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Abstract

The diuretic drug amiloride and its analogues were found previously to be allosteric

modulators of antagonist binding to A, adenosine receptors. In this study, the possibility

of the allosteric modulation by amiloride analogues of antagonist binding at A; and Ag

receptors, as well as agonist binding at A1, Aoa, and Az receptors, was explored. Amiloride
analogues increased the dissociation rates of two antagonist radioligands, [2H]8-cyclopentyl-1,3-
dipropylxanthine ([3H]DPCPX) and [3H]8-ethyl-4-methyl-2-phenyl-(87)-4,5,7,8-tetrahydro-1 -
imidazo[2,1-/purin-5-one ([3H]PSB-11), from A; and As receptors, respectively. Amiloride

and 5-(N, A-dimethyl)amiloride (DMA) were more potent at A, receptors than at Az receptors,
while 5-(NV, N-hexamethylene)amiloride (HMA) was more potent at As receptors. Thus, amiloride
analogues are allosteric inhibitors of antagonist binding at Aq, Ay, and Az adenosine receptor
subtypes. In contrast to their effects on antagonist-occupied receptors, amiloride analogues did
not affect the dissociation rates of the A; agonist [3H]A®-[(R)-phenylisopropyl]adenosine ([3H]~-
PIA) from A4 receptors or the A, agonist [3H]2-[-(2-carboxyethyl)phenyl-ethylamino]-5"-A-
ethylcarboxamidoadenosine ([3H]CGS21680) from A,a receptors. The dissociation rate of the Az
agonist radioligand [1251]\#-(4-amino-3-iodobenzyl)-adenosine-5"- A-methyluronamide ([1251]1-
AB-MECA) from Az receptors was decreased significantly by amiloride analogues. The binding
modes of amiloride analogues at agonist-occupied and antagonist-occupied receptors differed
markedly, which was demonstrated in all three subtypes of adenosine receptors tested in this study.
The effects of the amiloride analogues on the action of the A3 receptor agonist were explored
further using a cyclic AMP functional assay in intact CHO cells expressing the human Az receptor.
Both binding and functional assays support the allosteric interactions of amiloride analogues with
Agj receptors.
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1.

Introduction

Four subtypes of adenosine receptors have been cloned, termed A1, Aoa, Aog, and As.
Activation of A; and A3 adenosine receptors induces the inhibition of the enzyme adenylate
cyclase, whereas activation of A, and Aop receptors leads to the stimulation of this
enzyme. All four subtypes belong to the superfamily of GPCRs, which possess seven
membrane-spanning a-helices [1].

A number of GPCRs are modulated by certain agents that bind to an allosteric site,

which is distinct from the primary ligand binding site [2-4]. Allosteric modulation of
GPCRs has been characterized most extensively for muscarinic receptors [5]. The allosteric
modulation of a number of other GPCRs has also been well characterized recently using
dissociation kinetic and functional assays. These include adenosine receptors [2,6,7],
adrenergic receptors [8,9], dopamine receptors [10,11], metabotropic glutamate receptors
[12], and others. The flexible nature of the interactions between the receptors and various
allosteric modulators, together with the potential for subtype selectivity, makes allosteric
sites attractive for therapeutic intervention [2,13,14]. In the case of the GABA, receptor
[15], which is a transmitter-gated ion channel, the benzodiazepines acting on an allosteric
site on the receptor showed substantial therapeutic effects and acceptable side-effects. By
contrast, direct-acting GABA agonists have not been used clinically due to the side-effects.
Recently, positive allosteric modulators for GABARg receptors, which potentiate the effects
of agonists, have also been identified and characterized [4] and might open new routes for
the development of drugs in the field of metabotropic glutamate receptors [16]. The presence
of an allosteric site on the Az adenosine receptor [7,17] suggested that it might be possible
to develop novel allosteric modulators that potentiate the effects of endogenous adenosine in
the same way that benzodiazepines potentiate GABA.

It has been shown that both amiloride and sodium are allosteric modulators for a number

of GPCRs [8-11,18-20]. In the case of the a,-adrenergic receptors, the residue responsible
for the sodium modulation is found on the second transmembrane (TM) domain [8]. The
diuretic drug amiloride, an inhibitor of the Na*/H* antiporter, interacts with a number of
cation-binding proteins [21]. Amiloride and its analogues have been shown to allosterically
increase the antagonist dissociation rate from A, adenosine receptors [19]. However, it was
not known whether this effect was A,a-selective and/or antagonist-selective. Modulation by
amiloride analogues of antagonist binding at A; and Az receptors and agonist binding at A4,
Ao, and Ag receptors has not been explored previously.

In this study, the possibility of allosteric modulation of antagonist binding at A1 and A3
receptors by amiloride analogues (Fig. 1) was tested by detecting their effects on the
dissociation rates of [SH]DPCPX and [3H]PSB-11 from A; and Az receptors, respectively.
The possibility of allosteric modulation of agonist binding at A{, Aoa, and Az adenosine
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receptors was also studied by examining their effects on the dissociation of the agonist
radioligands, [3H]R-PIA, [3H]CGS21680, and [1251]1-AB-MECA, from A1, Aza, and A
receptors, respectively. The effects of amiloride analogues on the agonist actions at Az
receptors were explored further using a cyclic AMP functional assay.

