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Apamin-sensitive potassium channels mediate agonist-induced
oscillations of membrane potential in pituitary gonadotrophs
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In cultured rat pituitary gonadotrophs, gonudotropin-releasing hormone (GnR H) induces rupid hyperpolarization of the cell membrane and causes

cessution of the spontuncous clectrical activity present in non-stimulated cells. This initial response to GnRH is fallowed by slow oscillations of

membrane potential (1) which often exhibit briel bursis of uction potentiuls (AP) fired from the peuk of the oscillations. The hyperpolarization

witves are synchronous with GnRH-induced elevations of cytoplusmic Cu* concentration ([Cu,.]). such that ¥, maxima alternate with the peak

values of [Ca™]. The I, oscillations result from repetitive uclivation of upamin-sensitive K~ channels by cytoplasmic Ca*", Thus, GnRH activation

of Ca®" mobilization cun generate a bursting pattern of membrane potential through the activation of K~ chunnels aguinst a background of
spontuneous eleetrienl activity,

Pituitary; Intracellular Cu*'; Ca® channel: Cu* -sensitive K' channel

I. INTRODUCTION

The stimulatory action of GnRH on secretion in
cultured pituitary gonadotrophs is mediated by activa-
tion of phospholipase C and hydrolysis of polyphos-
phoinositides, with rapid production of Ins(1.,4,5)P, and
diacylglycerol [1]. The ensuing GnRH-induced rise in
[Ca®], oceurs in an oscillatory manner [2-4] with dose-
dependent frequency between 0.05 and 0.3 Hz, or in a
non-oscillatory manner at high agonist concentrations
[5]. The initiation of Ca** oscillations is independent of
Ca* entry, but the continuation ol the response re-
quires dihydropyridine-sensitive Ca*" influx [6]. This
observation suggests that voltage-sensitive Ca** chan-
nels (VSCC), and thus the electrical activity of the
plasma membrane, are also involved in the response to
GnRH. Alihough the electrophysiology of the gona-
dotrophs is not well characterized, reports on the ex-
pression of L- and T-types Ca®* channels [7] and the
occurrence of action potential-like events [8] in rat go-
nadotrophs further support the involvement of electri-
cal activity in GnRH action.

In order to understand how plasma membrane poten-
tial, and thus voltage-sensitive ¢lements, participate in
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the physiology of gonadotrophs, we measured ¥, in
isolated gonadotrophs using the perforated patch clamp
technique [9)]. The data presented here demonstrate that
GnRH action is associated with a marked change in the
pattern of spontancous electrical activity of gonado-
trophs; GnRH-induced Ca®" mobilization evokes a
complex oscillatory pattern of ¥V, due to the activation
by Ca** of apamin-sensitive K* channels, which in turn
causes periodic hyperpolarization of the plasma mem-
brane.

2. MATERIALS AND METHODS

2.1, Cell culture

Gonadotrophs were oblained from 2-week ovarieciomized adubh
female rats, Pituitary glands were enzymatically dispersed and a cell
population enriched in gonadotrophs wa. prepared by elutriation as
described previously [7). Cells were cultured in Hunks' Medium 199
with 10% horse serun, for 24-72 h ut 37°C (95% air. 56 CO.).

2.2, Membrane poiential and whole cell current recordings

Culture medium wus replaced by a solution containing (inmM): 125
NuCl, 4 KCl, 2.5 NaHCO,, 2.5 CuCl,, | MgCl,, 10 HEPES (pH
adjusted to 7.35 with NaOH). and 10 glucose. Cells were placed on
the stege of an inverted microscope and membrane potential was
measured under current clamp conditions using the nystatin-perfo-
ruted patch technigue. For this purpose, microelectt odes (3-6 M£2 tip
resistance) made from soft gluass were filled with 4 high K™ solution
(in mM: 75 K.SO,, 10 KCl, | MgCl., 10 HEPES: pH adjusted t0 7.2
with NaOH). The pipette was backfilled with the sume solution, to
which nystatin (Sigma) dissolved in dimethylsulfoxide was added to
a final concentration of 100-150 ug/ml. Membrane potential and
whole cell membrane current measurements were carried out using an
EPC-7 patch amplifier (List). Liquid junction potentials were com-
pensated before starting each experiment. The current signal was low
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puss filtered at | kHz using o Bessel filler (Frequency Deviges), Per-
mahent records of both membrune potential and membrane current
were made on whalogue magnetic tape (Raeul Recorders). All experi-
ments were carried out ul 20-24°C.

