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Adenosine receptors and nucleoside transport sites in cardiac
cells
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1 Potential mechanisms responsible for the prominent depression of atrioventricular conduction by
adenosine have been investigated in guinea-pig heart.
2 Adenosine A1 receptors and nucleoside transport (NT) sites were identified and enumerated in cardiac
myocytes, atrioventricular conduction cells and coronary endothelial cells in 10,um sections by autoradio-
graphical analysis of the binding of the Al selective antagonist 8-cyclopentyl-1,3-[3H]-dipropylxanthine
([3H]-DPCPX) and the NT ligand [3H]-nitrobenzylthioinosine ([3H]-NBMPR), respectively.
3 Atrioventricular conduction cells were identified by acetylcholinesterase histochemistry and endo-
thelial cells by von Willebrand factor immunohistochemistry.
4 Site-specific binding of [3H]-DPCPX, when expressed as grains per cell nucleus was significantly
higher (30 fold) in conduction cells than in surrounding myocytes. [3H]-DPCPX site density on endo-
thelial cells in adjacent coronary vessels was not significantly different from myocytes.
5 In contrast, autoradiography of [3H]-NBMPR sites in these areas indicated that, relative to myocytes,
conduction cells and endothelial cells were significantly enriched (2 fold and 4.5 fold, respectively) in NT
sites.
6 The pronounced dromotropic effect of adenosine in guinea-pig heart is correlated with a higher
density of adenosine A1 receptors in atrioventricular conduction cells than in myocytes. The NT capacity
of these cells, as estimated by [3H]-NBMPR binding site density, is not increased in proportion to A1
receptors.

Keywords: Adenosine receptors; cardiac myocytes; conduction cells; endothelial cells; nucleoside transport sites; acetyl-
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Introduction

As early as 1929, it was observed that adenosine has negative
chronotropic and dromotropic effects in heart; of the species
studied, the effect on the sinoatrial node was predominant in
dog, cat and rabbit while the atrioventricular nodal depres-
sion was predominant in guinea-pig (Drury & Szent-Gyorgi,
1929). In man, both sinus rate and atrioventricular conduction
are depressed by the intravenous administration of adenosine
and this is of therapeutic benefit in some forms of paroxysmal
supraventricular tachycardia (DiMarco et al., 1983). Addi-
tionally, it has been proposed that conduction delays, seen in
cases of ischaemia and hypoxia, may be due to adenosine re-
leased from cardiac cells under hypoxic stress (Belardinelli et
al., 1980; West & Belardinelli, 1985; Clemo & Belardinelli,
1986a,b; Wesley & Belardinelli, 1989).
Adenosine is able to eliminate action potentials in sinoatrial

and atrioventricular nodal cells (West & Belardinelli, 1985;
Clemo & Belardinelli, 1986a). In contrast, adenosine shortens
the action potential duration in atrial myocytes (Belardinelli
et al., 1983b), and, in the presence of compounds which
increase intracellular adenosine 3' :5'-cyclic monophosphate
(cyclic AMP) such as isoprenaline, in ventricular myocytes
(Belardinelli et al., 1984). These effects of adenosine are medi-
ated by cell surface receptors of the A1 subtype (Clemo &
Belardinelli, 1986a); one resultant of stimulation of these
receptors in atrial cells is an increase in potassium conduc-
tance that produces hyperpolarization (Sperelakis, 1987).
Nucleoside transport inhibitors, such as dipyridamole and
nitrobenzylthioinosine (NBMPR), potentiate, whereas the
adenosine receptor antagonist, aminophylline, inhibits the car-
diovascular actions of adenosine (Belardinelli et al., 1980;
1982).

