases in adeno-
sine and other purine concentrations during total coronary
artery occlusion, that are comparable to the increases observed
in the rabbit heart (Lasley et al, 1995). An alternative
explanation could be that adenosine produced an increase in
coronary blood flow that caused enhanced adenosine washout,
thereby masking a small increase in interstitial adenosine
concentrations (Lasley & Mentzer, 1998). Although this would
not explain the increase in interstitial adenosine that was
observed in the rabbit heart (Lasley er al., 1995), we cannot
entirely exclude that this effect may have increased importance
in the in situ rat heart, in which we observed relatively high
intersititial adenosine concentrations under baseline condi-
tions.

The observation in the present study that ADO did not
result in elevated myocardial interstitial adenosine levels,
suggests that adenosine remained principally confined to the
intravascular compartment. In support of that concept, there is
evidence to suggest that the cardiovascular effects of adenosine
involve, at least in part, the release of endothelium-derived
substances, including NO and prostanoids (Smits et al., 1995;
Rubio & Ceballos, 2003). Furthermore, there is, albeit
somewhat controversial, evidence that NO plays a role during
the second window of protection (Ferdinandy & Schulz, 2003).
Since the involvement of NO in the early phase of protection
by adenosine has not been previously studied, we investigated
the role of NO in the early phase of protection by ADO. In
the presence of LNNA, ADO no longer afforded cardio-
protection, which in conjunction with the lack of increase in
myocardial interstitial adenosine levels, could be interpreted to
suggest that ADO affords cardioprotection via (coronary)
endothelium-derived NO. However, from our in vivo experi-
ments we cannot determine the site of NO production by
ADO. For example, recent evidence suggests that adenosine
may not only stimulate eNOS in the endothelium, but also in
cardiomyocytes (Xu et al., 2005). Moreover, we cannot exclude
the fact that interstitial adenosine concentrations may have
increased in tissues other than the heart, which would
implicate the involvement of NO production at sites other
than the endothelium, for example, downstream of the
neurogenic pathway. Another limitation is that LNNA is a
nonspecific NO synthase inhibitor, and hence we cannot
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exclude the fact that isoforms other than eNOS are involved in
the cardioprotection by ADO. Future studies, using micro-
dialysis in other organs and using selective inhibitors of the
various NOS isoforms are required to address these important
issues.

Recently, the concept of IPC has been expanded to include
remote preconditioning, the phenomenon that a brief period
of ischemia in an organ or tissue not only elicits a local
preconditioning effect, but also provides protection against
prolonged ischemia in virgin tissue and organs at a distance
(Gho et al., 1996; Przyklenk et al., 2003) For instance, Gho
et al. (1996) have shown that a brief episode of intestinal
ischemia produced by a 15-min mesenteric artery occlusion,
limited myocardial IS produced by a subsequent 60-min CAO.
Remote preconditioning was mimicked by a low dose of
intramesenteric adenosine infusion, but not by infusion of the
same dose into the portal vein (Liem ez al., 2002). Both
cardioprotection by remote preconditioning and intramesen-
teric adenosine infusion were abolished by ganglion blockade,
implying the involvement of a neurogenic pathway. In light of
these considerations, we investigated whether an action at
extracardiac sites contributed to the protection by ADO.
The observation that hexamethonium, which does not modify
the protection by IPC with a 15-min CAO (Gho et al., 1996)
attenuated the protection by 65%, indicates that the ADO-
induced cardioprotection originates, at least in part, at
extracardiac sites where it initiates cardioprotection via
activation of a neurogenic pathway. The design of the study
does not permit one to draw any conclusions about the
location of these extracardiac sites. The small intestine is a
prime candidate, considering our earlier observations with
the intramesenteric artery infusion of adenosine (Liem et al.,
2002), but other organs such as the kidney may also be
involved (see Przyklenk et al., 2003). There is evidence that
remote preconditioning by skeletal muscle ischemia may not
depend on a neurogenic pathway (Addison et al., 2003; Wang
et al., 2004). Hence, we cannot simply ascribe the residual
protection by ADO that was not amenable to ganglion
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