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Abstract—Amiloride, a potassium sparing diuretic, is known to interact with a number of ion transport
systems, receptors and enzymes. Here, we report on the interaction between this drug and the adenosine
A, receptor as present in calf brain membranes. Adenosine A, receptors are characterized by a
subnanomolar affinity for the antagonist [*H]8-cyclopentyl-1,3-dipropylxanthine (PHJDPCPX) and
the agonist [H]N®-R-1-phenyl-2-propyladenosine ([*HJPIA). Amiloride displaces both agonist and
antagonist binding with a X, value in the low micromolar range. This inhibition is counteracted by NaCl
and protons, in contrast to the binding of [PH]PIA and [’H]DPCPX. The results suggest that amiloride
interacts with the adenosine A, receptor at a site distinct from the ligand binding site. In order to
elucidate the role of one of the ion transport systems known to be inhibited by amiloride, eight amiloride
analogues with different sensitivities for these systems were tested. The potency and order of potency
of these compounds towards adenosine A, receptors excludes the involvement of the epithelial Na*
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channel, Na*/H* exchanger or Na*/Ca®* exchanger.

Adenosine, a metabolite of ATP, is ubiquitously
present in mammalian tissues and has a variety of
physiological effects. In general, it appears to rep-
resent a negative feedback mediator which serves to
restore the balance between metabolic supply and
demand. Most of its effects are mediated through
specific membrane-bound receptors, which are sub-
divided into two types, A; and A,, based on their
negative and positive coupling to adenylate cyclase
[1]. The A, receptor has been well characterized
by pharmacological and biochemical methods [2] in
which radioligand binding methods have played an
important role. Signal transduction mechanisms
other than inhibition of adenylate cyclase, such as
modulation of calcium homeostasis and activation of
potassium channels, have been reported for the A;
receptor. It cannot yet be excluded that still more
systems are involved in the mechanism of action of
adenosine [3].

Amiloride, a potassium-sparing diuretic, has been
used as a tool in the investigation of several Na*
transport systems [4]. An effect of amiloride in a
biological system is often considered as proof for the
involvement of one of these transport systems. This
drug, a substituted pyrazinoyl guanidine, inhibits the
Na* transporters with different affinities, ranging
from ca. 0.1 uM for the epithelial sodium channel to

* To whom correspondence should be addressed.

t Abbreviations: B, maximal binding capacity;
CBDMB, 5-(N-4-chlorobenzyl)-2’,4’-dimethylbenzamil;
CholCl, choline chloride; DCB, 3',4’'-dichlorobenzamil;
DPCPX, 8-cyclopentyl-1,3-dipropylxanthine; HMA, 5-
N,N-hexamethylene)amiloride; K, equilibrium dissoci-
ation constant; K,, equilibrium inhibition constant; MBA,
5-(N-butyl-N-methyl)amiloride; MGCMA, 5-[N-
(guanidinocarbonylmethyl)-N-methyljamiloride; MIBA,
5-(N-isobutyl-N-methyl)amiloride; PIA, NS-R-1-phenyl-2-
propyladenosine.
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ca. 10 uM for Na*/H™ exchange and ca. 1000 uM for
Na*/Ca®* exchange. Moreover, the selectivity and
potency of amiloride analogues bearing substituents
either on the 5-amino nitrogen or on a terminal
guanidino nitrogen atom vary considerably for each
ion transport system [4]. The structure-activity
relationships for these derivatives can be used to
elucidate which transport system is involved.

Recently, it has become clear that amiloride
affects, apart from ion transport systems, a multitude
of receptors and enzymes, including the &~ and B-
adrenergic receptors, the muscarinic receptors, the
atrial natriuretic factor receptor, adenylate cyclase
and guanine nucleotide-binding proteins (G
proteins) [5-10]. It has been postulated that some
of the receptors are involved in Na*/H* exchange
[6,9, 11]. This may well hold for the adenosine A,
receptor as well.

In this paper, we present our findings on the inter-
action between the selective A; receptor antagonist
8-cyclopentyl-1,3-dipropylxanthine (DPCPX}), the
selective A, receptor agonist N5-R-1-phenyl-2-pro-
pyladenosine (PIA), and amiloride at the adenosine
A, receptor. The amiloride-A, receptor interaction
and its regulation by GTP, NaCl and pH were inves-
tigated and compared with the characteristics of
classic A, receptor ligands.