Adenosine A1 receptors are present in low density in
cardiac tissue. Estimates of the maximum site density are
about 15-30fmolmg-' protein in rat (Linden et al., 1985;
Martens et al., 1987), guinea-pig (Wu et al., 1989; Froldi &
Belardinelli, 1990), bovine (Lohse et al., 1985), pig (Leid et al.,
1988) and diseased human (Bbhm et al., 1989) cardiac prep-
arations. Since the density of A1 receptors has not been deter-
mined in cells of the impulse conduction system, it is possible
that increased receptor density on these cells may account for
the predominant chronotropic and dromotropic effects of
adenosine in heart.
Another possibility is that altered adenosine metabolism,

for example decreased transport of adenosine into conduction
cells, may allow increased adenosine-mediated effects in these
areas. In support of this idea, we have shown in previous
studies that nucleoside transport sites identified with [3H]-
nitrobenzylthioinosine ([3H]-NBMPR) have a greater site
density in coronary endothelial cells than in ventricular
cardiac myocytes (Parkinson & Clanachan, 1989a,b). Other
cell types within heart may also exhibit differences in trans-
porter density.

Other possible factors that could contribute to the
enhanced sensitivity of conduction cells to adenosine include
increased receptor affinity for adenosine, increased coupling
efficiency between receptors and transduction mechanisms, or
the dependence of conduction cells upon slow Na+-Ca2+
channels for depolarization.

In this study, we examined whether guinea-pig atrioventric-
ular conduction cells had altered receptor or nucleoside trans-
porter densities relative to other cardiac myocytes. At present,
it is not possible to purify conduction cells, in amounts suffi-
cient for binding analysis, separate from the other cellular
components of heart. Therefore these cell types were identified
histologically and autoradiography was performed with the
Al receptor antagonist, 8-cyclopentyl-1,3-[3H]-dipropylxanth-
ine ([3H]-DPCPX) and the nucleoside transport inhibitor
[3H]-NBMPR. In this way, site densities of receptors and
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transport inhibitory sites in conduction cells and endothelial
cells relative to other cardiac myocytes were determined.

Methods

Guinea-pig hearts were rapidly removed, and from each heart
the area of right atrium containing coronary sinus and inferior
vena cava, plus the interatrial septum and the upper part of
the interventricular septum was isolated as this preparation
contains atrioventricular conduction cells (Clemo & Belardin-
elli, 1986a). The tissues were embedded in sectioning media (20
parts OCT Compound: 10 parts distilled water: 7 parts traga-
canth gum), frozen in isopentane cooled with liquid nitrogen
and stored at -70'C for up to two weeks. Sections (10,um)
were cut (-220C) parallel to the long axis of the heart with a
cryostat (International Equipment Company model CT1),
mounted onto gelatin-coated slides, desiccated overnight at
40C and then used immediately or stored at - 70'C for up to
two weeks.

Acetylcholinesterase histochemistry

Cardiac conduction cells can be reliably identified by positive
staining for acetylcholinesterase (AChE) (Bojsen-M0ller &
Tranum-Jensen, 1971; Anderson, 1972). Vagal innervation of
cardiac tissue is concentrated on impulse conducting cells
within the atria, and both the nerves and the innervated cells
are characterized by having large quantities of AChE. The
procedure used for detecting AChE in these cells was that
described by El-Badawi & Schenk (1969).

Von Willebrandfactor immunohistochemistry

Von Willebrand factor is a component of clotting factor VIII
and is a reliable marker for endothelial cells (Jaffe, 1984). Sec-
tions were first preincubated for 5 min in ice-cold physiologi-
cal salt solution (PSS) of the following composition (mM):
NaCl 137, Na2HPO4 6, KCl 2.7, KH2PO4 1.5, CaCl2 0.9 and
MgCl2 0.5; pH 7.4. This was followed by 10 min in 0.4% form-
aldehyde in ice-cold PSS and two subsequent 5 min washes in
ice-cold PSS. Sections were then incubated in presoak buffer
(5% bovine serum albumin (BSA), 0.05% NaN3, 0.3% Triton
X 100 in PSS) for 1 h at 20°C. Washes, at this and later steps,
were performed with 1% BSA and 0.05% NaN3 in PSS,
2 x 5min at 20°C. Sections were then incubated with the
primary antibody, rabbit polyclonal antibody to human von
Willebrand factor (1: 1600 dilution in 1% BSA, 0.05% NaN3,
0.3% Triton X 100 in PSS), for 1 h at 20°C. Sections were
washed then incubated with the secondary antibody, bio-
tinylated goat anti-rabbit IgG (1: 400 dilution in the same
buffer used for primary antibody), for 1 h at 20°C. Sections
were washed again then incubated with horseradish peroxi-
dase avidin D (1:100 dilution in the same buffer used for
washes), for 1 h at 20°C. Sections were washed again then
incubated with 0.05% diaminobenzidine and 0.001% H202 in
PSS, for 5min at 20°C in the dark. Sections were washed
again, then dehydrated and mounted.

