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Abstract

Intravascular adenosine may exert its negative dromotropic effect via activation of luminal coronary endothelial receptors, which
Ž .suggests the presence of transcellular dromotropic mediators of endothelial origin, perhaps nitric oxide NO and prostaglandins. We

decided to test this hypothesis in isolated guinea pig hearts retrogradely perfused with Krebs–Henseleit solution. A pair of stimulating
Ž .electrodes were placed in the right atria and the auricular–ventricular A-V delay recorded by means of a recording electrode placed on

the left atria and an electrode placed on the tip of the ventricle. Hearts were paced at a rate of 3.8"0.2 Hz and perfused at a coronary
Ž .flow of 9"0.25 mlrmin. To obtain dose–response curves, single doses as boluses of different concentrations of adenosine were

infused and the maximal increase in A-V delay induced by each dose was determined. Agents that inhibit NO accumulation, such as
G Ž .N -nitro-L-arginine methyl ester L-NAME and oxyhemoglobin, diminished the effect of adenosine while NO-sparing agents, such as

superoxide dismutase and dithiotreitol, enhanced the adenosine effect. Infusion of NO and the NO donor morpholinosydnonimine
increased the A-V delay in a dose-dependent manner. In addition, the dose–response curve for adenosine was displaced downward and to
the right by indomethacin, indicating also the involvement of prostaglandins. Infusion of L-NAME in addition to indomethacin further
diminished the effects of adenosine, indicating that NO and prostaglandins acted simultaneously. To selectively activate intravascular

Ž .endothelial adenosine receptors, adenosine amino congener ADAC , an adenosine A receptor agonist, was covalently coupled to1

2=106 Da dextran. When intracoronarily infused, the dextran–ADAC complex remains in the blood vessel lumen because it is too large
to diffuse to the interstitium. On intracoronary administration, the dextran–ADAC complex caused a negative dromotropic effect which
was diminished by L-NAME and indomethacin. Our data indicate that the dromotropic effect caused by intracoronarily administered
adenosine is the result solely of activation of intravascular endothelial adenosine receptors, possibly type A , and that NO and1

prostaglandins are synergistic endothelial mediators of this effect. q 1999 Elsevier Science B.V. All rights reserved.

Ž .Keywords: Luminal endothelial receptor; Endothelial control; Parenchymal function; Endothelial mediator; Nitric oxide NO ; Prostaglandins, endothelial
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1. Introduction

Adenosine has well-defined cardiovascular actions
Žwhich include coronary vasodilatation Olsson et al., 1976;

Schrader et al., 1977; Rubio et al., 1983; Kroll et al.,
. Ž1987 , a negative chronotropicrdromotropic effect Clemo,

.1986; Belardinelli et al., 1987; Balcells et al., 1992, 1993 ,
Ž .and an anti-adrenergic response Dobson, 1983 . While it
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is now known that most of these actions are mediated via
Žmembrane bound receptors Olsson et al., 1976; Schrader

.et al., 1977; Jacobson et al., 1985, 1987 , the precise
mechanisms by which this metabolite exerts its cardio-
vascular effects have yet to be defined. Difficulties arise
secondary to the numerous influences involved in its for-
mation and metabolism. Within the myocardium, adeno-
sine can be produced and metabolized by both the endothe-

Žlium Nees et al., 1985a,b; Deussen et al., 1986; Dendorfer
. Žet al., 1987 and cardiac myocytes Deussen et al., 1986;

.Dendorfer et al., 1987 and therefore is subject to the
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influence of both cell types. In addition, the relative impor-
tance of the endothelium becomes evident if one considers
the following: adenosine remains confined to the intravas-
cular compartment during its intracoronary infusion, in up
to micromolar concentrations, because of the impermeable

Žmetabolic barrier imposed by the endothelium Nees et al.,
.1985a,b; Tietjan et al., 1990 , and yet the vasodilatory and

negative dromotropic effects of adenosine are observable
Ž .at these concentrations Nees et al., 1985a,b; Clemo, 1986 ;

the pharmacokinetics of macromolecular adenosine analogs
are similar to those of their low molecular weight counter-
parts during intracoronary infusion, suggesting an intravas-

Žcular site of action Nees et al., 1985a,b; Balcells et al.,
.1992, 1993; Smits et al., 1995 ; and intracoronarily infused

adenosine deaminase alters the vasodilator and dro-
Žmotropic responses attributed to adenosine Belardinelli et

