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Inhibition of muscarinic K™ current in guinea-pig atrial myocytes
by PD 81,723, an allosteric enhancer of adenosine binding to A;

receptors
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1 PD 81,723 has been shown to enhance binding of adenosine to A, receptors by stabilizing G protein-
receptor coupling (‘allosteric enhancement’). Evidence has been provided that in the perfused hearts and
isolated atria PD 81,723 causes a sensitization to adenosine via this mechanism.

2  We have studied the effect of PD 81,723 in guinea-pig isolated atrial myocytes by use of whole-cell
measurement of the muscarinic K* current (Jxacny) activated by different Gi-coupled receptors (A, M,,
sphingolipid). PD 81,273 caused inhibition of Ixucn (ICso~5 um) activated by either of the three
receptors. Receptor-independent Ixcny in cells loaded with GTP-y-S and background Ixcny, Which
contributes to the resting conductance of atrial myocytes, were equally sensitive to PD 81,723. At no
combination of concentrations of adenosine and PD 81,723 could an enhancing effect be detected.

3 The compound was active from the outside only. Loading of the cells with PD 81,723 (50 uM) via the
patch pipette did not affect either Ixcn or its sensitivity to adenosine. We suggest that PD 81,723 acts
as an inhibitor of inward rectifying K™ channels; this is supported by the finding that ventricular Iy,
which shares a large degree of homology with the proteins (GIRK1/GIRK4) forming Iy ach but is not G
protein-gated, was also blocked by this compound.

4 It is concluded that the functional effects of PD 81,723 described in the literature are not mediated by

the A, adenosine receptor-Gi-Ixacn) pathway.
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Introduction

The purine nucleoside adenosine exerts numerous physiologi-
cal actions in a variety of tissues. Most of these are mediated
by different G protein-coupled receptors (see Collis & Hour-
ani, 1993; Olah et al., 1995 for review). PD 81,723, a 2-amino-
3-benzoylthiophene compound, has been shown to increase
selectively ligand binding to the A, subtype of adenosine re-
ceptors (A;R) (Amoah-Apraku er al., 1993; Bhattacharya &
Linden, 1995). This and related compounds therefore have
been termed allosteric enhancers. Functional effects of PD
81,723 on adenosine-induced negative dromotropism which
are in line with such an allosteric enhancement of ligand-re-
ceptor interaction have been described in perfused hearts
(Amoah-Apraku et al., 1993; Kollias-Baker et al., 1994a). In
cardiac myocytes A R are coupled via (a) pertussis toxin sen-
sitive G protein(s) (G;/Gy) to adenylyl cyclase, which is in-
hibited if prestimulated e.g. by f-adrenoceptors (Wilken ez al.,
1990). Another target of AR or the coupling G protein re-
spectively is muscarinic K* current (Ixcn). This current,
which is expressed primarily (in most species exclusively) in
supraventricular cells including those of the sino-atrial and
atrio-ventricular nodes belongs to the class of strongly inward
rectifying K* channels. It is composed of two proteins
(GIRK1 and GIRK4; Krapivinsky et al., 1995). Activation of
Gi-coupled receptors in supraventricular cells causes increased
opening activity of this channel. The muscarinic (M,) receptor
which binds acetylcholine (ACh) released from parasympa-
thetic nerve endings is coupled to this channel and regulates
most of its physiological activity. Ixacn IS @ major molecular
target mediating vagal activity and contributes to regulation of
the heartbeat.

! Author for correspondence.

In the present study the effect of PD on Ixcn) €licited by
adenosine, ACh and sphingosyl-phosphorylcholine (SPC), an
agonist at a novel Gi-coupled sphingolipid receptor in cardiac
cells (Biinemann et al., 1996) was investigated by means of
conventional whole-cell voltage clamp. I acn) Was inhibited by
PD 81,723 at concentrations + one order of magnitude of the
concentrations which had been used previously. Inhibition of
Ixacny Was independent of the activating receptor/agonist and
was also seen, if Ixacn Was activated by loading of cells with
guanosine-5'-O-(y-thiotriphosphate) (GTP-y-S). No evidence
for an enhancement of the action of adenosine was found in
this cellular paradigm. We concluded that the A,;R-Gjx)
Ixacny pathway is not involved in potentiation of adenosine-
induced effects in the heart.