[3H]-nitrobenzylthioinosine binding

Sections were preincubated in ice-cold PSS for 5min, then
incubated in 10nm [3H]-NBMPR for 30min at 20°C. Fix-
ation of the tissue sections (10min) resulted from the addition
of neutral buffered formaldehyde (final conc. 0.4%) to the
incubation medium for 10mmin Sections were washed twice for
5min with ice-cold PSS and rinsed three times with ice-cold
distilled water. Sections were blown dry with cold air and des-
iccated overnight. The amount of [3H]-NBMPR that bound
in the presence of 30pM dipyridamole was termed the non-
specific binding component.

8-Cyclopentyl-1,3-[3H]-dipropylxanthine binding

Sections were preincubated in PSS, 4°C for 5min, then incu-
bated in 5 nm [3H]-DPCPX for 2h at 20°C. The results of
preliminary experiments indicated that [3H]-DPCPX bound
to guinea-pig cardiac membranes with a KD value of 1.5 nm
(0.6-3.9). Tissue sections were then processed as described for
[3H]-NBMPR binding assays. Total [3H]-DPCPX binding
was defined as that which occurred in the presence of 5nm
[3H]-DPCPX, 0.01% CHAPS and 5.5 units/assay adenosine
deaminase. Non-specific binding was defined as the amount of
[3H]-DPCPX that remained bound in the presence of 2-
chloroadenosine (100pUM).

Autoradiography

The autoradiographical technique used was modified from
that described by Young & Kuhar (1979). Coverslips were
prepared by dipping into Kodak NTB2 emulsion (diluted 1: 1
with distilled water; 43°C) and stored over desiccant, pro-
tected from light, for 12-48 h. The emulsion-coated coverslips
were glued at one end to slides containing tissue sections pre-
viously exposed to [3H]-NBMPR or [3H]-DPCPX as
described above. The slides and coverslips were held tightly
together with squares of teflon and binder clips and kept at
4°C for 2-3 ([3H]-NBMPR) or 5-6 ([3H]-DPCPX) weeks.
This hinged coverslip method avoided the immersion of the
sections in emulsion and the associated risk of diffusion of the
ligand from the section prior to the generation of the auto-
radiogram.
To develop the coverslips the binder clips and teflon

squares were removed, and the coverslips were gently propped
up from the tissue sections. The emulsions were developed in
Dektol Developer (diluted 1:1 with water) for 2min, then
rinsed in water for IOs, fixed in Kodak Fixer for 5 min and
washed in water for 5 min. The sections were then stained with
hematoxylin and eosin and the coverslips were permanently
mounted. With this technique correct alignment of the emul-
sion with the tissue sections was maintained.

Quantitative autoradiography

Site densities for [3H]-NBMPR and [3H]-DPCPX were
quantitated by counting silver grains in small areas (700pJm2)
on each cardiac section. Sections were randomized and
counted by an independent observer who was blind to the
experimental treatment of the section (NBMPR or DPCPX;
total or nonspecific binding condition). For comparison of
conduction cells with other cardiac myocytes, silver grains
were counted in three areas of each cell type and three areas
of slide background (non-tissue). Background grains were sub-
tracted from tissue values; specific binding was then calculated
as the difference between total binding and nonspecific
binding in adjacent sections. In order to account for potential
cell size differences between areas, cell nuclei in each chosen
field were also counted; specific binding site densities were
then calculated as grains per cell nucleus. The small difference
between grains per nucleus and grains per cell due to the
small percentage of bi-nucleated, and larger, cells was not con-
sidered significant. Similar methods were used to compare
binding site densities on myocytes and coronary endothelial
cells. The significance of the difference in grain densities
between cell types was determined by two-tailed Student's
paired t test and judged to be statistically significant when
P < 0.05.