Furthermore, we investigated the effect of amilo-
ride analogues [4] that are reported to be selective
for Na*/H* exchange on [°’H]DPCPX and [*HJPIA
binding (5-(N-butyl-N-methyl)amiloride (MBA),
5-(N-isobutyl-N-methyl)amiloride (MIBA), 5-(N,
N-hexamethylene)amiloride (HMA) and 5[N-
(guanidinocarbonylmethyl) - N - methyljamiloride
(MGCMA). Moreover, the equilibrium inhibition
constants at the A, receptor of the epithelial sodium
channel inhibitors benzamil, phenamil, 3’,4'-di-
chlorobenzamil (DCB) and the Na*/Ca®* ex-
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Table 1. Characteristics of specific "HJDPCPX and [*H]PIA binding to calf brain membranes

[HJDPCPX HJPIA
K, * SE Bow * SE K, + SE B, = SE
Addition (pM) (fmol/mg) (pM) (fmol/mg)
None 74+3 643 = 10 1304 604 =7
NaCl (145 mM) 703 81112 132+8 559+ 12
CholCl (145 mM) 955 804 = 14 115+ 8 613+ 12

Saturation experiments in the presence of various additions were performed in parallel.
The data were analysed as described in Materials and Methods.

change inhibitor 5-(N-4-chlorobenzyl)-2',4'-
dimethyl-benzamil (CBDMB) were determined. The
aim of this structure—activity study was to ascertain
whether one of the Na* transport systems, pre-
sumably Na*/H* exchange, is involved in the inter-
action between amiloride and adenosine A;
receptors, as has been suggested or questioned for
other receptors.

MATERIALS AND METHODS

Drugs. [PHIDPCPX (sp. act. 95 or 107 Ci/mmol)
and [PH]PIA (sp. act. 40 Ci/mmol) were purchased
from Amersham (Buckinghamshire, U.K.). GTP
was obtained from Aldrich (Brussels, Belgium),
unlabelled PIA from Boehringer (Mannheim,
F.R.G.). Amiloride was kindly donated by Merck
Sharp and Dohme (Haarlem, The Netherlands, USP
grade), MBA by Dr G. Schmalzing (Max Planck
Institute, Frankfurt, F.R.G.). The other amiloride
derivatives were synthesized as described previously
[12]. Stock solutions of the drugs were made in
DMSO and kept at —20°. Prior to use the compounds
were diluted with the assay buffer. The final DMSO
concentration never exceeded 1%. This DMSO con-
centration did not affect radioligand binding. All
other chemicals were obtained from standard com-
mercial sources and were of analytical grade. Solu-
tions were made in distilled water.

Measurement of [PH]DPCPX and [*H|PIA
binding. Calf brain membranes were prepared as
described by Van Galen et al. [13]. Protein con-
centrations were measured with the bicinchoninic
acid method with bovine serum albumin as standard
[14]. The experiments were performed in 20 mM
HEPES, buffered to pH 7.4 at room temperature
with 10 mM Tris (HEP20). The binding assay was
initiated by addition of 100 uI. membrane suspension
(10-15ug or 30ug protein for [PH]DPCPX and
[PHJPIA, respectively) to 300 uL assay buffer con-
taining test agents and [*H]DPCPX or [*H]PIA (ca.
0.12 or 0.3 nM in displacement studies and 0-1.5 or
0-2 nM in saturation studies, respectively).

In some experiments the pH was varied. As pre-
liminary experiments had indicated that monovalent
cations, including Tris, affect the potency of amilo-
ride, the cationic composition of the buffer was kept
constant. A fixed amount of Tris and varying
amounts of HCl were added, finally resulting in
a buffer with 20mM HEPES, 50mM Tris and
0-45 mM HCI. The pH was verified after the experi-
ment.

After incubation for 60min ([*H]JDPCPX) or
120 min ([*H]JPIA) at 25°, the binding reaction was
terminated by addition of 1 mL ice-cold HEP20 and
rapid vacuum filtration over prewashed Whatman
GF/B or double GF/C filters (this gave identical
results). Use of one Whatman GF/C filter resulted
in considerably lower By, values.

The filters were washed three times with ice-cold
2mL HEP20 and subsequently dried. The radio-
activity retained on the filters was counted in a LKB
Rackbeta 1214 liquid scintillation spectrometer.
Specific binding was calculated by subtraction of
nonspecific binding, determined in the presence
of 10uM PIA ([PH]DPCPX) or 5uM 8-phenyl-
theophylline ([*H]PIA), from total binding. Experi-
ments were performed in duplicate for at least three
times with similar results.