Materials and methods

Materials

[1251]1-AB-MECA (2000 Ci/mmol), [3H]PSB-11 (53 Ci/mmol), [3H]R-PIA (34 Ci/mmol),
[BH]DPCPX (120 Ci/mmol), [3BH]CGS21680 (47 Ci/mmol), and [3H]cyclic AMP (40 Ci/
mmol) were obtained from Amersham Pharmacia Biotech. CGS15943 was a gift from
Novartis. CPA, NECA, CI-IB-MECA, amiloride, DMA, HMA, and MIBA were purchased
from the Sigma Chemical Co. All other chemicals were from standard commercial sources
and of analytical grade.

2.2. Cell culture and membrane preparation

Chinese hamster ovary (CHO) cells expressing recombinant human Ag receptors were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
bovine serum, 100 units/mL of penicillin, 100 pg/mL of streptomycin, 2 umol/mL of
glutamine, and 800 pg/mL of geneticin. RBL-2H3 (rat basophilic leukemia) cells expressing
endogenous rat Az receptors were cultured in the same medium without geneticin. Cells
were harvested by trypsinization immediately followed by dilution of trypsin with medium;
they were then centrifuged at 100 g for 5 min at room temperature, and the pellet was
resuspended in 50 mM Tris-HCI buffer (pH 7.4). The suspension was homogenized and
recentrifuged at 20,000 g for 20 min at 4°. The resultant pellets were resuspended in buffer
in the presence of 3 units/mL of adenosine deaminase, and the suspension was stored at
—80° prior to the binding experiments. The preparation of rat forebrain and rat striatal
membranes was as described previously [7]. The protein concentration was measured using
the Bradford assay [22].

2.3. Dissociation kinetics of the agonist [12°1]I-AB-MECA and the antagonist [3H]PSB-11
from Az adenosine receptors

The dissociation of [1251]1-AB-MECA was measured as follows. Membranes (20 ug protein)
were preincubated at 25° with 1.0 nM [125]]1-AB-MECA (K,;= 0.99 nM), in a total volume
of 200 pL Tris-HCI buffer (50 mM, pH 8.0) containing 10 mM MgCl,, and 1 mM EDTA
for 60 min. The dissociation was then initiated by the addition of 3 uM CI-IB-MECA

with or without allosteric modulators. Amiloride analogues were dissolved in DMSO; the
final DMSO concentration was <1.0%, and the appropriate vehicle was added in control
experiments. The time course of dissociation of total binding was measured by rapid
filtration at appropriate time intervals. Nonspecific binding was measured after a 60-min
incubation in the presence of 3 pM CI-IB-MECA. Binding reactions were terminated

by filtration through Whatman GF/B glass-fiber filters under reduced pressure using an
MT-24 cell harvester (Brandel), and radioactivity was determined using a Beckman 5500B
y-counter.
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For the dissociation of the antagonist radioligand [3H]PSB-11 (K= 4.9 nM) [7,23] from A3
adenosine receptors, membranes (80 pg) were preincubated with [3H]PSB-11 (5 nM) in a
total assay volume of 200 pL for 120 min. The dissociation was initiated by the addition of 3
UM CI-IB-MECA in the presence and absence of the tested compounds. The time course of
dissociation was measured by rapid filtration at appropriate time intervals.

2.4. Dissociation of the agonist [3H]R-PIA and the antagonist [EBH]DPCPX from A;
adenosine receptors

2.5.

Binding of 1 nM [3H]R-PIA to A; adenosine receptors in rat forebrain membranes (80 g
protein) was carried out at 37° for 90 min in 50 mM Tris-HCI buffer (pH 7.7) containing

10 mM MgCl, in a total assay volume of 400 pL. Binding of [3BH]DPCPX to A; adenosine
receptors in rat forebrain membranes (60 g protein) was carried out at 25° for 90 min in 50
mM Tris-HCI buffer (pH 7.4) in a total assay volume of 400 uL. The dissociation was begun
by the addition of 10 pM CPA with or without the tested compounds. Samples were filtered
after incubation at the time points indicated.

Dissociation of [3H]CGS21680 from A, adenosine receptors

Rat striatal membranes (80 pg protein) were incubated with 15 nM [3H]CGS21680 at 25°
for 90 min in 400 pL of 50 mM Tris-HCI, pH 7.7, containing 10 mM MgCl,. Dissociation
was started by the addition of 10 uM NECA in the presence and absence of tested
compounds.