.al., 1987; Rubio et al., 1987 , but yet does not reach
adequate interstitial concentrations to account for its phar-

Ž .macologic effects Tietjan et al., 1990 . These observations
require one to consider whether the adenosine-mediated
cardiovascular effects have an endothelial component. In-

Ž .deed, we have shown Balcells et al., 1992, 1993 that the
selective activation or blockade of intravascular adenosine
receptors, via adenosine conjugates or adenosine receptor
antagonist bound to latex microspheres of 0.07 mm diame-
ter, caused the same cardiovascular effects as free adeno-

Žsine or the free adenosine antagonist Balcells et al., 1992,
.1993 , and yet these particles are confined to the vascular

compartment because of their size. These data suggest that
some of the effects of intravascular adenosine could result
from the release of transcellular bioactive messengers by
the endothelium.

The purpose of this study was to establish whether
Ž .nitric oxide NO and prostaglandins are mediators of the

negative dromotropic effects of intracoronarily adminis-
tered adenosine as a result of selective activation of in-
travascular endothelial receptors.

Our results for the isolated perfused guinea pig heart
Ž .show that: 1 Intracoronarily administered adenosine

causes a negative dromotropic effect through activation of
Ž .intravascularly located endothelial receptors, 2 this effect

is mediated by the release of at least two mediators: NO
and a derivative of the arachidonic acid metabolic path-
way.

2. Materials and methods

2.1. Isolated saline-perfused hearts

Ž .Male guinea pigs 350–450 g were anesthetized with
Ž .an intraperitoneal injection of pentobarbital 50 mgrkg

Ž .and heparin sodium 500 U . The animals were artificially
ventilated, the chests were opened, and a loose ligature

was passed through the ascending aorta. The hearts were
rapidly removed, immersed in ice-cold physiological saline,
retrogradely perfused via a nonrecirculating perfusion sys-
tem at constant flow, and trimmed of noncardiac tissue.
Coronary flow was adjusted with a variable-speed peri-

Ž .staltic pump Harvard Apparatus, model 1215 . An initial
perfusion rate of 25 mlrmin for 5 min was followed by a
25-min equilibration period at a perfusion rate of 10
mlrmin. After this period of equilibration the experiments
were started and all hearts were perfused at a coronary
flow of 9"0.35 mlrmin. The perfusion medium was
Krebs–Henseleit solution with the following composition
Ž .mM : 117.8 NaCl, 6 KCl, 1.75 CaCl , 1.2 MgSO , 1.22 4

NaH PO , 24.2 NaHCO , 5 glucose and 5 sodium pyru-2 4 3

vate. The solution was equilibrated with 95% O –5% CO2 2
Ž .378C at pHs7.4 .

2.2. Electrical stimulation and recording procedures

Recording and stimulating electrodes consisted of small
Žstainless steel wire vascular clamps Fine Surgical Instru-

.ments soldered to a thin flexible wire. The clamps were
affixed to the myocardial surface by gently grasping the
epicardial tissue layer. In every heart precaution was taken
to apply the recording and stimulating electrodes at the
same sites in the cardiac chambers. A pair of stimulating
electrodes were placed 2 mm apart in the apex of the right
atrial appendage. Pacing was achieved by applying electri-
cal square pulses of 2 ms duration and twice the electrical
threshold at a rate of 3.8"0.2 Hz. To record the atrial and
ventricular electrocardiogram, one electrode was placed in
the left atrium and the second electrode was placed on the
apex of the left ventricle. These two electrodes were
connected to an oscilloscope synchronized with the atrial
pacing stimulator. The interval between the application of
the stimulus to the atrium and the rising phase of the atrial
electrogram had a value of 19.5"0.7 ms and remained
constant under control conditions and throughout all of the
different pharmacological manipulations used. To measure

Ž .changes in the delay in the auricular–ventricular A-V
nodal area, we measured changes in the interval between
atrial and ventricular electrograms because of its method-

Ž .ological simplicity and because we Rubio et al., 1995
Žand others Alanis et al., 1958, 1959; Clemo, 1986; Belar-

.dinelli et al., 1987 have shown that under a variety of
experimental conditions changes A-V delay are due solely
to changes in the delay in the A-V nodal area and not to
delay within the atria or from the His bundle to the
ventricle, because the delay remains constant in these

Ž .areas. The A-V delay ms was continuously monitored
and measured as the interval between the application of the
stimulus to the atria and the rising phase of the ventricular
electrical signal. Under control conditions the A-V delay
had a mean value of 84"2 ms.
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During adenosine bolus experiments the A-V delay was
measured with the aid of a polaroid camera mounted on
the oscilloscope display panel. Manual opening of the
shutter at the same time as bolus injection captured on film
the control A-V delay and its gradual increase for the
successive electrocardiographic tracings. For each dose of
adenosine, the response amplitude was measured from the
film as the maximal increase in A-V delay with respect to
control.