Data analysis. Data from displacement and satu-
ration curves were analysed as described previously
{15] by a computer-program based on the law of
mass action [16]. Statistically significant resolution
of two components was tested in a partial F-test.
Values calculated from 3-9 experiments are provided
with their approximated SE. Pseudo Hill coefficients
were determined from a Hill-plot with linear
regression analysis.

RESULTS

[*H]DPCPX bound to calf brain membranes with
a K, value of 74 £ 3pM and a maximal binding
capacity of 643 = 10fmol/mg protein. [*H]PIA
bound to calf brain membranes with a K, value of
130 = 4 pM and a By, of 604 = 7 fmol/mg protein
(Table 1).

Specific [PH]DPCPX binding was displaced by
PIA. Analysis of the data revealed that a two-binding
site model fits the data better than a one-site model
(P <0.01). As expected for an agonist of a G pro-
tein-coupled receptor, the displacement curve was
shifted to the right in the presence of 1 mM GTP
(Fig. 1, Table 2).

Amiloride inhibited [PH]DPCPX binding with a K;
value of 2.0 = 0.2 uM and a pseudo-Hill coefficient
close to unity (Fig. 2, Table 3). Addition of GTP
hardly affected this K, value (Fig. 2, Table 3). More-
over, a virtually identical K, value and pseudo-Hill
coefficient were observed for displacement of
[*H]PIA binding by amiloride (Table 3). These data
indicate that amiloride is not an A; agonist.

As amiloride displays Na*/H* exchange inhibiting
properties in a similar concentration range [17], we
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Table 2. Inhibition of [P’H]DPCPX binding by PIA under various conditions

Addition Ky = SE (nM) K, = SE (nM) Ry (%)
None 0.17 £0.02 6.4+2.1 81
CholCl (145 mM) 0.23 + 0.04 9x4 79
NaCl (145 mM) 0.15 % 0.02 68+1.9 74
GTP (1 mM) 0.28 + 0.09 85+1.6 40

The K, values were determined in parallel experiments and analysed as described
in Materials and Methods. The inhibition by PIA was significantly better described by
a two-binding site model (P < 0.01). Ky and K, are the K, values for the high- and
low-affinity state, respectively. Ry represents the fraction of receptors that are in the

high-affinity state.
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Fig. 1. Displacement of [P’H]DPCPX binding by PIA under
various conditions: control (@); with 145 mM CholCl (O);
with 145 mM NaCl (A); with 1 mM GTP (V). The data
points are from a representative experiment and expressed
as percentage of the specific binding in the absence of PIA
under the same conditions. The K, values calculated from
three experiments are listed in Table 2.

Table 3. The K, values for the displacement of specific
[*HIDPCPX and [*H]PIA binding by amiloride under vari-
ous conditions

K, = SE (uM)
Addition [*H]DPCP [*H]PIA
None 20=x0.2 2.4+0.1
NaCl (145 mM) 20+1 2+1
CholCl (145 mM) 45+04 52+03
GTP (1 mM) 3.0x0.3 ND
Tris/HCl to pH 6.6 9.3=+0.7 9.5+£0.6
Tris/HCl to pH 7.3 3.4+02 45+0.2
Tris/HCl to pH 8.4 1.3+0.1 1.7x0.1

The K, values were determined in parallel experiments
and analysed as described in Materials and Methods.
ND, not determined.

investigated the effects of the Na* and H* con-
centration on A; receptor binding and its inhibition
by amiloride. Addition of NaCl (145 mM) or CholCl
(145 mM) to the assay enhanced the maximal binding
capacity of [PH]DPCPX by 25%. The nonspecific
binding was not affected. The affinity of the radio-
ligand was slightly decreased in the presence of
CholCl, but unaltered by NaCl (Table 1). In satu-

ration experiments with [*HJPIA as radioligand, no
significant effects of 145 mM NaCl or CholCl on
the affinity of [PH]PIA were observed, whereas the
binding capacity was slightly diminished by NaCl
(Table 1). Both NaCl and CholCl lacked effect on
the displacement of [PH]DPCPX binding by PIA
(Fig. 1, Table 2).

In contrast, addition of 145 mM NaCl resulted in
a parallel shift of the curves of inhibition of
[PH|DPCPX and [*H]PIA binding by amiloride to
the right, corresponding to a 10-fold decrease in the
affinity of amiloride for the ["H]DPCPX and [*H]PIA
binding sites (Fig. 2, Table 3). The same con-
centration CholCl gave a 2-fold decrease in affinity.
The inhibition curves were virtually identical irres-
pective of the radioligand that was used. Therefore
only the inhibition curves of [*'H|DPCPX are shown.
A similar pattern was observed when solubilized
receptors were used (data not shown).

