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ABSTRACT The neuropeptide Phe-Met-Arg-Phe-amide (FMRFa) dose dependently (ED5, = 23 nM) activated a
K* current in the peptidergic caudodorsal neurones that regulate egg laying in the mollusc Lymnaea stagnalis. Un-
der standard conditions ([K*], = 1.7 mM), only outward current responses occurred. In high K* salines ([K*], =
20 or 57 mM), current reversal occurred close to the theoretical reversal potential for K*. In both salines, no re-
sponses were measured below —120 mV. Between —120 mV and the K* reversal potential, currents were inward
with maximal amplitudes at ~—60 mV. Thus, U-shaped current-voltage relations were obtained, implying that the
response is voltage dependent. The conductance depended both on membrane potential and extracellular K*
concentration. The voltage sensitivity was characterized by an e-fold change in conductance per ~14 mV at all
[K*],. Since this result was also obtained in nearly symmetrical K* conditions, it is concluded that channel gating
is voltage dependent. In addition, outward rectification occurs in asymmetric K* concentrations. Onset kinetics of
the response were slow (rise time ~650 ms at —40 mV). However, when FMRFa was applied while holding the cell
at —120 mV, to prevent activation of the current but allow activation of the signal transduction pathway, a subse-
quent step to —40 mV revealed a much more rapid current onset. Thus, onset kinetics are largely determined by
steps preceding channel activation. With FMRFa applied at —120 mV, the time constant of activation during the
subsequent test pulse decreased from ~36 ms at —60 mV to ~13 ms at —30 mV, confirming that channel opening
is voltage dependent. The current inactivated voltage dependently. The rate and degree of inactivation progres-
sively increased from —120 to —50 mV. The current is blocked by internal tetraethylammonium and by bath-
applied 4-aminopyridine, tetracthylammonium, Ba?*, and, partially, Cd®* and Cs*. The response to FMRFa was af-
fected by intracellular GTPyS. The response was inhibited by blockers of phospholipase A, and lipoxygenases, but
not by a cyclo-oxygenase blocker. Bath-applied arachidonic acid induced a slow outward current and occluded the
response to FMRFa. These results suggest that the FMRFa receptor couples via a G-protein to the lipoxygenase
pathway of arachidonic acid metabolism. The biophysical and pharmacological properties of this transmitter op-
erated, but voltage-dependent K* current distinguish it from other receptor-driven K* currents such as the S-cur-
rent- and G-protein-dependent inward rectifiers.

KEY WORDS:

INTRODUCTION

K* channels are a major target of inhibitory synaptic
transmitters and neuropeptides. Gating of postsynaptic
receptor-driven K* channels may directly depend on
G-proteins or involve second messenger pathways (see
reviews by Brown, 1990; Brown and Birnbaumer, 1990;
Clapham, 1994; Wickman and Clapham, 1995). Exam-
ples of the first category are offered by various G-pro-
tein-activated inward rectifier K* channels (GIRKs),!
such as the cardiac muscarinic K* channels (reviewed
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by Kurachi et al., 1992; Kurachi, 1995) and dopamine-
activated K* channels in rat substantia nigra neurons
(Kim et al., 1995) and lactotrophs (Einhorn et al., 1991;
Einhorn and Oxford, 1993), and possibly striatal neu-
rons (Greiff et al., 19954, 19955). Gating of GIRKs is be-
lieved to involve a direct action of the By subunit on
the channel (Logothetis et al., 1987; Wickman et al.,
1994; Kunkel and Peralta, 1995). Related to GIRKs, and
to some extent also directly regulated by G-protein o
subunits (Terzic et al., 1994), are the ATP/ADP-depen-
dent Iy sp channels in heart cells, neurones, and pan-
creatic 3 cells (see reviews by Nichols and Lederer,
1991; Takano and Noma, 1993; Terzic et al., 1995). Ex-
amples of postsynaptic receptor-driven K* channels
that are gated through second messengers are the S-K
channels in Aplysia (reviewed by Belardetti and Siegel-
baum, 1988), which are regulated through arachidonic
acid and cAMP. In the case of GIRKs, the inward recti-
fying properties of the channels result in enhanced ef-
fectiveness of transmission at near resting membrane
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potentials. On the other hand, the second messenger-
dependent, but largely voltage-independent, S-K chan-
nels also contribute to the repolarizing phase of the ac-
tion potential.