2.3. Adenosine dose–response curÕes

ŽSingle doses as boluses of adenosine range of 0 to
y10 .45=10 mol were intracoronarily administered and the

injection period lasted 0.3 s. Bolus infusions were given by
using a programmable infusion pump with a dispensing
timer that runs the pump at a pre-established rate of

Ž .infusion and duration Harvard App. Model 55-222 . Intra-
coronary administration of an adenosine bolus caused a
gradual prolongation of the A-V delay with successive
beats, and the longest A-V delay was proportional to the
dose. For each dose the amplitude of the response was
determined by subtracting the longest A-V delay value
minus the A-V delay just prior to adenosine bolus infusion,
i.e., the increase in A-V delay. The increase in A-V delay
Ž . Ž .ordinates for each adenosine dose abscissae was plotted
to generate the control dose–response curve. Five groups
of six hearts each were used. For the hearts of each of the
groups, a control dose–response curve was obtained. In
each heart, the control curve was followed by an experi-
mental curve obtained during a sustained intracoronary

G Žinfusion of either N -nitro-L-arginine methyl ester L-
. ŽNAME, group 1, 0.5 mM , oxyhemoglobin group 2, 6

. Ž .mM , superoxide dismutase group 3, 100 Urml , dithio-
Ž . Žthreitol group 4, 0.2 mM or indomethacin group 5, 10

.mM . The perfusion of each one of these agents was
started 10 min before the adenosine dose–response curve
was recorded.

2.4. Oxyhemoglobin preparation

Oxyhemoglobin was prepared as described by Kelm
Ž .and Schrader 1990 . Briefly, hemoglobin was dissolved in
Ž .distilled water pHs7 , equilibrated with 100% oxygen,

reduced with a molar excess of sodium dithionite, and
Žpurified by gel chromatography Sephadex G25, Pharma-

.cia .

2.5. NO and morpholinosydnonimine solutions

In order to scavenge higher nitrogen oxides that may
Ž .contaminate NO, the NO Aldrich from its tank was

passed into a hermetic glass chamber containing a potas-
Ž .sium hydroxide solution 10% wrv previously equili-

brated with 100% nitrogen. The NO from this chamber
passed into a second chamber and was bubbled through
distilled water previously equilibrated with nitrogen. This
solution was defined as 100% saturated. Further dilutions
of this solution were made with N -equilibrated distilled2

water. In the case of the NO donor, morpholinosydnon-
Ž .imine Schluter et al., 1994 , a 0.5-M solution was pre-¨

pared immediately before use and infused intracoronarily
at three different rates to produce final concentrations of
10, 5, and 1 mM. All solutions were collected in air-tight
syringes and infused into the coronary perfusion line as
close as possible to the coronary entrance.

2.6. Procedure of coupling adenosine amine congener
( ) ( 6 )ADAC to high molecular weight 2=10 Da dextran

The procedure used was a modification of that pub-
Žlished by Haga and Haga 1983, 1985. Briefly, 1 g of

Ž y7 .dextran 5=10 mol was dissolved in 50 ml of distilled
Ž y3 .water and 1.2 g of NaIO 5.55=10 mol was dissolved4

in 20 ml of water. These two solutions were mixed and
stirred continuously for 90 min. This reaction caused oxi-
dation of two adjacent carbon atoms with hydroxyl groups
per every glucose moiety of the dextran, forming a pair of
reactive aldehyde endings. The reaction was terminated by
adding 5 ml of glycerol followed by an excess of ice-cold
methanol, which was gradually added to precipitate the
periodate-oxidized dextran, forming a cloudy suspension
which was centrifuged at 3000=g for 15 min. The pellet
of oxidized dextran was dissolved in 50 ml of sodium
phosphate buffer at pHs7, and 1.5 g of 6-aminocaproic
acid was added, causing the formation of a Schiff base
Žbetween the amino group of aminocaproic acid and the