2.3. Cyioplasmic Ca’* micasurements

[Ca*); concentrution was meusured by microfluorometry using
Indo-1 as previously described [5]. Cells plated on gluss coverslips were
louded with the indicator by incubation in modified Krebs' solution
containing Indo-1 ester (2 #M) at 37°C tor | h, Cells were pluaced on
the stage of a Nikon inverted microscope (epifluorescence mode) and
the fluorescence ut 410 and 480 nM was measured using two photo-
multipliers. The output from the photomultipliers was used Lo ¢alou-
late the ratio Fyo/Fa using an anulog divider; this device allowed the
conlinuous monitoring and recording of the Cu*' signal.

3. RESULTS AND DISCUSSION

Rat gonadotrophs in culture often exhibited sponta-
neous electrical activity (58%, n = 125 cells) with a
frequency of 1.5 Hz to 0.1 Hz (Fig. 1A and B). These
action potentials (AP) were insensilive o tetrodotoxin
(15 #M), but were suppressed in the absence of extracel-
lular Ca** or in the presence of nifedipine (2-5 #M., not
shown), Membrane depolarization by current injection
increased the [requency of AP or induced clectrical ac-
tivity in silent cells.

Low GnRH concentrations (0.01-1 nM) caused a
transitory cessation of such spontaneous AP, followed
by a complex pattern of ¥V, oscillations with a [re-
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Fig. 1. (A-D) Membrane potential records Irom 4 independent gona-

dotrophs. 100 ul aliquots of GnRH solutions in extracellular medium

were added at the times indicutzd by arrows to obiain the finul ¢on-
ceniritions given below cuch trace.
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Fig. 2. (A) Simullancous records of membrane potential (upper trace)

and Ca™ (lower truce) obtained rom a single gonudotroph, The urrow

indicutes the time ol auddition of GnRH. (B) Ellect of ionomycin on

membrane polentinl (upper trace) and Cu® (lower trace) in gona-
dotrophs.

quency of 0.1-0.3 Hz. Euch cycle consisted of a phase
of rapid hyperpolarization to a level of —65 to ~80 mV
(=71.0 £ 6.6 mV, #=10) and a slow depolarization that
often led to the firing of AP (1-6 spikes in 47 of the 95
cells exposed to the agonist) (Fig. 1A). The remaining
cells showed oscillations without spikes, even though
many of them fired spontaneous AP in the non-stimu-
lated state. Higher GnRH concentrations (10-100 nM)
induced a biphasic change in V,, with a rapid and sus-
tained hyperpolarization to -69.4 + 3.9 mV (#=5) fol-
lowed by oscillations, as shown in Fig. 1B. In electri-
cally silent cells, GnRH caused immediate hyperpolari-
zation ol the membrane and elicited oscillations compa-
rable to those of active cells (Fig. 1C). In occasional
spontaneously hyperpolarized cells (V,, —94 and -96
mV) GnRH had a depolarizing effect, bringing the V,,
to ca. =72 mV and generating inverted oscillations be-
tween this level and the original more negative value
(Fig. 1D). Among the population of cells from which
records were obiained (130), more than 95% responded
to GiiRH with hyperpolarization and/or oscillations of
Vm-

Since GnRH is known to evoke [Ca*), oscillations
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Fig. 3. (A) Elfect of increasing [K'], from 4 10 24 mM on membrane potential of a gonudotroph stimulated with 1 aM GnRH. (B) Changes in

extrucellular K™ concentration shift the reversal potential for the oscillatory current recorded [rom a genadotroph stimuluted with | nM GnRH:

Vi was maintained at =50 mV. (C,D) Current-voltage relitionship for the vscillutory current recorded from a GnRH-stimulated gonadotroph.
Upward deflections of the records represent outward current, Membrune potentials (in mV) ure indicated above and below the trices.

with a frequency in the same range of V,, oscillations [5)].
It appeared likely that the two oscillators could be cou-
pled. Simultanecus measurement of both parumeters in
single gonadotrophs showed that the initial rise in
[Ca**); was paralleled by hyperpolarization tc the level
seen in independent recordings (Fig. 2A). The subse-
quent oscillations of [Ca**), were in phase with oscilla-
tions in V,,; higher [Ca®"], corresponded 1o hyperpo-
larized phases of oscillutions. The generation of a non-
receptor mediated increase ol [Ca®*]; by addition of a
Ca*" ionophore, ionomycin (0.5-2 #M), 1o the extracel-
lular solution mimicked the initial effect of GnRH and

hyperpolarized the V,, to ~67 + 8.1 mV (#=3. Fig. 2B).