Materials

Compounds and radioligands for these studies were obtained
from the following sources. [3H]-nitrobenzylthioinosine (Sp.
Act. 37Cimmol-1), from Moravek Biochemicals, CA, U.S.A.
and repurified before use by high performance liquid chroma-
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tography (h.p.l.c.); 8-cyclopentyl-1,3-[3H]-dipropylxanthine
(Sp. Act. 120 Ci mmol- 1), from New England Nuclear, Boston,
MA, U.S.A.; rabbit polyclonal anti-human von Willebrand
factor, biotinylated anti-rabbit IgG and horseradish peroxi-
dase avidin D, from Dimension Laboratories Inc., Mis-
sissauga, Ont., Canada; dipyridamole, diaminobenzidine,
CHAPS(3 - [(3 - cholamidopropyl) dimethyl - ammonio] - 1 -
propane-sulphonate), and adenosine deaminase type VII, from
Sigma Chemical Co., St. Louis, MO, U.S.A.; 2-
chloroadenosine, from Research Biochemicals Inc., Natick,
MA, U.S.A.; glue (Super Bonder 495 ), from Loctite Corpora-
tion, Newington, CT, U.S.A.; Kodak NTB2 nuclear track
emulsion, Dektol Developer and Kodak Fixer, from Calgary
Photo, Edmonton, Alta., Canada; coverslips (25 x 60 mm,

Corning No. 1), OCT compound and tragacanth gum from
Fisher Scientific, Edmonton, Alta., Canada.

Results

Acetyicholinesterase histochemistry

Conduction cells, cholinergic nerves and cholinergic ganglion
cells were clearly identified by positive staining for AChE
(Figure la, 2a). Also, conduction cells were not as tightly
packed as myocytes. Conduction cells, including atrioventric-
ular node, His bundle and left and right bundle branches,
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Figure 1 Autoradiographical localization of [3H]-nitrobenzylthioinosine ([3H]-NBMPR) binding to atrioventricular conduction
cells from guinea-pig. (a) Photomicrograph of conduction cells, identified by dark staining for acetylcholinesterase (AChE). An adjac-
ent section stained for hematoxylin and eosin is shown in (b). A dark field photomicrograph of the same section, (c), shows the
distribution of total [3H]-NBMPR binding sites. The density of silver grains over conduction cells and ventricular myocytes appears
similar. However, quantitative autoradiography indicated a 2 fold higher density over conduction cells compared to myocytes. An
adjacent section, stained for hematoxylin and eosin is shown in (d). This section was used to determine the distribution of silver grains
in the non-specific [3H]-NBMPR binding condition and the dark field photomicrograph is shown in (e). A uniform distribution of
silver grains is evident over the two cell types. Bar represents 100pm.
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Figure 2 Autoradiographical localization of 8-cyclopentyl-1,3-[3H]-dipropylxanthine ([3H]-DPCPX) binding sites in atrioventricu-
lar conduction cells from guinea-pig heart. (a) Photomicrograph of a section stained for acetylcholinesterase; darkly stained cells are
conduction cells. An adjacent section, stained with hematoxylin and eosin, is shown in (b). This section was used to determine the
distribution of the total [3H]-DPCPX binding sites and the dark field photomicrograph of this section is shown in (c). The grain
density is greater over the conduction cells than over ventricular myocytes. An adjacent section, used for the non-specific [3H]-
DPCPX binding condition, is shown stained with hematoxylin and eosin in (d). The dark field photomicrograph of this section is
shown in (e). The grain density is uniform over conduction cells and ventricular myocytes. Bar represents 100jm.

were present in approximately 100 sections. The atrioventric-
ular node was often not clearly evident due to the difficulty in
obtaining the optimal plane of sectioning. The His bundle was
clearly identified in 70% or more of positively staining sec-
tions depending on the plane of sectioning.

Von Willebrandfactor immunohistochemistry
Immunoperoxidase staining for von Willebrand factor was
positive for endothelial cells of blood vessels and the endo-
cardial lining of heart (Figure 3c,fi).

