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Quinine blocks a calcium-activated potassium
conductance in mammalian enteric neurones
E. Cherubini, R.A. North & A. Surprenant

Neuropharmacology Laboratory, 56-245, Massachusetts Institute of Technology, Cambridge, MA 02139,
U.S.A.

Quinine (1001AM) abolished the slow calcium-
dependent afterhyperpolarization which occurs after an
action potential in some neurones of the guinea-pig
myenteric and submucous plexus. This occurred without
any effect on the amplitude or time course of the action
potential itself, or on the faster calcium-independent
afterhyperpolarization. Tetraethylammonium did not
reduce the slow afterhyperpolarization. Quinine also
abolished the hyperpolarization which was evoked by
intracellular injection of calcium ions.

Introduction A proportion of the neurones in the
guinea-pig myenteric and submucous plexuses are
unusual among autonomic neurones in that their
action potential is followed by a long-lasting (several
seconds) afterhyperpolarization (Nishi & North,
1973; Hirst et al., 1974; Surprenant, 1984). This
prolonged afterhyperpolarization is due to an in-
creased membrane conductance to potassium ions; it
is dependent upon the entry of extracellular calcium,
because it is blocked by cobalt, lanthanum and man-
ganese ions, or by superfusion with calcium-free
solution (Nishi & North, 1973; Hirst et al., 1974;
Morita et al., 1982). These findings suggest that a
calcium-activated potassium conductance (gK,Ca) un-
derlies the afterhyperpolarization.

In some non-neuronal tissues, such as red blood
cells and pancreatic P-cells, quinine has been re-
ported to inhibit specifically a gK,Ca (Atwater et al.,
1979; Burgess et al., 1981). A less selective suppres-
sion of potassium currents occurs in a variety of other
tissues (e.g. Helix neurones, Walden & Speckmann,
1981). In the present experiments the effect of
quinine was examined on the prolonged afterhyper-
polarization (AH) recorded from guinea-pig enteric
neurones in order to determine whether it selectively
affected gK,Ca in differentiated mammalian nerve
cells.

Methods Dissection, superfusion in vitro, and in-
tracellular recording from guinea-pig enteric ganglia
were described previously (Nishi & North, 1973;
Surprenant, 1984). Ganglia were superfused with a
heated (37°C) Krebs solution of the following com-
position (mM): NaCl 117, KCl 4.7, CaCl2 2.5,
NaH2PO4 1.2, MgCI2 1.2, NaHCO3 25, and glucose

11; gassed with 95% 2/5% CO2. In some experi-
ments, two microelectrodes were inserted indepen-
dently into one myenteric neurone; one was used to
record membrane potential and the other to inject
calcium ions. Calcium ions were injected by passing
hyperpolarizing current pulse of 1-3 nA for
30- 200 ms, from the electrode containing calcium
chloride (10-20 mM). Drugs were applied by chang-
ing the superfusion solution to one which differed
only in its content of drug. Substances used were
quinine bromide (Sigma), tetrodotoxin (TIX,
Sigma) and tetraethylammonium bromide (TEA,
Sigma).

Results The effects of quinine on the intracellularly
recorded action potentials were examined in a total
of 16AH neurones from the myenteric plexus and
8 AH neurones of the submucous plexus. AH
neurones had a prolonged (4-12 s) afterhyperpolar-
ization following the action potential, calcium action
potentials in the presence of TTX, and lacked fast
nicotinic excitatory synaptic potentials (Nishi &
North, 1973; Hirst et al., 1974; Surprenant, 1984).

