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Reversible and selective antagonism by suramin of
ATP-activated inward current in PC12 phaeochromocytoma
cells
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Division of Pharmacology, National Institute of Hygienic Sciences, 1-18-1 Kamiyoga, Setagaya, Tokyo 158, Japan

1 The effects of suramin on an adenosine 5'-triphosphate (ATP)- activated inward current were investi-
gated in PC12 phaeochromocytoma cells with whole-cell voltage-clamp techniques.
2 Suramin (30 to 300Mm) inhibited the ATP-activated current in a dose-dependent manner. The inhibi-
tory effects were reversible and competitive.
3 Suramin also suppressed the current activated by adenosine 5'-O-(3-thiotriphosphate) but did not

affect the current activated by nicotine. Suramin did not affect the suppression of a K current induced by
methacholine.
4 The results suggest that suramin antagonizes the ATP-receptor-operated membrane current reversibly
and selectively.

Introduction

Evidence has been provided to suggest that adenosine 5'-
triphosphate (ATP) is released with noradrenaline or acetyl-
choline from nerve terminals in smooth muscle and neuronal
cells (Burnstock & Kennedy, 1985, Bean & Fiel, 1989). Recent
studies revealed that excitatory responses mediated by
P2-purinoceptors are triggered by ATP-activated cationic
inward currents in smooth muscle cells (Benham et al., 1987;
Benham & Tsien, 1987; Nakazawa & Matsuki, 1987; Friel,
1988; Bean & Fiel, 1989) and non-muscle cells (Krishtal et al.,
1988; Inoue et al., 1989). It was reported that suramin, a tryp-
anocide drug, antagonized an excitatory P2-purinoceptor
response, namely, smooth muscle contraction, in mouse vas
deferens (Dunn & Blakeley, 1988). This finding suggested the
possibility that suramin is a reversible blocker of
P2-purinoceptors. However, there have been no reports con-
cerning effects of suramin on ATP-activated currents.

In the present study, we have examined the effects of
suramin on the ATP-activated current in PC12 phaeo-
chromocytoma cells. We also examined whether suramin
affected other receptor-operated membrane currents.

Methods

PC12 cells were cultured as previously described by Inoue &
Kenimer (1988). Briefly, PC12 cells (1 x 106; passage 50-60)
were plated in collagen-coated polystyrene dishes and cul-
tured for 2 to 3 days in Dulbecco's modified Eagle's medium
containing 5% foetal bovine serum, 5% heat-inactivated horse
serum, 2mM L-glutamine and 50ug ml-1 gentamicin sulphate
at 37°C, with an atmosphere of 90% air: 10% CO2.
Membrane currents were measured with whole-cell patch-

clamp techniques (Hamill et al., 1981) under conditions
described elsewhere (Nakazawa et al., 1989). The cells were
superfused with an extracellular solution containing (mM):
NaCl 140, KCI 5.4, CaCl2 1.8, MgCl2 1.0, glucose 11.1
and N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid
(HEPES) 10.0 (adjusted with NaOH to pH 7.4). Patch pipettes
were filled with an intracellular solution containing (mM):
CsCl 150, HEPES 10.0 and glycoletherdiamine- N,N,N',N'-
tetracetic acid (EGTA) 5.0. Membrane current measurements
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were made at room temperature (about 220C). In calculating
the amplitude of currents activated by depolarizing voltage-
steps, a linear component of leak current, estimated from a
hyperpolarizing step from -60mV to -100 mV, was sub-
tracted.
Drugs used were ATP (adenosine 5'-triphosphate disodium

salt, Sigma), suramin monosodium salt (Bayer), ATPyS
(adenosine 5'-043-thiotriphosphate) tetralithium salt, Boehr-
inger Mannheim), nicotine (Sigma) and methacholine (acetyl-
fl-methylcholine chloride, Sigma). Drugs were dissolved in
extracellular solution and applied to the cells by superfusion.

Results

ATP activated a rapid inward current, which reached a
maximum within 1 to 2 s and inactivated with a time constant
of about 5 s, in PC12 cells (Inoue et al., 1989). Figure la shows
the blocking effect of suramin on the ATP-activated current.
Suramin (30Mm) partially blocked an inward current activated
by 100pM ATP. The effect was reversible and the current com-
parable to the control response was obtained after washout of
suramin. Suramin blocked the ATP-activated current in a
dose-dependent manner between 30 and 300yM (Figure lb).
Figure 1 shows the dose-response curves for the ATP-
activated current in the presence and absence of 30MM
suramin. The dose-response curve was shifted to the right in a
parallel manner with suramin. Maximal responses obtained
with ATP (up to 3mM) were not affected by 30M suramin
(control: 1016 + 120pA at -60mV (means + s.e.mean,
n = 5); suramin: 1143 + 175 pA at -60mV (n = 5)).
ATPyS activated a current similar to that produced by ATP

but the response was somewhat more sustained (Nakazawa et
al., 1990). Suramin also suppressed the current activated by
300MM ATPyS (Figure 2a). The current was decreased upon
superfusion with suramin (100#M) and reversed by returning
to the solution containing ATPyS alone. Suramin (100MM)
inhibited the ATPyS (300pM)-activated current by about 80%
in 5 cells tested.
We examined the selectivity of the antagonistic effect of