2.6. Cyclic AMP accumulation assay

Intracellular cyclic AMP levels were measured with a competitive protein binding method
[24]. CHO cells that expressed recombinant human Az adenosine receptors were harvested
by trypsinization. After centrifugation (100 g for 5 min at room temperature) and
resuspension in medium, cells were plated in 24-well dishes in 1.0 mL of medium. After 24
hr, the medium was removed, and the cells were washed three times with 1 mL DMEM
containing 50 mM HEPES, pH 7.4. Cells were then treated with agonists and/or test
compounds in the presence of rolipram (10 uM) and adenosine deaminase (3 units/mL).
After 45 min, forskolin (10 uM) was added to the medium, and incubation was continued
for an additional 15 min. The reaction was terminated by removing the supernatant, and
cells were lysed upon the addition of 200 pL of 0.1 M ice-cold HCI. The cell lysate was
resuspended and stored at —20°. For determination of cyclic AMP production, protein kKinase
A (PKA) was incubated with [3H]cyclic AMP (2 nM) in KoHPO4/EDTA buffer (KoHPO,,
150 mM; EDTA, 10 mM), 20 pL of the cell lysate, and 30 puL of 0.1 M HCI or 50 pL

of cyclic AMP solution (0-16 pmol/200 pL for the standard curve). Bound radioactivity
was separated by rapid filtration through Whatman GF/C filters and washed once with cold
buffer. Bound radioactivity was measured by liquid scintillation spectrometry.

2.7. Statistical analysis

Binding parameters were estimated by GraphPAD Prism software (GraphPAD). Data are
expressed as means + SEM.
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3. Results

3.1. Effects of amiloride analogues on the dissociation kinetics of the antagonist
[BH]DPCPX and the agonist [3H]R-PIA binding to A; adenosine receptors

We have described previously the allosteric modulation of Ay receptors by amiloride
analogues through examining the effects of amiloride analogues on the dissociation kinetics
of an Ay receptor antagonist, [3H]ZM241385, from A receptors [19]. In this study, we
further tested the possibility of allosteric modulation of A; receptors by amiloride analogues,
which was achieved by examining the effects of these compounds on the dissociation of the
A receptor antagonist [SH]DPCPX from A; receptors. Similar to the effects of amiloride
analogues on A, receptors, these compounds also increased the dissociation of the A;
antagonist radioligand, [BH]DPCPX, from A; receptors (Fig. 2A). The order of potencies
of amiloride analogues to increase the dissociation rates was DMA > HMA > amiloride.
We next examined the possible modulation of agonist-occupied A4 receptors by amiloride
analogues. In contrast to the effects on the dissociation of antagonist, amiloride and its
analogues had no effects on the dissociation of the A4 receptor agonist [3H] R-PIA from A;
receptors (Fig. 2B). This contrasted with the effects of PD81723 on A4 receptors, which
enhanced agonist binding but did not affect antagonist binding [6]. The dissociation rates
of [BH]DPCPX and [3H]R-PIA in the absence and presence of amiloride analogues are
summarized in Table 1.

3.2. Effects of amiloride analogues on the dissociation of the agonist [3H]CGS21680 from
Ay adenosine receptors

As described above, it has been demonstrated that the dissociation of the antagonist
radioligand [3H]ZM241385 from A,a receptors was modulated by amiloride analogues [19].
In this study, we further examined if the agonist-occupied Ay receptor can be modulated by
amiloride analogues. Similar to their effects on the dissociation of the A agonist [3BH]R-PIA
from A1 receptors, amiloride analogues did not enhance the dissociation rate of the agonist
[3H]CGS21680 from Aya receptors (Fig. 3). Their respective &1 values in the absence and
presence of amiloride and its analogues are summarized in Table 1.

3.3. Effects of amiloride analogues on the dissociation of the antagonist radioligand
[3H]PSB-11 and the agonist radioligand [125]]I-AB-MECA from A3 receptors

The dissociation rate of the antagonist [?H]PSB-11 was first measured at 25°. Amiloride (1
mM), which significantly increased the dissociation rate of [3BH]DPCPX from A; receptors
and of [3H]ZM241385 from A,a receptors, only slightly affected the dissociation rate of
[BH]PSB-11 from Aj receptors (Fig. 4A). The amiloride analogue HMA was found to be
more potent than amiloride itself. HMA significantly increased the dissociation rate at 100
uUM. However, another analogue, DMA (100 uM), which was more potent than HMA in
increasing the dissociation rate of [BH]JDPCPX from A; receptors, only slightly increased
the dissociation rate (Fig. 4A). In contrast to the amiloride analogues, sodium ions decreased
the dissociation rate (Fig. 4A). The dissociation rates (k-1) in the absence and presence

of NaCl (100 mM) were 0.27 + 0.04 and 0.16 + 0.02 min~1, respectively, which were
significantly different (P < 0.05).
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The dissociation of [3H]PSB-11 at 25° was very fast, particularly in the presence of
amiloride analogues. Hence, in order to measure the dissociation rates more precisely, we
also measured the dissociation rates at 4° (Fig. 4B). The dissociation rates (k1) in the
presence and absence of the amiloride analogues are summarized in Table 1.