Members of the Phe-Met-Arg-Phe-NH, (FMRFa) fam-
ily of neuropeptides are putative neurotransmitters in
vertebrates and invertebrates (Brussaard et al., 1988;
Raffa, 1988). In the molluscan central nervous system,
FMRFa acts on K* channels in sensory, motor-, and
neuroendocrine neurones. Notably, in sensory neurons
of Aplysia, FMRFa stimulates the S-K current (Belardetti
and Siegelbaum, 1988) through activation of the
arachidonic acid pathway (Buttner et al., 1989), while,
in addition, it activates protein phosphatase-1 (Endo et
al., 1995), thus counteracting a phosphorylating path-
way, activated by serotonin and acting through PKA
that suppresses S-K channels (Sweatt et al., 1989). The
largely voltage independent S-K channel (Shuster et al.,
1991) is further reported to be stretch sensitive (Van-
dorpe et al., 1994). SK or S-K-like current responses
were also reported in other identified neurons in Aply-
sia (Brezina et al., 1987) and in Helisoma (Bahls et al.,
1992). In various other cases, however, it is unclear
whether similar K*-dependent responses to FMRFa and
other transmitters involve S-K channels (Sasaki and
Sato, 1987; Belkin and Abrams, 1993; Brezina et al.,
1994). It seems clear, however, that alternative path-
ways (i.e., not involving arachidonic acid) are em-
ployed to activate similar K* currents in different neu-
rones (Bolshakov et al., 1993; Kehoe, 1995).

We have analyzed in detail the properties of the FMRFa-
activated K* current (Igy) in the caudodorsal neurones
(CDCs) of the mollusc Lymnaea stagnalis, using the
whole cell voltage clamp approach. CDCs, which con-
trol egg laying by secreting an egg-laying hormone
(Vreugdenhil et al., 1988), form a homogenous set of
neuroendocrine cells in the central nervous system and
were previously demonstrated to be strongly inhibited
by FMRFa (Brussaard et al., 1988) acting through a spe-
cific receptor (Brussaard et al., 1989). We report here
that FMRFa activates a novel K* current that is charac-
terized by a combined voltage- and receptor-dependent
gating mechanism, with both factors being necessary
for opening of the channels. In addition, we probed
the signal transduction pathway between receptor and
channel and report that the response appears to in-
volve the formation of arachidonic acid and its metabo-
lites.

MATERIALS AND METHODS

Animals and Preparation

Adult L. stagnalis (20-30-mm shell height), bred in our labora-
tory, were used. They were kept under a 12-12 h light-dark regi-
men at 20°C. For all experiments, isolated cells in primary cul-

ture were used. To isolate the cells, the central nervous system
was dissected and incubated for 40 min at 35°C in medium con-
taining 2 mg/ml trypsin (type 3; Sigma Chemical Co., St. Louis,
MO). To check that the FMRFa receptors were not strongly af-
fected by this treatment, some isolations were performed after in-
cubation at room temperature in medium containing 1.33 mg/
ml collagenase/dispase (Boehringer Mannheim, Mannheim,
Germany) and 0.67 mg/ml trypsin. Next, dissociation was per-
formed by careful mechanical dissection with forceps and a fine
needle. Dissociated cells were held in 3 ml HEPES buffered sa-
line (HBS; see below) in tissue culture dishes (Costar Corp.,
Cambridge, MA) for at least 1 h. Before start of the experiments,
the bath volume was reduced to 1.5 ml and experiments were
done with constant perfusion (~2 ml/min).

Salines and Drugs

Unless otherwise stated, the experiments were done in HBS con-
taining (mM): 30 NaCl, 1.7 KCI, 10 NaCH,SO,, 5 NaHCO;, 4
CaCly, 1.5 MgCly, 10 HEPES, pH 7.8, adjusted with 7 mM NaOH.
In addition, two high potassium salines were used. 20 K*-HBS
contained 20 mM KCI, replacing 20 mM NaCl. In 57 K*-HBS, 50
mM KCI replaced all NaCl, NaCH3SO,, and NaHCOj, while pH
was adjusted with 7 mM KOH. For whole-cell voltage clamp re-
cordings, a pipette medium was used, containing (mM): 29 KCI,
2.3 CaCly, 2 MgATP, 0.1 TrisGTP, 11 EGTA, 10 HEPES, pH 7.4,
adjusted with 35-38 mM KOH.

FMRFa was obtained from Peninsula Laboratories Europe Ltd.
(St. Helens, UK), guanosine 5’-O(3-thiotrisphosphate) lithium
salt (GTPyS) from Boehringer Mannheim, and 4-aminopyridine
(4-AP), 4-bromophenacylbromide (4-bpb), nordihydroguaiaretic
acid (NDGA), and indomethacin from Sigma Chemical Co.
FMRFa was applied to the cell by means of Y-tube application.
The Y-tube system allows rapid, gravity-driven application of a sa-
line through a pipette, which is positioned close to the cell.
Driven by negative pressure, a continuous flow of saline is trans-
ported through the pipette to a waste chamber. Switching of an
electrically operated valve disrupts this flow and opens the arm
that is connected to open air, releasing the negative pressure and
allowing the saline to flow out of the pipette, over the cell. To
measure the rapidity of this system, we applied a high potassium
saline (57 mM K*) via the Y-tube system to a cell bathed in low
potassium saline (1.7 mM K*). This local change in driving force
for potassium results in a rapid change in holding current, being
a direct measure for the change of the potassium concentration.
Y-tube application proved rather rapid, reaching 90% of its final
level in 171 £ 33 ms (n = 5). Wash of the saline took place in 4.8 *
0.5s (n=3).