Methods

Isolation and culture of atrial myocytes

Guinea-pigs of either sex (200 to 250 g) were killed by cervical
dislocation. The method of enzymatic isolation of atrial
myocytes has been described in detail previously (Banach et
al., 1993). The culture medium was bicarbonate-buffered M 199
(Gibco, Dreieich Germany) containing gentamycin and kana-
mycin (Sigma, Deisenhofen, Germany); culture medium was
not supplemented with foetal calf serum (FCS) in order to
prevent a time-dependent loss in sensitivity to adenosine (Bii-
nemann & Pott, 1995). Cells were plated at several hundred
cells per dish on 36 mm culture dishes; 50 to 70% of the
myocytes attached within 16 to 24 h. Cells were cultured and
used experimentally from the day of isolation up to 7 days in
culture. No differences were found between freshly isolated
and cultured myocytes in the phenomena to be studied.
Medium was changed every second day.
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Solutions

If not stated otherwise the culture medium was replaced
30 min before an experiment by a solution containing (mMm):
NacCl 120, KCl 20, CaCl, 2.0, MgCl, 1.0, HEPES/NaOH 10.0,
pH 7.4. The solution for filling the patch-clamp pipettes for
whole-cell voltage clamp experiments contained (mMm): K-as-
partate 100, KCI 40, NaCl 10, MgATP 5.0, EGTA 2.0, GTP
0.01 and HEPES/KOH 10.0, pH 7.4.

Current measurement

Membrane currents were measured in the whole-cell mode
(Hamill et al., 1981). Pipettes were fabricated from borosilicate
glass with filament (Clark, Pangbourne, U.K.) on a horizontal
puller (DMZ, Munich, Germany) and were filled with the so-
lution listed above. The liquid junction potential of the pipettes
were compensated. The d.c. resistance of the filled pipettes
ranged from 2 to 6 MQ. Current measurements were per-
formed by means of a patch clamp amplifier (List LM/EPC 7,
Darmstadt, Germany). Signals were passed through an ana-
logue filter (corner frequency of 1 to 3 KHz) and were stored
on the hard-disc of an IBM compatible AT-computer, equip-
ped with a hardware/software package (ISO2 by MFK,
Frankfurt/Main, Germany) for voltage control, data acquisi-
tion and data evaluation. Experiments were performed at
ambient temperature (22—24°C). If not otherwise stated, cells
were voltage-clamped at a holding potential of —90 mV, i.e.
negative to Ex (—50 mV). K™ channel currents under this
condition are in the inward direction. This experimental con-
dition was chosen because of the strong inward-rectifying
properties of Ixacn. Ramp-shaped changes of E,, from— 130
to +60 mV were used to measure current-voltage relations
and to check that the access resistance had not changed. Rapid
superfusion of the cells for application and withdrawal of
different solutions was performed by means of a solenoid-op-
erated flow system which permitted switching between up to 6
different solutions. The half time of exchange of solution was
estimated as 200—400 ms by a change from standard (high
K*) to Cs* (5 mM) containing solution; this resulted in an
instantaneous block of Ixacn)-

Materials

Standard salts were from Merck (Darmstadt, Germany).
EGTA, HEPES, MgATP, GTP, acetylcholine/chloride, ade-
nosine and SPC were from Sigma (Deisenhofen, Germany).
PD 81,723 was kindly provided by Dr R.F. Bruns, Lilly Re-
search Laboratories, (Indianapolis, U.S.A.). PD 81,723 (2-
amino - 4,5 - dimethyl -3-thienyl-[3(trifluoromethyl)-phenyljme-
thanone) was dissolved in dimethylsulphoxide (DMSO) as a
100 mM stock solution. The highest concentration of DMSO
(0.1% v/v) had no direct effect on the current under study nor
did it affect the effects of ACh or adenosine. The identity of the
sample with the published structure of the compound was
verified by means of nuclear magnetic resonance (n.m.r.) in the
Department of Organic Chemistry, Ruhr-University Bochum.