.aldehyde . The reaction was allowed to proceed 3 h with
continuous stirring. Thereafter, to reduce and stabilize the
Schiff base, 1 g of NaCNBH was added and the reaction3

proceeded overnight at room temperature. The final solu-
tion was dialyzed against several changes of distilled
water, precipitated with methanol, and dried. The product
formed, dextran–aminocaproic acid, was dissolved in 50
ml of a mixture of dioxane and 0.1 M sodium phosphate

Ž .buffer 30r70 and divided into two aliquots. To one of
Ž .the aliquots control, solution 1 no other addition was

Ž w w wwmade; to the other aliquot, 250 mg of ADAC N- 4- 2- 4-
w wŽ . x x x x2- 2-aminoethyl amino -2-oxoethyl phenyl amino -2oxo-

x x .ethyl phenyl adenosine , an adenosine A receptor agonist,1
Ž .Jacobson et al., 1985 dissolved in 5 ml dioxane was
added under continuous stirring. This solution was further
divided into two aliquots and to one of them 1 g of
w Ž . x1-ethyl-3- 3-dimethylaminopropyl carbodiimide was
added, in order to activate the free carboxylate group of

Ž .aminocaproic acid DeTar and Silverstein, 1966 to react
with the terminal amino group of ADAC, forming a dex-

Ž .tran–aminocaproic acid–ADAC dextran–ADAC com-
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plex. The purpose of the solution that did not receive the
carbodiimide was to check for non-covalent binding of

ŽADAC to the dextran–aminocaproic acid complex control
.2 . The three different aliquots were left for 3 h at room

temperature and were dialyzed against several changes of
Ž .waterrdioxane 70r30 . The dextran–aminocaproic com-

plexes of each solution were precipitated with ice-cold
acetone and extracted several times with benzene in order
to eliminate any adsorbed ADAC.

2.7. Effect of dextran–ADAC complex on A-V delay

At zero time, a sustained intracoronary infusion of one
Žof the three dextran–aminocaproic acid complex controls
.1 and 2 and dextran–aminocaproic acid–ADAC , was

started, all at a final concentration of 0.2 mM of dextran.
The A-V delay was continuously monitored and plotted
against time of infusion. These experiments were designed
to rule out any effect of the dextran–aminocaproic acid

Ž .alone control 1 or non-covalent binding of ADAC to
Ž .dextran–aminocaproic acid control 2 and to explore the

effects of the dextran–aminocaproic acid–ADAC com-
plex. There were 6 hearts for each of these groups. To rule
out the possibility that the dextran–aminocaproic acid–
ADAC complex became hydrolyzed to free ADAC during
its passage through the heart, 100 ml of venous effluent
were collected during a 10-min infusion of dextran–
aminocaproic acid–ADAC and was extracted two succes-

Fig. 1. Negative dromotropic effects of adenosine and diminution of this
effect by L-NAME. Electrocardiographic auricular and ventricular traces.
The beginning of each trace marks the time the stimulus was applied to
the left atria. Effects of doses of 17=10y10 and 22=10y10 mol of

Ž .adenosine during control upper traces and during sustained infusion of
Ž .L-NAME lower traces . Notice that for each dose of adenosine the

ventricular delay for the successive beats increased to reach a maximum
and that these effects were depressed by L-NAME.

Fig. 2. Negative dromotropic effects of adenosine and diminution of this
effect by oxyhemoglobin. Electrocardiographic auricular and ventricular
traces. The beginning of each trace marks the time the stimulus was
applied to the left atria. Effects of doses of 21=10y10 and 25=10y10

Ž .mol of adenosine during control upper traces and during sustained
Ž .infusion of oxyhemoglobin lower traces . Notice that upon each dose of

adenosine the ventricular delay of successive beats increased to reach a
maximum and that these effects were depressed by oxyhemoglobin.

sive times with 25 ml of benzene. The benzene fractions
were combined and evaporated to dryness, and the residue,
which could contain free ADAC was resuspended in 100

Ž .ml of dioxanerKrebs–Henseleit 1r99 . This solution was
equilibrated with 95% O2, 5% CO2 and brought to 378C.
The solution was perfused into a second heart preparation

Žand the A-V delay was continuously recorded control 3,
.ns6 .

2.8. Statistics

Values are expressed as means"S.E. In these experi-
ments, each heart and each group served as its own
control, and responses under control conditions and during
specific manipulations were compared in the same heart.
For these reasons, statistical significance was determined
using a paired t-test with a Bonferoni correction factor for
multiple comparisons. A statistically significant difference
was defined for values of pF0.05.