The dissociation of the agonist [1251]1-AB-MECA from human Az receptors was measured
in the absence and presence of amiloride (Fig. 5A). The rate of dissociation was modified
only slightly at 1 mM amiloride. At a higher concentration (3 mM), amiloride induced a
modest but significant decrease of the dissociation. The dissociation rates in the absence and
presence of 3 mM amiloride were 0.059 + 0.009 and 0.046 + 0.005 min~1, respectively.
Amiloride analogues, alkyl-substituted at the 5-amino group (HMA), were found to be more
potent than amiloride itself in decreasing the rate of [1251]1-AB-MECA dissociation (Fig.
5B). By comparison, the A; receptor enhancer of agonist action, PD81723 (20 uM), did

not affect the dissociation rate (Fig. 5B). The dissociation rates of [12°]1-AB-MECA in the
absence and presence of amiloride analogues are summarized in Table 1.

The allosteric modulation of agonist binding was also demonstrated in rat Az adenosine
receptors in RBL-2H3 cells. The potency of these compounds on the binding and
dissociation of [12°1]1-AB-MECA from the rat Az receptor was very similar to their effects
on the human Ag receptor (Fig. 6, Table 2). No obvious species difference was observed for
the amiloride analogues at the Az receptor using the agonist radioligand. Unfortunately, the
use of an antagonist radioligand at the Az receptor is limited to humans, since there is no
antagonist of suitable affinity at the rat A3 receptor.

3.4. Concentration-dependent effect of amiloride analogues on the dissociation of the
agonist radioligand [12°]I-AB-MECA and the antagonist radioligand [3H]PSB-11 from the

Aj receptor

To further demonstrate the allosteric effects of these compounds, we observed their
concentration-dependent effects on the dissociation of [12°1]1-AB-MECA and [3H]PSB-11
from the human Ag receptor. To be comparable, 10 mM MgCl, was present in both
experiments. Figure 7A shows the influence of increasing concentrations of amiloride
analogues on the dissociation of [12°[]1-AB-MECA in the presence of 3 uM CI-1B-
MECA. Amiloride analogues decreased the dissociation rate in a concentration-dependent
manner. The amiloride analogues were more potent than amiloride itself in decreasing the
dissociation. The order of potencies was HMA = MIBA > DMA > amiloride. In contrast
to their effects on the dissociation of the agonist radioligand, the amiloride analogues
accelerated the dissociation of the antagonist radioligand ([?H]PSB-11) from the receptor in
a concentration-dependent manner (Fig. 7B).

3.5. Displacement by amiloride analogues of ligand binding to A, Aza, and Ag receptors

The amiloride analogues inhibited radioligand binding in all cases, including the binding of
[125111-AB-MECA to rat Az receptors. The displacement curves for rat A; and As receptors
are shown in Fig. 8. The affinities of these compounds for Ay, Aya, and Ag receptors

are summarized in Table 2. In general, the presence of an AP-alkyl substitution increased
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affinity; however, selectivity among the subtypes was not pronounced except that amiloride
showed moderate selectivity for A, receptors.

3.6. Effects of the amiloride analogues on Az agonist-induced inhibition of forskolin-
stimulated cyclic AMP production in intact CHO cells expressing human Az receptor

The Az adenosine receptor is a Gj-coupled receptor. The potent and selective Ag

receptor agonist Cl-IB-MECA inhibited forskolin-stimulated cyclic AMP production in

a concentration-dependent manner, while amiloride and HMA had no direct effects on
forskolin-stimulated cyclic AMP production in the absence of agonists (Fig. 9). The agonist
concentration—response curve was shifted to the right by the competitive Az antagonist
MRS1220 [25] in a concentration-dependent manner (Fig. 9).

As amiloride analogues decreased the dissociation rate of the agonist [12°1]I-AB-MECA
from Ag receptors, we further examined their effects on agonist-induced inhibition of
forskolin-stimulated cyclic AMP production in intact CHO cells expressing human As
receptors. Both amiloride and amiloride analogues caused a rightward shift of the CI-1B-
MECA concentration—response curve (Fig. 10). However, the pattern of the shift by the
amiloride analogues was different from that by the competitive A3 antagonist MRS1220
(Fig. 9), e.g. 1.0 mM amiloride (ic5g = 82 uM) and 100 pM MIBA (ic5g = 8.2 uM) only
induced a 2- and 3-fold rightward shift, respectively, while 10 nM MRS1220 (approx. 10
times its Kjvalue) induced an 11-fold shift of the CI-IB-MECA concentration—response
curve. In the case of HMA (ics5g = 5.7 uM), it induced a relatively larger rightward shift of
the agonist concentration—response curve and in a parallel manner (8-fold at 100 uM). To
examine the mechanisms of HMA action in the cyclic AMP assay, Schild analysis [26] was
used to examine the rightward shift produced by the modulator (Fig. 10; only concentrations
of less than 30 pM were used). This analysis gave a Schild slope of 0.58 + 0.11, which was
significantly different from unity (P < 0.05). MRS1220, a competitive antagonist, yielded

a slope of 0.97 + 0.08 in a similar experiment. At a higher concentration (100 uM), both
HMA and MIBA also caused a significant decrease of the maximal effect of CI-IB-MECA
(Fig. 10). The cyclic AMP levels in the presence of 100 uM HMA and MIBA were 139 £
11 and 128 + 8 pmol/mL, respectively, which were significantly different from that in the
absence of the amiloride analogues (107 £ 10 pmol/mL) (< 0.05). Due to the fact that only
a limited number of concentrations of amiloride and MIBA could be used, Schild analysis
of the rightward shift of the CI-IB-MECA concentration—response curves in the presence of
amiloride and MIBA was not feasible.