4-AP, 4-bpb, NDGA, and indomethacin were applied to the cell
by bath perfusion and, where appropriate, also added to the
FMRFa solution. Stocks of these blockers (except for 4-AP, which
was diluted in distilled water) were made in DMSO in a concen-
tration of 10! M. Final concentration of DMSO in the bath was
0.01% for 4-bpb and 0.005% for NDGA and indomethacine.
GTP~vS was applied by adding it to the pipette medium, replacing
TrisGTP.

Electrophysiological Recordings

Whole cell voltage clamp recordings were made using an 8900
amplifier (Dagan Corp., Minneapolis, MN) with a 1- or 10-G{)
feedback resistance, or an Axoclamp 200A amplifier (Axon In-
struments, Foster City, CA).

Electrodes were pulled on a Flaming/Brown P-87 puller (Sut-
ter Instruments, Co., Novato, CA) and heat polished, resulting in
electrodes with resistances of 4-6 M(), yielding seal resistances of
4-10 G(). The series resistance (6-10 M()) was compensated for
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~70%. With current amplitudes being <1 nA, the maximal re-
sulting voltage error did not exceed 3 mV. To reduce fast capaci-
tances, the pipettes were coated with Sylgard (Dow Corning, Se-
neffe, Belgium). Voltage protocols, data acquisition, and analysis
were computer controlled using a 1401 AD/DA interface (CED,
Cambridge, UK), employing software developed in our labora-
tory or using a Digidata 1200 with pCLAMP 6 software (Axon In-
struments). Samples of 1,024 points or more per sweep were
taken and stored on floppy disk. In most experiments, the cur-
rents were filtered at 100 Hz. For the tail current measurements
(see Fig. 4) and the experiments on activation kinetics (see Fig.
5), high sampling rates and filtering frequencies were used.
Unless otherwise stated, data are presented as means = SEM.

RESULTS

IMRFa activates a K current. Under current clamp con-
ditions, FMRFa caused a hyperpolarization accompa-
nied by a decrease in input resistance of the cells, while
the reversal potential depended on [K*],, indicating
that the response is due to opening of K* channels
(Brussaard et al., 1988). Under voltage clamp, applica-
tion of FMRFa elicited an outward current with slow ki-
netics when applied at voltages positive to —80 mV.
The response to FMRFa was dose dependent (Fig. 1).
The threshold for activation of the current was 1079 M,
the EDs, was 2.3 X 1078 M, and the response saturated
at 107°M (n = 5). Unless otherwise stated, we applied
FMRFa at 107 M in all subsequent experiments.

To construct a current-voltage (I-V) relation, we ap-
plied a voltage protocol with a holding potential of
—60 mV from which pulses ranging from —120 to 0 mV
in 10-mV steps were given. After the onset of the volt-
age step, we waited 10 s before application of FMRFa
was started to allow voltage-dependent currents, gated
at voltages above —30 mV, to settle to a steady state.
The response amplitude was then measured as the

maximal current during FMRFa application minus the
current directly preceding application of the peptide.

The resulting current voltage relation (Fig. 2, A and
B) shows that only outward current responses were re-
corded and that the current did not reverse (voltage
range —120 to 0 mV). To confirm the presumed K* se-
lectivity of the response, we determined if the current
reversed in high extracellular K* concentrations. With
20 mM K7 in the outside medium, the current reversed
at —24.4 = 1.1 mV (n = 6), close to the theoretical re-
versal potential for K* of —29 mV (Fig. 2, C and D).
Bathed in a K* concentration of 57 mM K7, the current
reversed at —5.2 = 1.1 mV (n = 7), again close to the
theoretical K* reversal potential of —3 mV (Fig. 2, E
and F). Furthermore, when all intracellular K* ions
were substituted by Cs* ions, no outward current was
seen upon application of FMRFa. Finally, several K*
channel blockers blocked the FMRFa response (see be-
low). We conclude from these results that FMRFa acti-
vated a K* current.