suramin. First, we studied the effects on a nicotinic receptor-
operated inward current (Bormann & Matthaei, 1983; Naka-
zawa et al., 1989). Nicotine activates an inward current much
smaller than that activated by ATP in PC12 cells (Inoue et al.,
1989). As shown in Figure 2b, suramin (300Mm) did not affect
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Figure 1 Effect of suramin on ATP-activated inward current in
PCl2 cells. Holding potential was -60mV. (a) Current activated by
100pUM ATP at 5 min intervals in the absence (left and right) and pres-
ence (middle) of 30pM suramin. Suramin was added 2 min before ATP
application. (b) Dose-dependence of the inhibitory effect of suramin
on the ATP-activated current. Peak amplitude of the current activat-
ed by 100puM ATP in the presence of suramin was normalized to that
in the absence of suramin. Each column represents the mean from 4 to
6 cells tested. Vertical bars show s.e.mean. (c) Log concentration
curves for peak amplitudes of the current activated by ATP in the
absence (0) and presence (0) of suramin (30pM). All responses were
normalized with respect to the maximal response in each cell. Each
point represents the mean from 4 to 6 cells tested. Vertical bars show
s.e.mean where it exceeded the size of the symbol.
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Figure 3 Lack of effect of suramin on the suppression by meth-
acholine of a K current. The K current was activated by a 400ms
voltage-step to +20mV from a holding potential of -60mV every
5 s. The cell was first exposed to 300pUM methacholine and rinsed with
drug-free solution for 5 min. The cell was next superfused with 300pUM
suramin for 1 min and then exposed to 300 M methacholine (suramin
was continuously present). The current traces just before (- MCh)
and 30s after (+ MCh) the exposure to methacholine in the absence
(left) or presence of 300puM suramin (right) were superimposed.

in the presence of suramin was taken as control) whereas the
value was 83.6 + 2.2% of control in the absence of suramin
(n = 6). The values were not significantly different (Student's t
test, P > 0.05).

the current activated by 10pM nicotine (93.0 + 4.3% of
control, n = 5). Next, we studied the effects of suramin on a
muscarinic receptor-mediated response in PC12 cells, namely,
suppression of a voltage-gated K current (Nakazawa et al.,
1989). In preliminary experiments, suramin (300pM) itself
slightly decreased the K current (92.4 + 3.5% of control,
n = 5). Suramin did not affect the suppression of the K
current induced by 300pM methacholine, a selective agonist
for muscarinic receptors. The K current which remained after
the application of 300pM methacholine was 76.5 + 3.7% of
control in the presence of 300yM suramin (n = 6; the current
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Figure 2 Effects of suramin on inward currents activated by aden-
osine 5'-0-(3-thiotriphosphate) (ATPyS) (a) and nicotine (b). Holding
potential was -60mV. (a) Current activated by 300piM ATPyS.
Suramin (100,Mm) was applied during the ATPyS-activated current.
The current was suppressed during the application of suramin and
recovered after washout. (b) Current activated by 1OpM nicotine in the
absence (left) and presence (right) of 300pM suramin. Note that
suramin did not affect the nicotine-activated current but depressed
markedly the response to ATPyS.

Discussion

It was reported that suramin antagonizes both excitatory and
inhibitory P2-purinoceptor responses in smooth muscle tissues
(Dunn & Blakeley, 1988; Den Hertog et al., 1989). In the
present study, suramin reversibly and competitively antago-
nized the ATP-activated inward current in PC12 cells. This
finding for the first time showed that suramin is also an
antagonist for purinoceptors in non-muscle cells. Suramin
antagonized the current activated by ATPyS but did not affect
the changes in membrane currents induced by nicotine and
methacholine.
ATP exerts excitatory effects by activation of receptor-

operated channels in smooth muscle cells (Benham et al.,
1987; Benham & Tsien, 1987; Nakazawa & Matsuki, 1987;
Friel, 1988) and neuronal cells (Krishtal et al., 1988; Bean &
Friel, 1989). The receptor-operated channels in smooth muscle
and neurones appear to have many properties in common
(Bean & Friel, 1989). We recently characterized the ATP-
activated current in PC12 cells (Nakazawa et al., 1990): the
ionic pathway for the current has very similar properties
including kinetics, voltage-dependency, ion-selectivity, and
agonist-selectivity to those reported for the ATP-activated
channels in other excitable cells (Bean & Fiel, 1989). There-
fore, it is probable that the blocking of the ATP-activated
current is a common mechanism underlying antagonism by
suramin of excitatory effects of ATP both in muscle and non-
muscle cells. Competitive antagonism by suramin of the ATP-
activated current in the present study suggests that suramin
may compete with ATP for the receptor which seems directly
coupled to the channels (Benham et al., 1987; Bean & Friel,
1989).

In conclusion, we have shown that suramin reversibly and
selectively antagonizes the ATP-activated current in PC12
cells. The blockade of receptor-operated channels may be a
common method of action of suramin on excitatory responses
mediated by P2-purinoceptors.
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