3.7. Effect of amiloride on the potency of the A; receptor antagonist to block A; receptors

Since it was determined in the dissociation Kinetic experiment that amiloride increased the
antagonist dissociation rate, we further examined if amiloride can affect the potency of an
A1 receptor antagonist to block A4 receptors in the functional cyclic AMP assay. Figure 11
shows that amiloride (1 mM) induced a modest but significant decrease of the potency of
the antagonist DPCPX. The ecgg values of DPCPX in the absence and presence of amiloride
were 45 + 12 and 86 + 13 nM, respectively, which were significantly different (P < 0.05).
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4. Discussion

The potassium sparing diuretic amiloride has been shown to act as both an antagonist

and an allosteric modulator for a number of GPCRs [9,11,18,27-29]. Recently, we also
showed that amiloride and amiloride analogues are allosteric modulators for A, receptors
by increasing the antagonist dissociation rate [19]. The present study further demonstrated
that amiloride analogues are allosteric modulators for agonist binding at Az but not A; and
Ao receptors, and that they are allosteric inhibitors for antagonist binding to Ay, Aza, and
Ag receptors. The binding modes of the amiloride analogues at the agonist-occupied and
antagonist-occupied receptors were markedly different.

It has been suggested that amiloride and amiloride analogues are competitive antagonists
for A receptors [30], as these compounds did not affect the dissociation of the antagonist
radioligand [3H]DPCPX from A; receptors in calf brain. However, only relatively low
concentrations of amiloride and amiloride analogues were used in that study. The present
result does not necessarily contradict those earlier results [30]. It is possible that the
amiloride analogues can compete for the antagonist binding site at low concentrations and
bind at the allosteric site at higher concentrations.

It has been reported that the A; adenosine receptor was modulated allosterically by a series
of aminobenzoylthiophenes, including PD81723 [6]. However, in contrast to the present
results, PD81723 only affected the agonist-occupied A; receptors without influencing
antagonist-occupied receptors, suggesting different mechanisms of action of these two series
of modulators for A4 receptors.

We recently identified two other chemical classes of compounds, including the
imidazoquinoline DU124183 and the pyridinylisoquinoline VUF5455, as allosteric
modulators of Az receptors [7,17]. However, in contrast to the amiloride analogues,
DU124183 and VUF5455 only selectively affected the agonist-occupied Az receptor
without any effect on antagonist-occupied A1, Ao, and Ag receptors, as well as the
agonist-occupied Aq and Aoa receptors, suggesting that these compounds utilize different
mechanisms of action in modulating Ag receptors.

Compared with the effect of HMA on the antagonist-occupied Apa receptors, which
increased by more than 10-fold the [3H]ZM241385 dissociation rate [19], the effects of
HMA on antagonist-occupied A; and Ag receptors, as well as agonist-occupied Az receptors
were relatively small (approximately a 2-fold increase or decrease of the dissociation rates).
This suggested that HMA is relatively selective for Ay receptors.

The most potent analogues examined were HMA and MIBA, suggesting that the binding site
for amiloride analogues can accommodate large steric bulk in the region of the AP-amine.
Similar results have also been demonstrated in a.,-adrenergic and D, dopamine receptors
[11,31].

The effect of allosteric modulators on agonist action at Az receptors was assessed in
an experiment using CIl-1IB-MECA-induced inhibition of forskolin-stimulated cyclic AMP
production in intact CHO cells expressing human Az receptors. Amiloride analogues
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induced a rightward shift of the agonist concentration-response curve and also elicited
a marked reduction of the maximum efficacy of the agonist. Amiloride (1.0 mM, icsg
=82 uM) and MIBA (100 puM, icsg = 8.2 uM) only induced 2- and 3-fold rightward

Page 9

shifts, respectively, possibly suggesting a noncompetitive interaction. Schild analysis of the
effects of HMA on the CI-IB-MECA concentration—response curves gave a Schild slope
significantly different from unity, whereas in an analogous experiment with a competitive

antagonist, MRS1220, the Schild slope was close to 1. The inhibitory effect on the

maximum response was indicative of negative cooperativity in the functional activation of

the receptor [32].