3. Results

3.1. Role of NO on adenosine dromotropic effects: effects
of agents that inhibit or faÕor NO accumulation

Application of intracoronary boluses of adenosine under
control conditions resulted in a transient dose-dependent
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Ž . Ž .Fig. 3. Diminution of the negative dromotropic effect of adenosine by L-NAME panel A and oxyhemoglobin panel B . Abscissae, doses of adenosine in
y1 0 Ž . Ž10 mol. Ordinates, maximum increase in A-V delay ms, mean"S.E. caused by each dose of adenosine. Adenosine effects in the absence open

. Ž . Ž . Ž .symbols or in the presence of L-NAME full symbols, panel A or oxyhemoglobin Hb, full symbols, panel B . In A, addition of indomethacin 10 mM
Ž .on top of L-NAME nameq indo further decreased the adenosine effect. In A as in B, the differences between control and experimental curves were

statistically different p-0.05.

Ž . Ž .Fig. 4. Potentiation of the negative dromotropic effect of adenosine by superoxide dismutase panel A and dithiothreitol DTT, panel B . Abscissae, doses
y1 0 Ž .of adenosine in 10 mol. Ordinates, maximum increase in A-V delay ms, mean"S.E. caused by each dose of adenosine. Adenosine effects in the

Ž . Ž . Ž .absence open symbols or in the presence of superoxide dismutse SOD, full symbols, panel A or dithiothreitol DTT, full symbols, panel B . In panel A
as in panel B, the differences between control and experimental curves were statistically different p-0.05.
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Ž .negative dromotropic effect Figs. 1 and 2 . Fig. 1 shows
representative electrograms of the effects of 17=10y10

y10 Ž .and 22=10 mol doses of adenosine upper two traces .
For each dose, there was a gradual increase in the A-V
delay with each successive beat and there was a greater
incremental increase in the A-V delay with the larger dose.
A similar set of recordings are shown in Fig. 2 for the
effects of 21=10y10 and 25=10y10 mol of adenosine.
Control dose–response curves for adenosine are shown in
Figs. 3 and 4.

Adenosine administered during the sustained perfusion
Žof agents that inhibit NO accumulation L-NAME 0.5 mM

.or oxyhemoglobin 6 mM had a smaller effect than under
control conditions. In Figs. 1 and 2 are shown how the
dromotropic effects of adenosine under control conditions
Ž .upper traces were depressed during the sustained infusion

Ž .of either of these two inhibitors upper traces . Fig. 3A and
B show that the adenosine dose–response curve during
sustained infusion of either L-NAME or oxyhemoglobin
was displaced downward and to the right as compared with
its own control. The inhibitory effect of L-NAME was
enhanced when L-NAME was co-perfused with 10 mM

Ž .indomethacin Fig. 3A .
Adenosine administered during the sustained perfusion

of agents with a NO-sparing effect either superoxide dis-
Žmutase or dithiothreitol Gryglewski and Palmer, 1986;

.Rubanyi and Vanhoutte, 1986 had a greater effect than
under control conditions. Fig. 4A and B show that the
dose–response curve during sustained perfusion of either
100 Urml of superoxide dismutase or 0.2 mM dithio-
threitol was displaced upward and to the left as compared
with its own control.

3.2. Infusion of NO or the NO donor
morpholinosydnonimine causes a negatiÕe dromotropic
effect

The effects of continuous infusion of three different NO
solutions with a 70%, 80% or 100% saturation at a rate of
0.12 mlrmin are shown in Fig. 5A. The effects of continu-
ous infusion of three different solutions of the NO donor
morpholinosydnonimine at final concentrations of 10, 5
and 1 mM are shown in Fig. 5B. In the case of NO and
morpholinosydnonimine, there was a gradual increase in
the A-V delay which was dose dependent. Also dose
dependent was the maximum A-V delay. Infusion of the
80% and 100% saturated NO solutions caused a total A-V
blockade after 65 and 80 s of infusion, respectively, while
the infusion of 70% saturated solution caused a gradual

Ž .and smaller increase in A-V delay Fig. 5A . In the case of
morpholinosydnonimine, the rate of increase in A-V delay

Ž . Ž .Fig. 5. Time course of the increase in A-V delay mean"S.E. as a consequence of infusion of NO solutions panel A and the NO donor
Ž .morpholinosydnonimine panel B . At zero time infusion of the agents at various concentrations was initiated. In A, solutions of NO of 100, 80 and 70%

Ž . Ž .saturation were infused at a rate of 0.12 mlrmin ns6 . In B, morpholinosydnonimine SIN-1 was perfused to final concentrations of 10, 5 and 1 mM
Ž .ns6 . The arrows mark the time SIN-1 infusion was stopped. Notice the reversal of effect.
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Fig. 6. Diminution of the negative dromotropic effect of adenosine by
Ž . y1 0indomethacin 10 mM . Abscissae, doses of adenosine in 10 mol.