Elevation of extracellular K™ concentration to 12, 24
(Fig. 3A) or 34 mM resulted in displacement of the
hyperpolarized phasc of oscillations to an extent close
to that predicted for the change in the equilibrium po-
tential for K*; changes in Cl™ concentration had
negligible effects on V,, (not shown). The current in-
volved in the oscillations of V,, was directly measured
by voltage-clumping the V,, in 21 cells stimulated with
GnRH. At all command potentials tested (=120-0 mV)
an oscillatory current was observed, which reversed its
direction at =71 + 2.5 mV (outward direction al poten-
tials positive to this level, Fig. 3C,D). Changes in ex-
tracellular K* concentration shifted the reversal poten-
tial of the oscillatory current, which corresponds to the
results obtained in clamp conditions (Fig. 3B). These
combined results indicate the existence of a Ca®*-ac-
tivated K* current commanding the oscillatory electri-
cal activity of GnRH-stimulated gonadotrophs.

Neither 10 mM tetraethylammonium nor 190 aM
charybdotoxin had any effect on ¥, or the.:scillatlory
currents recorded [lrom GnRH-stimulated gonado-
trophs (not shown). | M apamin, a selective blocker
of small conductance Ca*"-activated K~ channels [10],
markedly altered the pattern of oscillations of V,,, and
shifted the hyperpolarized level to ca. 38 mV (n=4).

Thus. apamin diminished the amplitude of oscillations
(n=4: Fig. 4A) or complelely abolished them (#=3, not
shown). Stimulation of cells with GnR H in the presence
of apamin was not followed by the hyperpolarized
phase observed in the absence of the toxin: however,
GnRH modified the pattern of clectrical activity and
induced small amplitude oscillations of V,, in the range
close to —30 mV (#=35; Fig. 4B). When added to GnRH-
stimulated cells under voltage clamp. | M apamin
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Fig. 4. {A) Effect of upamin on membrane potential oscillations stim-
ulated by GnRH. (B) membrane potential response to GnRH in the
presence of 1 4M apamin in the extracellular solution. (C) Effect of
apumin (1 #M) on the oscillastory current induced by GnRH in a
gonadotroph with membrane potential controlled at ~50 mV.
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completely blocked the oscillatory K* current in 4 out
of 10 cells and in the remainder abolished the K™ com-
ponent and left a much smaller oscillatory current with
a ¥, of ca. =36 mV (Fig. 4C).

Taken together, our results indicate that the activa-
tion by Ca** of K* channels is the mechanism responsi-
ble for the generation of V,, oscillations and the associ-
ated firing of bursts of AP in gonadotrophs. This pat-
tern partially fits early models proposed to explain the
oscillatory electrical activity of pancieatic S cells
[11,12]. However, the maintainance of ¥/, oscillations in
cells spontaneously hyperpolarized or without firing of
AP and oscillations of the Ca*"-activated current under
voltage clamp conditions supports the view that entry
through VSCC is not the immediate source of Ca** for
the occurrence of oscillations, as proposed in such mod-
els. Since the response to GnRH in gonadotrophs is
mediated by activation of phospholipase C and the pro-
duction of Ins(1.4,5)P,, and thapsigargin, a selective
blocker of the endoplasmic reticulum Cua**-ATPase,
abolishes [Ca™], and K* current oscillations [13], it is
probable that the activity of a cytoplasmic oscillator,
rather than a process intrinsic to the plasma membrane,
commands the oscillatory electrical activity in gona-
dotrophs. In a number of electrically silent cells, ranging
from Xenopus leavis oocytes [14] to pancreatic acinar
cells [15]. Ins(1,4.5)P;-mediated changes in [Ca**]; affect
V., through the activation of Ca*"-dependent channels,
but without generation of AP. The novel combination
of spontaneous electrical activity, expression of a Ca**-
activated K* current, and Ins(1.4,5)P;-mediated oscilla-
tions of [Ca®'), enables the gonadotroph to generate a
characteristic and complex pattern of V,, oscillations
and ‘bursting’. A similar mechanism has been proposed
to operate in pancreatic # cells [16].

Apamin-sensitive K* channels, which are involved in
the afterhyperpolarization of neurones and skeletal
muscle [17,18], are also expressed in pituitary cell lines
[19] and provide the link between [Ca®] and ¥V, in
gonadotrophs. In GH, cells this class of channels is
(ransiently activated, mediating the hyperpolarization
of the membrane in response to TRH, before the re-
covery of AP firing [19]. In gonadotrophs, the activa-
tion of these channels continues throughout the re-
sponse to GnRH; the physiological importance of the
apamin-sensitive channel-mediated periodic hyperpo-
larization remains to be elucidated. It is reasonable to
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postulate that it is associated with the control of Ca®*
signalling in gonadotrophs; V,,, oscillations may protect
the system from the inactivation of voltage-gated Ca*"
channels, a phenomenon observed in TRH-stimulated
GH, cells [20] as well in gonadotrophs stimulated with
high doses of GnRH [21]. The operation of these chan-
nels, if not important in the early phase of the response,
is crucial for the sustained [Ca**], response to GnRH.
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