Results

In guinea-pig atrial myocytes freshly isolated or kept in serum-
free culture for several days a saturating concentration of
adenosine (100 uM) elicited Ik acn), the amplitude of which on
average was about 70% of the current activated by a satur-
ating concentration of ACh (10 uM; Blinemann & Pott, 1995).
Figure 1A shows a representative current trace recorded from
a myocyte that was challenged by saturating concentrations of
ACh (10 uMm) and adenosine (100 um). The voltage-depen-
dence of the current activated by either agonist showed the
strong inward rectification characteristic of Ixacn (B, C). In
the presence of PD 81,723 (50 uMm) peak currents evoked by
ACh and adenosine were reduced by 92% and 94%, respec-

tively. The I/V-curves of the inhibited current obtained by
subtracting voltage ramp-generated I/V-curves labelled (a) and
(d) (ACh) and (b) and (f) (adenosine) exhibited identical
characteristics as the agonist-induced current (b, c) suggesting
that PD 81,723 inhibited Ixacn irrespective of the activated
receptor. The action of the compound on Ixacn) Was reversible
within some tens of seconds. In the presence of PD 81,723 not
only adenosine and ACh activated currents, but also, as can be
seen in Figure 1A, the inward holding current in the absence of
agonist was reduced —in the example shown by 166 pA. The
I/V-characteristics of the inhibited ‘background’ current, again
obtained by subtraction (c—e) displayed the same strongly
inward-rectifying characteristics as Ixacn (D). Background
current in atrial myocytes is partly carried by agonist-inde-
pendent openings of Ixacn channels (Sakmann et al., 1983;
Okabe et al., 1991). This basal activity of Ixacn has been
shown to reflect basal activation of Gy, molecules by non-
liganded receptors (Kaibara ef al., 1991).

Independence of the effect of PD 81,723 on the nature of the
receptor was further confirmed by means of sphingosyl-phos-
phorylcholine (SPC) a sphingolipid which has been shown re-
cently to activate Ixacn via a novel Gj-coupled sphingolipid
receptor (Blinemann ez al., 1996). In a previous study, by use of
simultaneous activation of the M, and the SPC receptor, it has
been demonstrated that they converge on the same population
of channels (Banach e al., 1993). Similar data have been
published for the M,/A| receptors (Kurachi et al., 1987). In the
experiment shown in Figure 2, which is representative of a total
of six different cells, a myocyte was superfused with SPC
(100 nM), resulting in activation of a steady-state inward I acn)
of about 1.2 nA. In the continuous presence of the sphingolipid
PD 81,723 caused a reversible inhibition of the inward current
and a reduction of the baseline current, which is in line with the
assumption that both SPC-activated and basal Ixncn were
affected by the compound. As in Figure 1, the I/V-curves of the
receptor-induced and the inhibited current were identical (B).
To analyse further at which level of the receptor-Gi-Ixacn)
pathway PD 81,723 exerts its inhibitory action, cells were loa-
ded with GTP-y-S (500 uM) in the pipette filling solution. After
a brief (5 min) loading period the cell was superfused with
ACh-containng (10 uM) solution, resulting in activation of
Ix(ach) to its maximal steady-state level (not shown). This level
was maintained after washing off the agonist. Figure 3 shows a
current recording from a representative myocyte. Inward
‘holding’ current (background plus GTP-y-S activated) was
1.9 nA at—90 mV. Upon superfusion with PD 81,723-con-
taining solution (50 uM) a reversible inhibition of inward cur-
rent by 1.4 nA was recorded. From this result, which
qualitatively is representative of seven cells studied by means of
this protocol, we hypothesize that the inhibitory action of PD
81,723 on Ixacn does not result from interference with recep-
tor-G protein interaction, but reflects either an action on the
Ix(acny channel itself or on Gg,-GIRKI interaction.