Ž .Ordinates, maximum increase in A-V delay ms, mean"S.E. caused by
Ž .each dose of adenosine. Adenosine effects in the absence open symbols

Ž .or in the presence of indomethacin full symbols . Addition of L-NAME
Ž .plus indomethacin indoqname further decreased the adenosine effect.

The differences between control and experimental curves were statisti-
cally different p-0.05.

and its maximum were also concentration dependent, and
complete A-V nodal blockade was achieved within 1.5 min
of infusion only at the higher concentration of morpholi-

Ž .nosydnonimine 10 mM . Upon cessation of infusion of
NO or morpholinosydnonimine, the A-V delay returned to
control values.

3.3. Effect of indomethacin on adenosine dose–response
curÕes

Ž .The presence of indomethacin 10 mM in the Krebs–
Henseleit solution inhibited the effects of adenosine. In-
domethacin shifted the curve downward and to the right of

Ž .the control curve Fig. 6 . This inhibitory effect of indo-
methacin was enhanced when indomethacin was co-per-

Ž .fused with L-NAME 0.5 mM, Fig. 6 .

3.4. The negatiÕe dromotropic effect of 2=10 6 Da
dextran–6AC–ADAC complex and its blockade by
L-NAME and indomethacin

The continuous infusion of 0.2 mM dextran–6AC–
ADAC caused a gradual increase in A-V delay that after 2

Ž . ŽFig. 7. Time course of the increase in A-V delay mean"S.E. as a consequence of the sustained infusion the complex Adac–Dext control, open
. Ž . Ž .symbols and the diminution of this effect either by L-NAME A, full symbols, ns6 or by indomethacin B, full symbols, ns6 . In both cases at zero

Ž .time, the sustained infusion of the complex Adac–Dext 0.2 mM was initiated. The differences between control and experimental curves were statistically
different p-0.05.
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Žmin resulted in complete A-V nodal blockade Fig. 7A and
.B . The negative dromotropic effects induced by the sus-

Ž 3 .tained infusion of the large size 2=10 kDa dextran–
6AC–ADAC polymer were reduced in the presence of

Ž . ŽL-NAME 0.5 mM, Fig. 7A and indomethacin 10 mM,
.Fig. 7B . Infusion of 0.2 mM of the three control solutions

Ž . Žwas without effect not shown : dextran–6AC control
.solution 1 , dextran–6AC pre-incubated with ADAC with-

Ž .out the presence of carbodiimide control solution 2 and
control solution 3. These results indicate that dextran–6AC
Ž .control 1 was not active and that there was no non-cova-
lent absorption of ADAC to dextran–6AC. In addition,
coupled dextran–6AC–ADAC was not hydrolyzed to free
ADAC during its passage through the heart because the
venous effluents of hearts perfused with dextran–6AC–
ADAC had no biological effect.

4. Discussion

ŽOur present data and previous reports Balcells et al.,
.1992, 1993 support the hypothesis that the dromotropic

effects caused by the intracoronarily administered adeno-
sine and the dextran–ADAC complex are partially medi-
ated by the release of NO and prostaglandins as a result of
the activation of endothelial intravascular adenosine recep-
tors.

4.1. Transcellular mediators: NO and prostaglandins

The conclusion that intracoronarily injected adenosine
Žactivates endothelial intravascular receptors Balcells et al.,

.1992, 1993 suggests the existence of an indirect negative
dromotropic effect of adenosine mediated by the release of
transcellular mediators of endothelial origin. Nonetheless,
adenosine can also act directly on isolated A-V nodal cells
Ž .Martynyuk et al., 1995 .

4.1.1. Nitric oxide
Recent studies have shown that NO plays an important

role in the cholinergic modulation of A-V nodal cells in
the adult rabbit. Indeed, immunohistochemical data show
that the A-V nodal region has strong endothelial constitu-
tive NO synthase activity associated with endothelial cells

Ž .and A-V nodal cells Han et al., 1996 . In this study, NO
inhibited the transmembrane I current of A-V nodalCa – L

cells, which may result in a prolongation of A-V delay
Ž .Han et al., 1996 , thus, indicating a possible mechanism
by which NO could exert a negative dromotropic effect.