Quinine (100-150 pIM) partially or completely
abolished the prolonged afterhyperpolarization in all
AH cells tested within 30-90s (Figure 1). The amp-
litude and time course of the action potential itself
and the initial afterhyperpolarization which followed
the action potential, were not affected. In the myen-
teric ganglia, the effects of quinine were generally
slow to reverse, often requiring 20-60 min of wash-
ing; in the submucous plexus full recovery occurred
within 5-10min. Quinine (100-150iM) also com-
pletely blocked the prolonged afterhyperpolarization
that followed the TTX-resistant action potentials.
Higher concentrations of quinine (300-500 riM), or
longer periods of exposure (>5-10 min) to lower
concentrations, caused an increase in duration of the
action potential; however, the increase in the dura-
tion of the action potential occurred later in the
superfusion period than the blockade of the pro-
longed afterhyperpolarization.
Calcium ions were injected intracellularly into

myenteric neurones after the prolonged afterhyper-
polarization had been abolished by superfusing with
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Figure 1 Quinine blocks the prolonged afterhyperpolarization following the directly evoked action potential as
well as the hyperpolarization evoked by intracellular injection of calcium. (a) Intracellular recordings obtained in
one neurone when one action potential was evoked by direct depolarization of the membrane before (1), during (2)
and after (3) the addition of quinine (100 Mm) to the superfusing solution. Recovery occurred after 50 min of washout
in this neurone. Note that the undershoot of the action potential was unaffected by quinine when the prolonged
afterhyperpolarization was abolished. Traces 4-6 show action potentials in 1-3 at fast sweep speed. Quinine had no
effect on the amplitude or time course of the directly evoked action potential. (b) Hyperpolarization induced by the
intracellular injection of calcium ions (3 nA for 100 ms) recorded in one myenteric neurone before and during
superfusion with quinine 150 Mm. (c) The prolonged afterhyperpolarization following one directly evoked action
potential before (left) and during (right) superfusion of tetraethylammonium (TElkA, 5 mM).

a calcium-free, high magnesium (12 mM) solution.
Intracellular calcium injection evoked a hyperpolar-
ization, the amplitude and time constant of decay of
which were similar to those of the spike afterhyper-
polarization; this hyperpolarization may be pre-
sumed to result from potassium conductance increase
because it reversed in polarity at -92 mV, which was
the same as the reversal potential of spike-evoked
prolonged afterhyperpolarization. Quinine (100 MM)
abolished the hyperpolarization evoked by calcium
injection (Figure lb).
Tetraethylammonium (TEA) (1-5 mM), which is

known to block a variety of K+ channels (LaTorre &
Miller, 1983), caused an increase in the duration of
the action potential and in the amplitude and dura-
tion of the prolonged afterhyperpolarization. The
effect on the afterhyperpolarization is difficult to
interpret because of probable changes in the amount
of calcium entering the cell during the action poten-

tial. Lower concentrations of TEA (50-200 Mm),
which had minimal or no effect on the directly evoked
action potential, did not alter the prolonged after-
hyperpolarization (n = 5).

Discussion The present study indicates that quinine
can selectively inhibit the potassium current which
underlies the prolonged afterhyperpolarization in
neurones of the enteric plexuses; it appears to do so
by preventing the action of intracellular calcium ions.
This quinine-sensitive potassium conductance ap-
pears not to be the calcium-activated 'big K' channel
common to neural, muscle and endocrine cells so far
examined in patch clamp studies (Latorre & Miller,
1983; Petersen & Maruyama, 1984) because it is
relatively independent of membrane potential in the
range of -60 to-1 10 mV (Morita et al., 1982); the
'big K' channel requires very high calcium concentra-
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tions for its activation at such negative potentials. It
also appears to differ from the calcium-activated
potassium conductance described in sympathetic and
hippocampal neurones, which is very sensitive to
TEA (Adams et al., 1981; Brown & Griffith, 1983).
Quinine-sensitive potassium conductance increases
resulting from elevation of intracellular calcium ion
concentration have previously been described in liver
(Burgess et al., 1981), pancreatic P-cells (Atwater et

al., 1979), photoreceptors (Hanani & Shaw, 1977)
and erythrocytes (Reichstein & Rothstein, 1981).
The present study shows that this quinine-sensitive
conductance may be distinct from that which is re-
sponsible for action potential repolarization, or the
resting membrane potential.
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