In the experiments described so far PD 81,723 was used at a
concentration of 50 uM which has been shown yield the opti-
mal enhancement in binding studies (Bhattacharya & Linden,
1995). Functional effects in the heart have been detected below
10 M (Amoah-Apraku et al., 1993; Kollias-Baker et al.,
1994a). It is conceivable therefore that the potentiating effect
of PD 81,723 on adenosine-evoked Ixacn) is masked by the
inhibitory action of this compound at higher concentrations.
We therefore measured the effect of PD 81,723 (500 n™, 10 uM
and 100 uM) on adenosine-Ixcny concentration-response
curves. The results are summarized in Figure 4. All three
concentrations of PD 81,723 resulted in a reduction of ade-
nosine-induced current. At 50 nM PD 81,723 no change in
adenosine-evoked Ixacn Was seen (not shown).

In summary, at no combination of concentrations of ade-
nosine and PD 81,723 tested was a higher sensitivity compared
to PD 81,723-free conditions found.

The experimental conditions used so far, namely a holding
potential negative to Ex were selected because of the strong
inward-rectifying properties of Ixacn. As can be estimated
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Figure 1 Inhibition of Ixcn) by PD 81,723. (A) Inward Ixacn) was measured as described in Methods. Superfusion with
solutions containing 10 uM ACh, 100 um adenosine (Ado), 50 um PD 81,723 or PD 81,723 plus one of the agonists is indicated by
the horizontal bars. Rapid current deflections in this and subsequent figures represent changes in membrane current caused by
voltage ramps from — 130 to +60 mV. Peaks of these signals have been cut off. (B) ACh-evoked current (solid symbols) obtained by
subtraction //V curve labelled ¢ in (A) from /V-curve labelled a. The solid symbols represent the current-voltage relation of the PD
81,723 inhibited current in the presence of ACh (a—d). (C) Same as in (A) for Ado-evoked current. (D) Background current

inhibited by PD 81,723 obtained by subtraction (c—e).

from the I/V-curves (e.g. Figure 1B) the current signal which
can be measured at—90 mV (40 mV negative to Egx) was
substantially larger than a signal at a membrane potential
40 mV positive to Ex. It is conceivable that the inhibition by
PD 81,723 is limited to inward Ixacn), Which is the unphy-
siological current direction, since a membrane potential more
negative than Eg is never encountered by a cell. Therefore in a
series of experiments an extracellular solution containing
5mM K" was used and a holding potential of —40 mV
(Ex = —85 mV), resulting in an outward driving force for K*
currents. Representative current traces from two cells showing
inhibition of outward Ixcn) are illustrated in Figure 5. It was
a consistent finding that outward Ixacn showed a more pro-
nounced desensitization for both ACh and adenosine as acti-
vating ligands. This suggests that fast desensitization of Ixacn),
the mechanism of which at present is not fully understood (cf.
Kurachi et al., 1987; Kim, 1993; Shui et al., 1995) seems to
have a voltage-dependent component. These findings demon-
strate that both ACh- and adenosine-activated outward cur-
rents were not different from inward currents in terms of their
inhibition by PD 81,723. In the examples shown, peak and late
currents caused by ACh and adenosine were inhibited by about
90%, respectively, by 50 um PD 81,723, which qualitatively
corresponds to the data shown in Figure 4.