NO accumulation can be reduced either by inhibiting its
Žsynthesis with L-arginine analogues such as L-NAME Rees

.et al., 1989 or by speeding up its destruction with the NO
Ž .scavenger oxyhemoglobin Martin et al., 1985 . Con-

versely, NO accumulation can be increased with NO-spar-
ing agents such as superoxide dismutase, which retards its

Ž .degradation Frangos and Juchan, 1991 , or dithiothreitol,
which increases its half-life by acting as an antioxidant.
Our results for these agents show that L-NAME and oxy-
hemoglobin reduced, while the NO-sparing agents potenti-
ated, the adenosine-induced dromotropic effects. L-NAME
also inhibited the negative dromotropic effects of the
dextran–ADAC complex. These results indicate that
adenosine acting on luminal endothelial receptors stimu-
lates the synthesis and release of NO, which in turn may
be responsible for slowing impulse propagation in the A-V
node. The negative dromotropic effects of NO were
demonstrated during intracoronary infusion of NO or mor-

Žpholinosydnonimine, a NO donor Marangos, 1991;
.Schluter et al., 1994 . The adenosine-activated cell source¨

of NO remains to be established because constitutive NO
synthase is found in endothelial cells as well in A-V nodal

Ž .cells Han et al., 1996 . However, in our study the dex-
tran–ADAC complex could not directly activate the A-V
nodal cells because of its intravascular confinement. One
would assume that endothelial adenosine receptor activa-
tion leads to NO release by the endothelium. However, our
study shows that NO may not be the sole mediator of the
dromotropic effect of adenosine because L-NAME did not
totally block its effects, suggesting the existence of other
mediators, perhaps endothelial hyperpolarizing factor. In
our experiments the blockade of NO synthesis may have
been incomplete, so that higher L-NAME concentrations
may be required. Nevertheless, the release of hormone-tri-
ggered endothelial mediators other than NO has been
suspected because in studies with isolated whole vessel the
endothelial-mediated acetylcholine vasodilator response

Žwas not fully blocked by L-NAME Komori et al., 1988;
.Parkington et al., 1990 .

4.1.2. Prostaglandins
Our experiments show that inhibition by indomethacin

of cyclooxygenase, a prostaglandin-forming enzyme, de-
presses the negative dromotropic effect of adenosine. This
observation indicates that adenosine upon acting on the
endothelium triggers the release of a prostaglandin with a
negative dromotropic effect. Thus, the dromotropic action
of intravascular adenosine is the result of the sum of the
individual negative dromotropic effects of least two media-
tors: NO and a prostaglandin. This inference is compatible
with the fact that indomethacin and L-NAME both individ-
ually depress the negative dromotropic effect of adenosine
and that their effects are additive.

Interestingly, intracoronary acetylcholine is a negative
dromotropic agent which also acts via activation of in-

Žtravascular muscarinic endothelial receptors Ceballos and
.Rubio, 1998 . However, in this case indomethacin potenti-

ates the negative dromotropic effects of acetylcholine while
L-NAME depresses them. Thus, the dromotropic action of
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intravascular acetylcholine is the result of the subtraction
of the individual opposite dromotropic effects of at least
two mediators: NO, a negative dromotrope, and a prosta-
glandin-like compound with a positive dromotropic effect.
Nevertheless, both acetylcholine and adenosine exert an
endothelial-mediated negative dromotropic effect that in-
volves at least NO and prostaglandin synthesis. However,
how these two different agonists activate the cyclooxy-
genase pathway after interacting with their corresponding
receptors, resulting in the release of prostaglandin-like
compounds with opposite effects, needs further study.

4.2. ActiÕation of intraÕascular endothelial adenosine A1

receptors

The vascular endothelium is a necessary and possibly
the sole component of the dromotropic effects of intravas-
cular adenosine. This conclusion is based on our data for
the intravascularly confined dextran–ADAC complex. In
order to ensure intravascular confinement of the adenosine
agonist we coupled ADAC to high-molecular-weight dex-
tran, 2=106 Da, with an estimated diameter G0.1 mm.
Pore theory modeling studies, using macromolecular dex-
tran or microspheres, in dog myocardium and dog leg have
defined an upper limit of the capillary large-pore diameter

Žto be 0.024–0.032 mm for the myocardium Taylor and
. Ž .Granger, 1984 and 0.04 mm for the leg Grotte, 1956 .