Next, we examined the influence of the pH on
specific [PH]DPCPX binding, [*'H]JPIA binding, and
on their displacement by amiloride. As apparent
from Fig. 3, *H]DPCPX binding was not influenced
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Fig. 2. Displacement of specific {’H]DPCPX binding by
amiloride under various conditions: control (@); with
145 mM CholCl (O); with 145 mM NaCl (A); with 1 mM
GPT (V). The data points are from a representative exper-
iment and expressed as percentage of the specific binding
in the absence of amiloride under the same conditions. The
curves were virtually identical when [PH]PIA was used as
radioligand. The K, values calculated from three experi-
ments are listed in Table 3.
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Fig. 3. Effect of pH on the displacement of specific

[*HJDPCPX binding by 10 uM amiloride. The data points

are from a representative experiment. (@) Control; (O)

10 uM amiloride. The experiment was repeated twice with

virtually identical results.
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Fig. 4. Displacement of specific [PHJDPCPX binding by
amiloride at pH 8.4 (@), 7.3 (A) and 6.6 (V). The data
points are from a representative experiment and expressed
as percentage of the specific binding under the same con-
ditions. The curves were virtually identical when [*H]PIA
was used as radioligand. The K, values calculated from

three experiments are listed in Table 3.

by changing the pH from 6.6 to 8.4. [°’H]PIA binding
was unaltered as well (data not shown). The inhi-
bition by 10 uM amiloride is clearly enhanced from
20% at pH6.6 to 75% at pH 8.4. Evaluation of
this effect over a range of amiloride concentrations
showed an increase in K; value with decreasing pH
(Fig. 4, Table 3). A similar phenomenon was
observed with the displacement of [?PH]PIA by amilo-
ride (Table 3).

In order to verify whether Na*/H* exchange is
involved in the inhibitory effect of amiloride on A;
receptor binding, we tested eight amiloride ana-
logues which are selective for the Na*/H*

exchanger, the epithelial Na* channel or the Na*/
Ca?* exchanger. The structures and K, values of
these drugs are listed in Table 4. The amiloride
analogues tested displaced [PH)DPCPX and [’H]PIA
binding with K; values ranging from 0.07 to 22 uM
[PH|DPCPX binding is displaced in the following
order of potency: MBA >MIBA >HMA
> Benzamil > CBDMB = Phenamil = DCB =
Amiloride >> MGCMA. The order of potency for
inhibition of [*H]PIA binding differs slightly, due to
the relatively small differences in affinity between
CBDMB, phenamil, DCB and amiloride. The com-
pounds were almost equally effective in displacing
agonist and antagonist binding. It is evident that the
lipophilic 5-amino-substituted derivatives are more
potent than amiloride. The hydrophilic 5-(N-
guanidinocarbonylmethyl)-substituted derivative is
less potent, whereas the guanidino-substituted ana-
logues are equally effective or slightly more active
than amiloride.

DISCUSSION

Characterization of [PH|DPCPX binding in calf brain
membranes

Adenosine, A, receptors in calf brain membranes
are characterized by a subnanomolar affinity for
[*H]DPCPX. The affinity of the ligand in our experi-
ments is virtually identical to that reported by Lohse
et al. [18], although the maximal binding capacity in
our preparation is lower.

A, agonists, such as PIA, differentiate between
two binding states. Eighty-one per cent of the recep-
tors in our calf brain preparation is in the high-
affinity state in the absence of GTP with a 30-fold
difference in affinity between the states. These values
are in good agreement with those published by others
[18, 19] and confirm the previously observed species
differences between rat and calf [20]. The high-
affinity state can be largely converted to the low-
affinity state by GTP, without the affinity for these
states being affected. Complete conversion does not
occur even after addition of 1 mM GTP, in agree-
ment with some other reports on this subject [19, 21].
The K, value of PHJPIA of 0.130 + 0.004 nM, as
calculated from saturation experiments, is virtually
identical to the K; value of 0.17 = 0.02 nM of the
high-affinity state of the receptor, as calculated from
displacement experiments. This implies that [’H]PIA
binds to the high-affinity state only in the con-
centration range used.