In conclusion, the present study demonstrated that the agonist-occupied and antagonist-
occupied adenosine receptors were differentially modulated by amiloride analogues.
Amiloride analogues are both antagonists and allosteric inhibitors of antagonist binding

at Aq Aop, and Ag receptors; however, only the agonist binding at As, but not A and Apa

receptors was allosterically modulated by these compounds. Further characterization of the
interaction between amiloride analogues and the allosteric site on the receptor may provide
useful information for the rational design of subtype-selective drugs.
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Abbreviations:
CPA

DMA
GABA
GPCR
HMA
MIBA
NECA

AB-MECA

CGS15943

CGS21680

CIl-IB-MECA

MB-cyclopentyladenosine

5-(N, N-dimethyl)-amiloride
y-aminobutyric acid

G protein-coupled receptor

5-(N, N-hexamethylene)amiloride
5-(N-methyl-A-isobutyl)amiloride
5’- N-gthylcarboxamidoadenosine

MB-(4-amino-3-iodobenzyl)adenosine-5"- -
methyluronamide

5-amino-9-chloro-2-(2-furyl)-1,2,4-triazolo[1,5-
clquinazoline

2-[p-(2-carboxyethyl)phenyl-ethylamino]-5"- -
ethylcarboxamidoadenosine

2-chloro-AB-(3-iodobenzyl)adenosine-5"- -
methyluronamide
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DPCPX 8-cyclopentyl-1,3-dipropylxanthine

PD81723 2-amino-4,5-dimethyl-3-thienyl-[3-
(trifluoromethyl)phenyl]-methanone

R-PIA NB-[(R)-phenylisopropyl]adenosine

PSB-11 8-ethyl-4-methyl-2-phenyl-(8 /)-4,5,7,8-tetrahydro-1 H-
imidazo[2,1-/]purin-5-one

ZM241385 4-{2-[7-amino-2-(2-furyl)-1,2,4-triazolo[1,5-4]
[1,3,5]triazin-5-yl-amino]ethyl}phenol
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Fig. 1.
Chemical structures of the amiloride analogues used in the present study.
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Fig. 2.
Time course of the dissociation of [SH]DPCPX (A) and [3H]R-PIA (B) from rat brain A;

adenosine receptors. Binding of [3H]DPCPX to A; adenosine receptors in rat forebrain
membranes (60 g protein) was carried out at 25° for 90 min in 50 mM Tris-HCI buffer
(pH 7.4) in a total assay volume of 400 pL. Binding of 1 nM [3H]R-PIA to A; adenosine
receptors in rat forebrain membranes (80 pg protein) was carried out at 37° for 90 min in
50 mM Tris-HCI buffer (pH 7.7) containing 10 mM MgCl, in a total assay volume of 400
pL. The dissociation was begun by the addition of 10 uM CPA with or without the tested
compounds. Samples were filtered after incubation at the time points indicated. The data
shown were derived from one experiment performed in duplicate and are typical of three
independent experiments giving similar results. The k_; values were calculated from three
independent experiments and are listed in Table 1.
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1 I L} I I |

10 20 30 40 50 60
Time (min)

Time course of the dissociation of [3H]CGS21680 from A, adenosine receptors. Rat

striatal membranes (80 ug protein) were incubated with 15 nM [3H]CGS21680 at 25° for

90 min in 400 pL of 50 mM Tris-HCI, pH 7.7, containing 10 mM MgCl,. NECA (10 uM)
was used to define nonspecific binding. Dissociation was started by the addition of 10 uM
NECA in the presence and absence of the tested compounds. The data shown were from one
experiment performed in duplicate. The k-, values were calculated from three independent

experiments and are listed in Table 1.
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Time course of the dissociation of [3H]PSB-11 from human Az adenosine receptors
expressed in CHO cells. Membranes (80 pg) were preincubated with 5 nM [3H]PSB-11

in a total assay volume of 200 pL for 60 min at 25° (A) or for 120 min at 4° (B). The
dissociation of [3H]PSB-11 from the A3 adenosine receptor was started by the addition of

3 UM CI-IB-MECA in the absence or presence of the tested compounds. The reaction was
measured by rapid filtration at appropriate time intervals. Data are from one experiment
performed in duplicate. The &_; values were calculated from three independent experiments

and are listed in Table 1.
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Effects of amiloride (A) and amiloride analogues (B) on the dissociation of [12°1]1-AB-
MECA from human A3 adenosine receptors expressed in CHO cells. [12°1]1-AB-MECA (1.0
nM) was pre-associated with the Az adenosine receptor membranes for 1 hr at 25° in a total
assay volume of 200 pL. Nonspecific binding was determined in parallel by the addition

of 3 uM CI-IB-MECA before the pre-association. After 1 hr pre-association, dissociation
was initiated by the addition of CI-IB-MECA (final concentration, 3 uM) alone or with

the amiloride analogues. The data shown were derived from one experiment performed in
duplicate and are typical of three independent experiments giving similar results. The A_;
values were calculated from three independent experiments and are listed in Table 1.

Biochem Pharmacol. Author manuscript; available in PMC 2021 November 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Gao et al.

Page 17

100 m  Control

4 +Amiloride 1 mM
+DMA 100 pM
+HMA 100 uM

['?°1I-AB-MECA binding
(%)
3

0 T T i
0 30 60 90

Time (min)

Fig. 6.