Our dextran–ADAC complex, with a mean diameter G0.1
mm, exceeds the upper limit of the capillary large-pore

Ždiameter. Moreover, in our previous studies Balcells et
.al., 1992, 1993 ADAC and the adenosine receptor antago-

Ž .nist xanthine amino congener XAC were covalently
bound to 0.07 mm diameter latex microspheres. After a
total of 15.0 min of microsphere infusion electron micro-
scopic studies revealed that the microspheres were uni-
formly localized around the capillary endothelial surface
and were not found within the myocardial interstitium.

ŽTherefore, theoretical model studies Grotte, 1956; Taylor
.and Granger, 1984 and our experimental evidence support

our conclusion that the dextran–ADAC complex and mi-
crosphere conjugates, because of their size, are restricted
to the intravascular space and thereby could only act by
way of the intravascular endothelium.

The control experiments attest to the fact that the
dextran–ADAC complex is responsible for the activation
of intravascular endothelial adenosine receptors. Venter
Ž .1982 has proposed three possible mechanisms by which
immobilized drug preparations may yield pharmacological

Ž .activity: 1 actionreffect of non-covalently bound drug
Ž . Ž .adsorbed drug ; 2 actionreffect of locally released drug
Ž . Ž .either from adsorbed or hydrolyzed drug ; 3 actionref-
fect of the immobilized drug itself. In addition, one should
also consider the possible activity of the matrix used for
binding. We found no effect of the binding matrix, the

Ž .dextran–6AC complex control 1 . In an attempt to rule
out the first two mechanisms proposed by Venter, several
control studies were performed. For mechanism a1, to test
for ADAC adsorption to dextran–AC, we examined the

Ž .effects of a control dextran–AC preparation control 2 ,
where the coupling agent was omitted from the reaction

Ž .mixture dextran–AC plus ADAC , and found no biologi-
cal activity. Therefore, these experiments ruled out the
possibility of adsorbed ADAC in our preparations. In order
to rule out mechanism a2 proposed by Venter we per-
formed a bioassay analysis using both donor and recipient
guinea pig hearts. It could be proposed that if the intra-
coronarily infused dextran–ADAC complex was locally

Ž .hydrolyzed in situ , ‘free’ ADAC would be released into
the venous effluent, from which ADAC could be extracted

Ž .with benzene. The benzene-extracted fraction control 3
should be biologically active in an assay heart, but this was
not the case. The benzene-extracted fraction had no dro-
motropic effect. These results are similar to those of
previous experiments with ADAC and XAC bound to latex
microspheres that showed that the venous effluent, once
filtered of microspheres and assayed in a recipient heart,

Ž .had no biological effect Balcells et al., 1992, 1993 . The
stability of our dextran–ADAC complex is due to the
formation of an amide bond between the carboxylic acid
and amine moieties of dextran–aminocaproic acid and

Ž .ADAC, respectively DeTar and Silverstein, 1966 . This
bond is stable during intravascular infusion since there was
no in situ hydrolysis of our compound. From the above
discussion, it follows then that the biological activity of the
dextran–ADAC complex is due to the immobilized ligand
which activates intravascular endothelial adenosine A re-1

ceptors.
In order to define the receptor type, in addition to

ADAC, an adenosine A receptor agonist, we covalently1

coupled the adenosine A receptor agonist CGS-216802
w Ž . Y2-p carboxyethyl phenethylamino-5 -N-ethylcarboxamido

xadenosine and the adenosine A receptor agonist APNEA3
w 6 Ž . xN -2- 4-aminophenyl ethyladenosine to dextran–amino-
caproic in preliminary experiments. All these three dex-
tran–AC agonists showed vascular, inotropic and dro-
motropic effects. However, the order of potency of the
dromotropic effect of these complexes was dextran–

ŽADAC ) dextran–CGS ) dextran–APNEA A ) A )1 2
.A In fact, the dextran–APNEA complex was dromotrop-3

ically inactive in the range of concentrations in which the
other two agonists were effective. This order of potency
indicates that the intravascular endothelial receptors re-
sponsible for the negative dromotropic effects of adenosine
are type A . The free forms of these three agonist show1

also had the same order of potency in exerting dromotropic
effects: ADAC)CGS)APNEA.

In summary, our results indicate that intravascular
adenosine exerts its negative dromotropic actions by way
of the vascular endothelium. This effect is mediated by
NO, prostaglandins and another unknown mediator, per-
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haps EDHF. All these mediators may be of endothelial
origin.
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