The effect of amiloride on adenosine A, ligand
binding: analogies to Na*/H* exchange

Amiloride, a rather nonspecific Na* transport
inhibitor, displaces the A, receptor agonist [*H]PIA
as well as the antagonist PH|DPCPX from their
binding sites in the low micromolar concentration
range. The K; value of the compound of about 2 uM
is comparable to that of the well-known adenosine
receptor antagonist theophylline [18]. The pseudo-
Hill coefficient of the displacement curve, that
approximates unity, suggests that amiloride interacts
with a single binding site. Furthermore, the virtually
identical K, values of amiloride for inhibition of
[*H]PIA binding, [P'H]DPCPX binding in the absence
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Table 4. K, values of amiloride derivatives

General structure of the compounds

831

o NH,
VU +
ca_ _N J\
= 3 NH “NHRy
s
>
R;R;N N NH,
Na*/H* exchange inhibitors: 5-amino-substituted amiloride derivatives (R; = H)
K, £ SE (uM)
Drug R, R, [PHIDPCPX [H]P1IA
Amiloride H H 2002 24+0.1
MGCMA CH,—CO—N=C(NH,), CH, 2=1 161
HMA —(CH,)s— 0.41 £ 0.03 0.50 = 0.03
MBA (CH,);CH; CH, 0.070 + 0.004 0.092 = 0.010
MIBA CH,CH(CH,), CH, 0.16 = 0.01 0.20 = 0.01

Na* channel inhibitors: 2-guanidino-substituted amiloride derivatives (R; = R; = H)

R,
Benzamil CH,CH, 0.65 £0.04 0.85 +0.03
Phenamil C¢H; 1.5+0.1 23+0.1
DCB m,p-Cl,C;H,CH, 1.6 0.1 27+0.2
Na*/Ca?* inhibitor; CBDMB (R, = H)
R, = p-CICH,CH, 1.2+0.1 40+04
R; = 0,p-(CH,),CH,CH,

Values were calculated from the combined data of 4-8 experiments.

of GTP, and [*H]DPCPX binding in the presence of
GTP (when 100, 81 and 40% of the receptors are
in the high-affinity state, respectively) imply that
amiloride does not differentiate between the high-
and low-affinity conformation of the receptor. There-
fore, it is very unlikely that amiloride is an A, recep-
tor agonist.

The next question is: is amiloride an A, antagonist
or is a different mechanism of action responsible for
the interference with A, receptor binding? Besides
the effects on the A; receptor, amiloride displays
Na*/H* exchange inhibiting properties in the low
micromolar range. This blockade is antagonized by
Na™* ions and protons [4]. Being interested in the
possible involvement of Na*/H* exchange, we inves-
tigated the role of Na* and H*.

Physiological concentrations of NaCl attenuate the
inhibitory effect of amiloride, its K; value increases
10-fold in the presence of NaCl. CholCl (145 mM)
can only partially mimic this effect, suggesting that,
although an increase in ionic strength of the buffer
is not without effect, Na*™ counteracts the inhibition
by amiloride in a more specific manner. In a solu-
bilized receptor preparation the antagonism between
amiloride and NaCl remains intact (data not shown),
indicating that the integrity of the membrane
environment of the receptor is of minor importance.

In contrast, the equilibrium dissociation constants
of [PH]DPCPX and [*HJPIA are not affected by
NaCl. NaCl increases the maximal binding capacity

of ['H]DPCPX through a less specific mechanism, as
CholCl has an identical effect. The maximal binding
capacity of [PH]PIA is hardly affected by 145 mM
CholCl or NaCl. These results do not clarify the
conflicting reports on the effect of NaCl and other
salts on adenosine receptor binding {21-24].
However, it is evident that NaCl modulates the A,
receptor-amiloride interaction in a different manner
than the A; receptor-adenosine or A; receptor—
xanthine interaction. This suggests that the binding
domains of these compounds at the A, receptor are
different.

The influence of pH changes on A, receptor bind-
ing and on its displacement by amiloride supports
the idea that amiloride does not interact with the
same domain at the receptor as A, receptor-selective
ligands. The specific binding of A, receptor ligands
is not altered between pH 6.6 and 8.4, whereas the
inhibitory effect of amiloride is markedlv attenuated
at lower pH values. The effects of amilc. .de, a weak
base with a pK, of 8.8, are ascribed to the protonated
form [4]. As 99.4, 97 and 72% of the drug is pro-
tonated at pH 6.6, 7.3 and 8.4, respectively, dif-
ferences in protonation of the drug cannot account
for our results. Even if, contrary to all other effects
of amiloride, the unprotonated form would interact
with the A; receptor, a different ratio between the
K; values at pH 6.6 and 8.4 would be expected.