Ti?ne course of the dissociation of [1251]1-AB-MECA from rat A3 adenosine receptors.
[1251]1-AB-MECA (1.0 nM) was pre-associated with rat Az adenosine receptors from
RBL-2H3 cell membranes (80 pg protein) at 25° for 1 hr. Nonspecific binding was
determined in parallel by the addition of 3 uM CI-IB-MECA before the pre-association.
After 1 hr of pre-association, dissociation was initiated by the addition of CI-IB-MECA
(final concentration, 3 pM) and the tested agents. The data shown were derived from one
experiment performed in duplicate and are typical of three independent experiments giving
similar results.
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Fig. 7.

ancentration—response curves for slowing the dissociation of the agonist [12°1]1-AB-
MECA (A) and for increasing the dissociation of the antagonist [3H]PSB-11 (B) from
human Agz receptors by the amiloride analogues. [12°1]I-AB-MECA (1.0 nM) was pre-
associated with CHO cell membranes (20 pg protein) for 60 min at 25° without additions
(total binding) or in the presence of 3 uM CI-IB-MECA (nonspecific binding). At the

end of the incubation period, 3 uM CI-1B-MECA was added simultaneously with vehicle
or various concentrations of the test compounds. The incubation was terminated after

an additional 45 min. Control specific binding at the end of the 60-min dissociation

period was approximately 25% of the total binding. Data are mean values from three
independent experiments performed in duplicate. The procedure for the experiments
regarding [3H]PSB-11 was similar to that of [12°1]1-AB-MECA except that it was performed
at 4°. MgCl, was present in both experiments. One hundred percent refers to the specific
binding remaining after 45-min dissociation in the absence of added amiloride or amiloride
analogues.
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Displacement of radioligand binding to rat A; ([3BH]DPCPX) and Az ([}2°1]1-AB-MECA)
receptors by amiloride analogues. The procedures were described in “Section 2.” The data
points are from a representative experiment performed in duplicate. The mean Kjvalues
calculated from three independent experiments are listed in the text.

Biochem Pharmacol. Author manuscript; available in PMC 2021 November 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gao etal.

Page 20

gé 1004 o
53 s

£9  |Io

2aE 5ol

S3 + +MRS1220 3 nM

5. v +MRS1220 10 nM

2 5 e +MRS1220 30 nM

04 +MRS1220 100 nM

I T T T I 1

T T
-1 10 -9 -8 -7 6 -5 -4 -3
Conc [log M]

Fig. 9.
Agonist-induced inhibition of forskolin-stimulated cyclic AMP production in CHO cells

stably transfected with human Az receptors. All experiments were performed in the presence
of 10 uM rolipram and 3 units/mL of adenosine deaminase. Forskolin (10 puM) was used to
stimulate cyclic AMP levels. The level of cyclic AMP corresponding to 100% was 210 + 32
pmol/mL. The data shown are from one experiment performed in duplicate and are typical of
three independent experiments giving similar results.
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Effect of amiloride analogues on the Az agonist-induced inhibition of forskolin-stimulated
cyclic AMP production in CHO cells expressing human Az receptors. The experiments were

performed in the presence of 10 uM rolipram and 3 units/mL of adenosine deaminase.
Forskolin (10 uM) was used to stimulate cyclic AMP levels. The level of cyclic AMP

corresponding to 100% was 210 + 32 pmol/mL. The data are from a single experiment
representative of three independent experiments.
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Fig. 11.
Effect of amiloride on the potency of the A; receptor antagonist (DPCPX) to block A;

receptors expressed in CHO cells. The experiments were performed in the presence of 10
UM rolipram and 3 units/mL of adenosine deaminase. The concentration of the Aq receptor
agonist CPA was 100 nM. Forskolin (10 uM) was used to stimulate cyclic AMP levels.
The level of cyclic AMP corresponding to 100% agonist effect (100 nM CPA) was 97

+ 23 pmol/mL, and 0% corresponded to 248 + 42 pmol/mL. The data are from a single
experiment representative of three independent experiments. The ecgg values from three
independent experiments are listed in the text.

Biochem Pharmacol. Author manuscript; available in PMC 2021 November 22.



Page 23

Gao etal.

'|03u09 8y} YUM pasedwod ‘G0'0 >
*

"pauILLLIBIaP JOU = n_ZQ

T61] Jou wouy ee@,
*a1ealjdnp ui pawJoyiad syuawiiadxa Juspuadapul
99U} 1S€3]| 1B W04} 8JB PUB NS F UeaW Se passaldxa ase s)nsay " "Bi4 ul umoys ale .Gz Je pawoylad Juswiiadxa ue Wwo.y s)Nsal Jejiwis i e paw.ogad Juswiiadxa Ue wolj alam :.m_mn_:._m_ 10}

sanjeA T—y ay "pasn atem (A]aA110adsal ‘Wwinjer)s pue ulelgaloy) ureid 1es Jo sioldadal VCy pue Ty "pasn sem s|90 §HZ-19Y 40 101da2ai €y Jel 8y pue ‘s||9d OHD Ul passaldxa alam sioldadal €y uewnH

x 2000+ 1100 x 2000 ¥ GEO'0 *mOOO F0v00 anN an an A_\/_E._”.Ov{m__\/_+
*MOO 0F9T00 *@O0.0 FT€00 * 0TO0¥ 0800 an - 200¥ 220 €000 F £T0°0 A_\/_E ._”.Ov VINH+
» 10006000 »6000% 2700 gIN LT0'0 ¥ 7800 X 700¥GC0 £00°0 F €100 (Nw T°0) VINQ+