As PD 81,723 is a very lipophilic compound it should cross
the membrane rapidly upon extracellular application. Its site
of action therefore could be localized either on the outer face
of the membrane or intracellularly. In order to differentiate
between an intracellular and an extracellular site of action,
cells were loaded with PD 81,723, by including the compound

(50 um) in the filling solution of the recording pipette. A re-
presentative result is illustrated in Figure 6. Inward Ixacn
was repetitively activated by brief superfusion with 10 um
ACh. The first response was elicited within 20 s after getting
access to the cell. In experiments with GTP-y-S effects can be
detected within about 1 min, a steady state being reached
within about 5 min. At 20 s contamination by intracellular
PD 81,723, if any, should be small. Furthermore, current
density of Ixxcn Was in a normal range throughout the ex-
periment. Ixacn remained constant for more than 30 min. A
slight inward shift of the holding current by about 90 pA was
probably due to an increase in leak conductance, which is
sometimes observed during long-lasting recordings. The same
concentration of PD 81,723 applied extracellularly (in the
continuous presence of ACh) after 30 min of cell dialysis with
PD 81,723 caused complete inhibition of Ixacn. In line with
Figure 1, an inhibition of background Ixmacn could also be
identified. Comparable results were obtained in all 5 cells
tested by means of such a protocol. This finding suggests that
an intracellular site of action of PD 81,723, such as the G
protein or one of its subunits, is very unlikely. As PD 81,723
does not inhibit the system at the receptor level, the Ixacn
channel or one of its subunits respectively is the most likely
site of action. If PD 81,723 acts as a blocker of the Ixacn
channel, it is likely to act also on other K" channels with
similar structural properties. A major K* channel expressed
in ventricular myocytes is the inward rectifying Ix, which
represents the major background current pathway. The
channel protein (IRK1) shares a large degree of homology to
GIRK1, one of the subunits of Ixacn, Which in guinea-pig
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Figure 2 Inhibition of SPC-induced Ixacny by PD 81,723. (A)
Continuous recording of membrane current at—90 mV holding
potential. Superfusion with solutions containing SPC (100 nM) and
SPC plus PD 81,723 (50 um) is indicated by horizontal bars. (B) 7/V
curves of SPC-induced and PD 81,723-inhibited current obtained by
subtraction as indicated by labels a—c.

ventricular myocytes is not functionally expressed. However,
functional expression of Ixxcn has been demonstrated in
ferret ventricular myocytes, where it can be activated by ACh
and adenosine (Ito et al., 1995). In ferret ventricular cells PD
81,723 also acts as an inhibitor of Ixwucny (L. Belardinelli,
personal communication). Figure 7 represents a current re-
cording from a ventricular myocyte studied under the same
conditions as the atrial cells. PD 81,723 (50 uM) caused a
reduction of the inward current (at—90 mV) from 940 pA to
370 pA (A). By subtraction of the I/V-curves in the presence
and absence of the drug the I/V-curve of the inhibited current
was obtained (B). It was a strongly inward-rectifying current,
which in ventricular myocytes represents Ix; (e.g. Carmeliet
1992). Comparable results were obtained in all 8§ ventricular
myocytes from three different hearts. This suggests that PD
81,723 acts as a K" -channel blocker. To what extent its ac-
tion is specific to the family of inward-rectifying channels has
to be further investigated.

Discussion

The major results of the present investigation can be sum-
marized as follows: PD 81,723, a compound which has been
described as an allosteric enhancer of effects of adenosine
mediated by the A, subtype of adenosine receptor inhibited
atrial Ixcny in a receptor-independent way. PD 81,723 acted
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Figure 3 Inhibition of Ixcn) induced by loading of a cell with
GTP-y-S (500 um) in the recording pipette. (A) Recording of
membrane current. (B) //V curve of PD 81,723-inhibited current.
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Figure 4 Effect of PD 81,723 on adenosine (Ado)-Ixacn) concen-
tration-response curves. Ado-evoked currents were normalized to the
maximum response in each cell in response to 100 uM in the absence
of PD 81,723 (PD); mean values (n=4 to 6); vertical lines show s.d.

from the outside only. In ventricular myocytes it inhibited with
similar potency the inward-rectifying I, which is structurally
related to the Ixcn) subunits GIRK1 and GIRK4 (see Deal et
al., 1996 for review). In atrial myocytes at no combination of
concentrations of adenosine, and PD 81,723 could a poten-
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tiation be found, as expected from previously published data
on this substance. These findings render a contribution of the
A R-Gi-Ixacny pathway to the adenosine-enhancing effects of
PD 81,723 in perfused and in situ hearts very unlikely. (Kollias-
Baker et al., 1994a).