Our results can readily be explained by the pres-
ence of a group on the A; receptor with a pK,, in the
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Table 5. Affinity of amiloride analogues for Na*/H* exchange, the epithelial sodium
channel and Na*/Ca®* exchange*

Drug Na*/H* exchange Na* channel Na*/Ca®* exchange
Amiloride 84 0.35 1100
MGCMA 1.36 >300 1570

HMA 0.16 >400 100

MBA 0.24 >300 ND

MIBA 0.44 >300 129
Benzamil >1000 0.38 100
Phenamil 500 0.020 200

DCB >400 0.85 30
CBDMB >500 >400 7.3

Structures are presented in Table 4. Data, in yM, are taken from Ref. 4.

ND, not determined.

* The affinities of the drugs were measured in the presence of 140 mM NaCl [27]. In
Na*/H* exchange experiments at low external Na* concentrations an equilibrium
inhibition constant for amiloride of 7 uM has been reported [17].

physiological range (ca. 7.6), which is involved in
the interaction with amiloride. Such a group was
found to be present at the external ion transport site
of the Na*/H* exchanger [25] and has also been
identified in the binding site of an amiloride deriva-
tive on the kidney Na*/H™* exchanger [26]. This
group seems not to be involved in the binding of the
A receptor antagonist DPCPX.

The differential modulation by Na* and H* indi-
cates that it is unlikely that amiloride is a classic A
antagonist.

Effect of amiloride analogues on A, receptor binding:
structure—activity relationship

It has been postulated that G protein-coupled
receptors are linked to Na*/H* exchange [6, 11].
Nunnari et al. [9] even suggested that Na*/H*
exchange activity may be an intrinsic property of the
m-adrenoceptor. The above-described results with
respect to the A, receptor, namely a X, value of
amiloride in the low micromolar range and attenu-
ation of the inhibitory effect by Na* and H* point
to a possible link with Na*/H* exchange. In such
a complex amiloride might affect receptor binding
indirectly via the Na*/H* exchange system. To test
this hypothesis, we investigated the effect of various
substituents on the affinity of amiloride analogues
for A, receptors.

Specific [P'H]JDPCPX binding is inhibited by amilo-
ride and its derivatives in the following order of
potency: MBA > MIBA > HMA > benzamil >
CBDMB = phenamil = DCB = amiloride
>>MGCMA. The absolute values for inhibition
of [PH]PIA binding are similar. It is evident that
alkylation of the 5-amino group results in a profound
increase in the affinity for the A; receptor. Hydro-
philic substitution at this site on the other hand
results in a lower affinity for the A, receptor. This
is not in agreement with the effects on Na*/H*
exchange, where MGCMA is more potent than
amiloride (Table 5) [27]. Contrary to the expec-
tations, the analogues having substituents on a ter-
minal guanidino nitrogen atom are equally or more
potent than the parent compound. Benzamil is three
times more potent than amiloride, whereas phenamil

and DCB have similar affinities of about 1.5 uM for
the [*H]DPCPX binding site. These compounds have
a very low affinity (> 400uM) for the Na*/H*
exchange system and high affinity (0.020-0.085 uM)
for the epithelial Na* channel (Table 5). The rather
selective Na*/Ca?* exchange inhibitor CBDMB is
even more potent in inhibiting [PH]DPCPX binding
(1.2uM) than in inhibiting Na*/Ca?* exchange
(7 uM) [4].

In fact, this structure—activity profile does not
resemble those for any of the ion transport systems
affected by amiloride (Table 5) [4]. Therefore, the
interaction between amiloride derivatives and the
A, receptor cannot be mediated by any of these,
including the Na*™/H* exchange system.

Are .G-coupled linked to Na*/H*

exchange?

It has been reported that the a;-, a,- and S-adre-
nergic, as well as the muscarinic receptors are
inhibited by amiloride and its analogues [6,7,9].
Conceivably, this interference was considered to be
related to an interaction with one of the Na* trans-
port systems. Limbird and coworkers proposed in
several papers [9, 11, 28, 29] that G,-coupled recep-
tors might be linked to Na*/H* exchange. Even
after withdrawal of the supporting functional results
[29), the hypothesis was maintained by this group.
However, the structure-activity relationships that
Howard et al. [7] supplied for the a-adrenoceptors,
with benzamil being more potent than amiloride,
strongly argue against coupling of Na*/H* exchange
to o~ or m-adrenoceptors.