200°0 ¥ 800°0 9000 ¥ 850°0 200°0 ¥ 8000 220°0 F 2800 »CO0F6T0 200072700 (AW T) spLojIWY+

T00'0 F L00°0 600°0 ¥ 6500 200°0 ¥ L00°0 600°0 ¥ 990°0 200 FET0 €00°0 ¥ 2100 [013U0D

(siuobeue) TT-gsd[He]  (s1uobe) woIn-av-illgy]  @S'UOPEIE) LSBETVENZIHE]  (1quobe) 08oTzs00[Hs]  (istuoBeIUE) XdOdAlHe]  (1s1U0BR) Wid-d[He]

101ds2au &y J01dadau Yoy 101dsoau Ty

(7-urw) T anreAIeQ

sanBojeue apliojiwe Jo aduasaid 1o aouasge ay) ul sisiuobeiue pue sisiuobe pajagejoipel Jo (T-y) seyel uoneloossia

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Biochem Pharmacol. Author manuscript; available in PMC 2021 November 22.



Page 24

Gao etal.

WAt 00T T8 Buipuig vOIN-8V-Iligo7] 40 %ST e ssel paoeldsia,

"pauILLIBIBP 10U = n_zQ

‘[61] 4o wouy vIRQ .mmz_m?\v\m

‘a1eaijdnp ul paw.oyiad syuswiiadxa Juspuadapul a1y} 1Sea] e Woly ale pue |AJS F Uesw se passaldxa ale s} nsay "pasn alem (A]aAi0adsal ‘winjerns pue ulelgaloy) urelq
11 J0 s101dadal W2y pue Ty "pasn sem s||92 EHZ-19Y 40 J01dadal €y 18l ay) pue ‘s]18d OHD Ul passaldxa aiam s101dadas €y uewinH "sanfeAly/ 118y} 03 8S0J0 aJam pasn spuebijoipes ay) JO SUOIRIUBIU0D

€TFC8 60FLS TZ¥87T ZLFET8 v UewnH U G ‘TT-9Sd[Hg] 1stuobeiuy
(ToFeNSTFTL @OFODVIFOL (TOFTT)CEFLS6T 9007 (adots) v et INU T “VOIN-8V-I[lggr] 151U0BY
pCOFO0E pSOFEE gIN pl 116 Voy 1Y INU T ‘G8ETHZINZIHg] 1stuoBeiuy

(ToFvrD¥T+92T (@0F¥rT)LeFSsTe  (TOFCT)LT¥6L (TOFET)ETFL6T (adojs) Tv 18 WU T 'XdOdd[Hel Istuobeiuy

VvaliN VINH VING apLIojluy

(am) %501 101da2ai pue puebijoipey

s101dadal aulsouspe €y pue Yoy ‘Tyy 1e Buipulq Jo senbojeue spuojiwe Ag uswade|dsiq

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Biochem Pharmacol. Author manuscript; available in PMC 2021 November 22.



	Abstract
	Introduction
	Materials and methods
	Materials
	Cell culture and membrane preparation
	Dissociation kinetics of the agonist [125I]I-AB-MECA and the antagonist [3H]PSB-11 from A3 adenosine receptors
	Dissociation of the agonist [3H]R-PIA and the antagonist [3H]DPCPX from A1 adenosine receptors
	Dissociation of [3H]CGS21680 from A2A adenosine receptors
	Cyclic AMP accumulation assay
	Statistical analysis

	Results
	Effects of amiloride analogues on the dissociation kinetics of the antagonist [3H]DPCPX and the agonist [3H]R-PIA binding to A1 adenosine receptors
	Effects of amiloride analogues on the dissociation of the agonist [3H]CGS21680 from A2A adenosine receptors
	Effects of amiloride analogues on the dissociation of the antagonist radioligand [3H]PSB-11 and the agonist radioligand [125I]I-AB-MECA from A3 receptors
	Concentration-dependent effect of amiloride analogues on the dissociation of the agonist radioligand [125I]I-AB-MECA and the antagonist radioligand [3H]PSB-11 from the A3 receptor
	Displacement by amiloride analogues of ligand binding to A1, A2A, and A3 receptors
	Effects of the amiloride analogues on A3 agonist-induced inhibition of forskolin-stimulated cyclic AMP production in intact CHO cells expressing human A3 receptor
	Effect of amiloride on the potency of the A1 receptor antagonist to block A1 receptors

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.
	Fig. 10.
	Fig. 11.
	Table 1
	Table 2