A, receptors are coupled to pertussis toxin sensitive (Gj-
type) G proteins, which inhibit adenylylcylcase in many types
of cells. In the heart and certain neurones (Lesage et al., 1994,
Koyama et al., 1994; Karschin et al., 1994) G; in addition
controls G protein-gated inward rectifying K* channels, of
which atrial Ixacn) represents the prototype (Pfaffinger et al.,
1985). The inward-rectifier-type of K* channels are formed by
proteins (IRK 1, GIRKs, ,.Ktp.;) which are distinctly different
from the shaker or eag types of K* channels (see Deal et al.,
1996 for review). In the present study we found that PD 81,723
inhibited currents generated by two different cardiac inward-
rectifying channels. At present we have not yet tested PD
81,723 on other K™ channels. Therefore it is premature to
speculate on selectivity of PD 81,723 for inward rectifier-type
channels. However, there is hardly any doubt that the inhibi-
tory effect of PD 81,723 on Ixacn can be localized to one of
the channel proteins forming Ixcn), since (i) inhibition was
independent of the nature of the activating receptor, (ii) PD
81,723 acted from the outside only. The components of the
signalling pathway accessible from the outside are, apart from

ACh 10 pm

Ado 100 pm

PD 81,723 50 um

400 pA

20s

Figure 5 Inhibition of outward Ixach) evoked by 100 um adenosine
(Ado) and 10 um ACh (data from two different cells) by PD 81,723.
An extracellular K* concentration of 5 mm was used in this set of
experiments; holding potential was—40 mV.
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Figure 7 Inhibition of ventricular inward-rectifying K* current
(Ix;) by PD 81,723. (A) Continuous recording of membrane current
at—90 mV holding potential. (B) Current-voltage relations (a)
control, (b) in presence of PD 81,723 (note that the peaks of current
ramps in (A) had been cut off). (C) Voltage-dependence of current
inhibited by PD 81,723 obtained by subtraction.
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Figure 6 Intracellular PD 81,723 failed to inhibit /x acn). Representative recording of membrane current from one atrial myocyte.
The leftmost response to ACh was elicited 20 s after access was obtained to the cell by rupture of the membrane patch under the tip

of the recording pipette.
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the receptor(s), the channel proteins. (iii) Current through
structurally similar but functionally different inward rectifying
K™ channels in ventricular myocytes was also sensitive to PD
81,723. As gating of that channel does not involve interaction
with Gy,, interference of PD 81,723 with the Gg,-GIRKI in-
teraction can be excluded as a mechanism underlying its in-
hibition of IK(ACh)~

Previous publications have introduced PD 81,723 as a
compound which selectively enhances actions of adenosine
mediated by A, receptors, presumably by an allosteric effect
that enhances binding of the agonist to the receptor. From
radioligand binding studies stabilization of the ligated A|R-G
protein complex has been suggested as the underlying me-
chanism (Kollias-Baker et al., 1994a; Bhattacharya & Linden,
1995). In studies on guinea-pig electrically driven, perfused
hearts an augmentation of PD 81,723 of the adenosine-induced
negative dromotropic effect (prolongation of the stimulus-His
bundle interval) has been found. Analogous results were ob-
tained with driven in situ hearts. In this model atrial conduc-
tion time under hypoxia was prolonged by PD 81,723. The
authors suggested that the increased interstitial concentration
of adenosine under cardiac hypoxia becomes more effective
due to the enhancing action of PD 81,723 (Kollias-Baker et al.,
1994b). In spontaneously beating right atria Mudumbi et al.
(1996) found a sensitization by PD 81,723 of the negative
chronotropic effect of adenosine. Taken together, the binding
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