The results presented in the present paper exclude
a direct link of Na*/H™ exchange to the A, receptor.
Even if stimulation of one of the receptors mentioned
would affect the influx of Na* or the efflux of protons,
this is probably not related to inhibition of receptor
binding by amiloride derivatives. Further inves-
tigations will have to clarify the functional impli-
cations, if any, of the above-described interaction of
amiloride with A, receptor binding.

Interestingly, Anand-Srivastava [10] reported
recently that amiloride attenuates inhibitory
hormone responses in rat pituitary membranes. A

receptors
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most intriguing effect demonstrated was the inter-
action of amiloride with the G, protein. Blockade
of G, however, cannot be an explanation for the
displacement of [PH]DPCPX binding by amiloride,
which is independent of the coupling of the A recep-
tor to G,, as indicated by the lack of effect of GTP.
Accordingly, the effects of amiloride on the A, recep-
tor and on G; seem to be distinct.

In summary, amiloride interacts with the A, recep-
tor in calf brain membranes with an affinity in the
low micromolar range. Na* and H* attenuate the
inhibitory effect of amiloride. The target site of the
drug seems to be distinct from the specific A, ligand
binding site. Several analogues of amiloride are more
potent than amiloride itself with MBA (K; value
70nM) being the most potent. The relationship
between the structure of amiloride analogues and
their affinity for A receptor differs from the struc-
ture-activity relationships for any of the ion transport
systems known to be affected by amiloride. We
therefore conclude that Na*/H* exchange is not
directly involved in the interaction between A, recep-
tors and amiloride.

REFERENCES

1. Van Calker D, Miiller M and Hamprecht B, Adenosine
inhibits the accumulation of cyclic AMP in cultured
brain cells. Nature 276: 839-841, 1978.

2. Lohse MJ, Klotz K-N, Schwabe U, Cristalli G, Vittori
S and Grifantini M, Pharmacology and biochemistry of
adenosine receptors. In: Recent Advances in Receptor
Chemistry (Eds. Melchiorre C and Gianella M), pp.
107-121. Elsevier Scientific Publishing Co., Amster-
dam, 1988.

3. Fredholm BB and Dunwiddie TV, How does adenosine
inhibit transmitter release? Trends Pharmacol Sci 9:
130-134, 1988.

4. Kleyman TR and Cragoe Jr EJ, Amiloride and its
analogs as tools in the study of ion transport. J Mem-
brane Biol 105: 1-21, 1988.

5. DeLean A, Amiloride potentiates atrial natriuretic fac-
tor inhibitory action by increasing receptor binding in
bovine adrenal zona glomerulosa. Life Sci 39: 1109~
1116, 1986.

6. Friedrich T and Burckhardt G, Inhibition and labeling
of the rat renal Na*/H* exchanger by an antagonist of
muscarinic acetylcholine receptors. Biochem Biophys
Res Commun 157: 921-929, 1988.

7. Howard MJ, Mullen MD and Insel PA, Amiloride
interacts with renal a- and B-adrenergic receptors. Am
J Physiol 253: F21-25, 1987.

8. Mahé Y, Garcia-Romeu F and Motais R, Inhibition by
amiloride of both adenylate cyclase activity and Na*/
H* antiporter in fish erythrocytes. Eur J Pharmacol
116: 199-206, 1985.

9. Nunnari JM, Repaske MG, Brandon S, Cragoe Jr
EJ and Limbird LE, Regulation of porcine brain a,-
adrenergic receptors by Na*, H* and inhibitors of Na*/
H* exchange. J Biol Chem 262: 12387-12392, 1987.

10. Anand-Srivastava MB, Amiloride interacts with guan-
ine nucleotide regulatory proteins and attenuates the
hormonal inhibition of adenylate cyclase. J Biol Chem
264: 94919496, 1989.

11. Isom LL, Cragoe Jr EJ and Limbird LE, Multiple
receptors linked to inhibition of adenylate cyclase accel-
erate Na*/H* exchange in neuroblastoma X glioma
cells via a mechanism other than decreased cAMP
accumulation. J Biol Chem 262: 17504-17509, 1987.

12. Cragoe Jr EJ, Woltersdorf Jr OW, Bicking JB, Kwong
ST and Jones JH, Pyrazine diuretics II. N-Amidino-
3-amino-5-substituted 6-halo-pyrazinecarboxamides. J
Med Chem 10: 66-75, 1967.