[3H]-nitrobenzylthioinosine binding
Specific [3H]-NBMPR binding, represented by the difference
in density (grains/cell nucleus) of silver grains between total
(Figure ic) and nonspecific (Figure le) binding autoradio-

Table 1 Comparison of the site-specific binding of [3H]-
nitrobenzylthioinosine ([3H]-NBMPR) and 8-cyclopentyl-1,
3-[3H]-dipropylxanthine ([3H]-DPCPX) to cardiac
myoctyes (Myo) and atroventricular conduction cells (CC) in
10,um sections of guinea-pig heart

n Myocytes
Conduction CC/Myo

cells ratio p

[3H]-NBMPR 10 11.9 + 5.1 24.5 + 5.5 2 0.024
[3H]-DPCPX 19 0.7 + 3.0 20.3 + 7 30 0.0002

Site densities are expressed as the number of silver grains
divided by the number of cell nuclei. Data are
means + s.e.mean of grain densities in triplicate areas from n
sections from 5 hearts. P values for the significance of the
differences between cell types were calculated by Student's
paired t test.
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grams, was slightly higher (2 fold; P = 0.024, Table 1) over
atrioventricular conduction cells, identified in adjacent sec-
tions by heavy staining for AChE (Figure la), than over
cardiac myocytes. Endothelial cells, identified by immuno-
peroxidase staining for von Willebrand factor (Figure 3c,fi),
have a much greater grain density, and hence [3H]-NBMPR
binding site density (Figure 3b, e, h), than cardiac myocytes
(4.5 fold; P = 0.003) (Table 2). The high density of [3H]-
NBMPR binding sites appeared to be associated with endo-
thelial cells of the endocardium, venules, arterioles, and the
aorta, but was not associated with aortic smooth muscle cells,
cholinergic nerves, or adipose.

8-Cyclopentyl-1,3-[3H]-dipropylxanthine binding
The distribution of silver grains in the total binding auto-
radiograms (Figure 2c) was non-uniform in contrast to their

Table 2 Comparison of the densities of site-specific binding
of [3H]-nitrobenzylthioinosine ([3H]-NBMPR) and 8-
cyclopentyl-1,3-[3H]-dipropylxanthine ([3H]-DPCPX) to
cardiac myocytes (Myo) and coronary endothelial cells
(Endo) in 10,um sections of guinea-pig heart

Endothelial Endo/Myo
n Myocytes cells ratio

[3H]-NBMPR 8 25.1 + 5.4 114.8 + 18.2
[3H]-DPCPX 6 6.7 + 2.1 14.1 + 7.6

4.6 0.003
2.1 0.270

Site densities are expressed as the number of silver grains
divided by the number of cell nuclei. Data are

means + s.e.mean of grain densities in triplicate areas from n

sections from 4 hearts. P values for the significance of the
differences between cell types were calculated by Student's
paired t test. .... ...... ; : .;: . .@.e S
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Figure 3 Autoradiographical localization of [3H]-nitrobenzylthioinosine ([3H]-NBMPR) binding to cardiac endothelial cells.

Bright field photomicrographs of sections stained with hematoxylin and eosin show a blood vessel cut in longitudinal section (a), a
blood vessel cut in cross section (d), or endocardial lining (g). Dark field photomicrographs of the same sections show the distribu-
tions of total [3H]-NBMPR binding sites associated with these structures (b, e, h). Adjacent sections were used to identify endothelial
cells by use of immunoperoxidase staining for von Willebrand factor (c, f, i). Endothelial cells associated with these structures have
high densities of [3H]-NBMPR binding sites. Sections used to determine non-specific binding showed uniform grain distributions.
Bar represents 100 pm.

p
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distribution in the nonspecific binding condition (Figure 2e).
The density of [3H]-DPCPX binding sites was significantly
greater in conduction cells (30 fold increase in grain density;
P = 0.0002, Table 1) identified by dark staining regions for
AChE in adjacent sections (Figure 2a), than in cardiac
myocytes. The highest density of binding sites for the aden-
osine Al receptor antagonist was associated with conduction
cells. No other areas of high site-specific binding of [3H]-
DPCPX were observed; the binding to endothelial cells was
not significantly different from cardiac myocytes.