13. Van Galen PJM, IJzerman AP and Soudijn W, Adeno-
sine derivatives with NS-alkyl,-alkylamine or -alkyl-
adenosine substituents as probes for the A,-receptor.
FEBS Lert 223: 197-201, 1987.

14. Smith PK, Krohn RI, Hermanson GT, Mallia AK,
Gartner FH, Provenzano MD, Fujimoto EK, Goeke
NM, Olson BJ and Klenk DC, Measurement of protein
using bicinchoninic acid. Anal Biochem 150: 76-85,
1985.

15. IJzerman AP, Bultsma T, Timmerman H and Zaagsma
J, The relation between ionization and affinity of 8-
adrenoceptor ligands. Naunyn Schmiedebergs Arch
Pharmacol 327: 293-298, 1984.

16. Delean A, Munson PJ and Rodbard D, Simultaneous
analysis of families of sigmoidal curves: application to
bio-assay, radioligand assay and physiological dose—
response curves. Am J Physiol 235: E97-102, 1978.

17. Vigne P, Frelin C, Cragoe Jr EJ and Lazdunski M,
Structure~activity relationships of amiloride and cer-
tain of its analogues in relation to the blockade of the
Na*/H* exchange system. Mol Pharmacol 25: 131-136,
1984.

18. Lohse MJ, Klotz K-N, Lindenborn-Fotinos J, Redding-
ton M, Schwabe U and Olsson RA, 8-Cyclopentyl-1,3-
dipropylxanthine (DPCPX) — a selective high-affinity
antagonist radioligand for A, adenosine receptors.
Naunyn Schmiedebergs Arch Pharmacol 336: 204-210,
1987.

19. Lohse MJ, Lenschow V and Schwabe U, Two affinity
states of R, adenosine receptors in brain membranes.
Mol Pharmacol 26: 1-9, 1984,

20. Ukena D, Jacobson KA, Padgett WL, Ayala C,
Shamim MT, Kirk KL, Olsson RA and Daly JW,
Species differences in structure-activity relationships
of adenosine agonists and xanthine antagonists at brain
A, adenosine receptors. FEBS Lert 209: 122-128, 1986.

21. Green RD, Reciprocal modulation of agonist and
antagonist binding to inhibitory adenosine receptors by
5’-guanylylimidodiphosphate and monovalent cations.
J Neurosci 4: 2472-2476, 1984.

22. Goodman RR, Cooper MJ, Gavish M and Snyder SH,
Guanine nucleotide and cation regulation of
the binding of [*H]cyclohexyladenosine and
[*H]diethylphenylxanthine to adenosine A, receptors
in brain membranes. Mol Pharmacol 21: 329-335, 1982.

23. Linden J, Patel A, Earl CQ, Craig RH and Daluge SM,
15[.Labeled 8-phenylxanthine derivatives: antagonist
radioligands for adenosine A, receptors. J Med Chem
31: 745-751, 1988.

24. Stiles GL, A, adenosine receptor-G protein coupling
in bovine brain membranes: effects of guanine nucleo-
tides, salt, and solubilization. J Neurochem 51: 1592—
1598, 1988.

25. Aronson PS, Suhm MA and Nee J, Interaction of
external H* with the Na*-H"* exchanger in renal micro-
villus and membrane vesicles. J Biol Chem 258: 6767
6771, 1983.

26. Vigne P, Jean T, Barbry P, Frelin C, Fine JG and
Lazdunski M, [*H]Ethylpropylamiloride, a ligand to
analyze the properties of the Na*/H* exchange stystem
in the membranes of normal and hypertrophied
kidneys. J Biol Chem 260: 14120-14125, 1985.

27. Simchowitz L and Cragoe Jr EJ, Inhibition of chemo-
tactic factor-activated Na*/H* exchange in human neu-
trophils by analogues of amiloride: structure activity
relationships in the amiloride series. Mol Pharmacol
30: 112-120, 1988.



834 A. GARRITSEN et al.

28. Limbird LE, Receptors linked to inhibition of adenyl- erate Na*/H* exchange in neuroblastoma X glioma
ate cyclase: additional signaling mechanisms. FASEB cells via a mechanism other than decreased cAMP
J 2: 2686-2695, 1988, accumulation. (correction) J Biol Chem 263: 16513,
29. Isom LL, Cragoe Jr EJ and Limbird LE, Multiple 1988.

receptors linked to inhibition of adenylate cyclase accel-