Discussion

The main finding of this study is that a higher density of aden-
osine Al receptors exists on atrioventricular conduction cells,
indicated by a 30 fold increase in autoradiographic silver
grain density, than on cardiac myocytes. Additionally, there is
a significantly higher density of NT sites in atrioventricular
conduction cells (2 fold increase in grain density) and endo-
thelial cells (4.5 fold increase in grain density) relative to
myocytes. The latter finding agrees with our previous low
resolution Ultrofilm 3H studies (Parkinson & Clanachan,
1989a,b).
For the localization of adenosine receptors in this study, the

radioligand [3H]-DPCPX was used as it is considered rela-
tively selective for adenosine Al receptors. It has approx-
imately 500 fold greater affinity for A, receptors than for A2
receptors (Lee & Reddington, 1986; Bruns et al., 1987; Lohse
et al., 1987). At the concentration of [3H]-DPCPX used
(5 nM), only A1 receptor binding was detectable and these
receptors should have been almost saturated. Therefore our
finding of very low silver grain density associated with cardiac
myocytes, considering the longer exposure time and the higher
specific activity of the ligand relative to [3H]-NBMPR, is in
agreement with the low Al receptor density found in other
cardiac preparations (Linden et al., 1985; Lohse et al., 1985;
Martens et al., 1987; Leid et al., 1988; Wu et al., 1989; Froldi
& Belardinelli, 1990).

Early work by Belardinelli and co-workers (Belardinelli et
al., 1980) showed that the conduction delay produced by
adenosine was specific to the atria-His bundle interval, while
the His bundle-ventricles interval was unchanged. Subse-
quently, Clemo & Belardinelli (1986a) found that the effects of
adenosine on impulse conduction were predominantly associ-
ated with a particular subset of cells (N cells) of the atrio-
ventricular node. Our results, primarily with His bundle and
branching bundle cells, show these cells to have increased
numbers of A1 receptors in comparison to atrial and ventricu-
lar myocytes and it is possible that N cells have an even
greater Al receptor density.

In the last few years, several nucleoside transport (NT)
systems have been identified (Paterson et al., 1987). [3H]-
NBMPR is a useful ligand for the facilitated diffusion system
that has high sensitivity to NBMPR. Transport studies with
guinea-pig isolated ventricular myocytes have demonstrated
that this system is a major component of nucleoside entry in
these cells (Heaton & Clanachan, 1987). However, it is pos-
sible that other cell types in heart may have additional trans-
port systems, not demonstrable by low nanomolar
concentrations ofNBMPR.
We have- shown that putative NBMPR-sensitive trans-

porters are found in the greatest density in endothelial cells
associated with coronary vessels and the endocardial lining.
Guinea-pig coronary endothelial cells possess a barrier func-
tion to the movement of adenosine between interstitial and
intravascular spaces (Nees et al., 1985); this appears due to the
high density of nucleoside transporters in these cells in addi-
tion to their high catabolic activity for adenosine. Thus, they
may be important both in protecting cardiac myocytes from
the depressant effects of circulating adenosine and in scav-
enging adenosine that is released from cardiac myocytes
during hypoxic stress.

Previous studies have shown that nucleoside transport
inhibitors, such as dipyridamole and NBMPR, potentiate the
conduction delay produced by adenosine (Belardinelli & Isen-
berg, 1983a). From the present autoradiographical analysis of
NBMPR binding sites it would appear that this is, in part, due
to inhibition of adenosine transport into conduction cells.
However, given the higher density of binding sites on endothe-
lial cells, it is likely that these cells also have a significant role.
Inhibition of adenosine transport into nearby endothelial cells
may contribute to the potentiation of the effects of exogenous
adenosine on conduction cells that is seen with these com-
pounds.

In conclusion, the results of this study, showing greatly
increased A1 receptor density and a small increase in nucleo-
side transporter density, are consistent with increased effects
of adenosine in conduction cells versus other cardiac
myocytes. However, it is important to recognize that action
potentials of nodal cells are different from those of other
cardiac myocytes. Therefore, the increased adenosine-
mediated effects in conduction cells may be due to the differ-
ent ionic basis of the action potentials in conjunction with
increased receptor density.

We thank Mrs V. Hughes, Ms B. Zeilnik and Mr G. Morrison for
technical assistance and to Dr A.R.P. Paterson and his staff for the
purification of NBMPR by h.p.l.c. F.E.P. was a recipient of an
A.H.F.M.R. Studentship. Supported by the Alberta Heart and Stroke
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