Voltage dependence of activation. In standard HBS (1.7
mM K7), the FMRFa-activated current did not reverse.
This might be due to (a) outward rectification due to
the K* gradient, and (b) voltage dependence of the
current. To distinguish between these hypotheses, we
compared the I-V relations in standard HBS, 20 K*-
HBS, and 57 K*-HBS (Fig. 2). In both high K* salines,
reversal of Ixy was observed, but a strong asymmetry be-
tween inward and outward currents remained. How-
ever, this asymmetry clearly differs from the asymmetry
predicted by the Goldman-Hodgkin-Katz equation (see
Hille, 1994) on the basis of the K* gradient (Fig. 2, B,
D, and F). Notably, we observed U-shaped I-V relations
at 20 and 57 mM [K'],, while the Goldman-Hodgkin-
Katz equation predicts monotonously increasing relations
between I and V. The decreasing current amplitude at

FiGure 1. Dose dependence of
the FMRFa response. (left) FMRFa
was applied at concentrations of
1079,1078, 5 X 1078, 107, and
5 X 1077 M during a voltage step
to —40 mV to yield outward cur-
rent responses of increasing am-
plitude. Pulse protocol: thin lines
indicate voltage step from —60 to
—40 mV, bar indicates timing of
the FMRFa pulse. Artifacts in the
current traces are caused by
switching of the Y-tube valve.
(right) Dose-response curve of
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10 100 1000 10000 ED;, of 2.3 X 1078 M and a Hill
coefficient of 0.9; (vertical bars
FMRFa (nM) indicate =SEM; 7 = 5).
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current traces show that at —20,
—10, and 0 mV the test pulse elic-
its a voltage-dependent response.
FMRFa is applied 10 s after the
onset of the test pulse when the
voltage-dependent response has
reached a steady state. (B) Cur-
rent voltage plot of the FMRFa
responses in 1.7 mM [K],. FMRFa
response amplitudes were mea-
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the maximal current amplitude
during FMRFa application and
the current level just before
FMRFa was applied. The dotted
line is the Goldman-Hodgkin-
Katz equation (see Hille, 1994)
fitted to the data, indicating the
nonlinearity of the I-V curve ex-
pected to result from rectifica-
tion due to asymmetric [K*],
conditions. C and D are like A
and B, but with [K], = 20 mM.
The theoretical reversal potential
for Ktis —29 mV. Eand Fare like
A and B, but with [K], = 57 mM,;
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potentials below —60 mV (in spite of the increasing
driving force) and the lack of responses at potentials
below —120 mV in both salines imply that the K* chan-
nels involved in this response are, to a certain extent,
voltage dependent.

To assess the steepness of the voltage dependence,
activation curves were constructed from the I-V data,
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plotting the conductance against the applied voltage.
The conductance was calculated from the maximum
current amplitude and the driving force for potassium.
The driving force was calculated using the theoretical
reversal potential (—92 mV) for the experiments in
standard HBS (1.7 mM K*) and the experimentally de-
termined K* reversal potentials for 20 and 57 K*-HBS.
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FiGure 3. Voltage dependence of activation of the FMRFa-
induced K* current. (A) Conductance (calculated as current ampli-
tude divided by driving force; see text) is plotted against voltage
for three different [K*], (as indicated). All plots are averages of
three experiments, in each of which all three [K*],were tested on
a single cell. (B) Example of an activation curve from a single cell
obtained as described in A, but now for a wider voltage range
(=120 to +10 mV) and with 10-mV increments between successive
steps. [K*], = 20 mM. Fitted to the data is a Boltzmann curve: G =
Giay/ [1+ exp((half = Vim)/$)] with G = Conductance, G, = maxi-

max
mal conductance, V;;, = membrane potential, Vj; = membrane
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To be able to measure the I-V relations for all three
K" concentrations in one cell, a reduced protocol (—80
to 0 mV), shortening the duration of the experiment,
was used. In three experiments, such a reduced I-V pro-
tocol was applied and the results of these three experi-
ments were pooled. Plots of the mean conductance
against voltage (Fig. 3 A) show that the conductance
depends on (a) the membrane potential and () the
extracellular K* concentration. In low potassium (1.7
mM K*), where only outward currents occur, the con-
ductance is lowest. With high extracellular K* concen-
trations, yielding mainly inward currents, the conduc-
tance is largest.

For further analysis, more complete I-V data (—120
to 0 mV) from different cells (two K* concentrations
per cell) were compared. In most experiments it was
not possible to isolate Igy at potentials >0 mV since at
these potentials large voltage-gated current responses
occur that are to some extent also affected by FMRFa
(Brussaard et al., 1990, 1991; Dreijer et al., 1995). To
compare the conductances in the different K* concen-
trations, the data were fitted with a single Boltzmann
equation (Fig. 3 B). These experiments confirm the
above results, that the conductance is both voltage and
[K*"], dependent. The potential of maximal activation,
Viae differed significantly between 1.7 and 57 mM K*,
being highestin 1.7 (—39.8 = 0.9 mV) and lowest in 57
(—61.6 = 3.0 mV) mM K* (Fig. 3 C; unpaired ¢ test, P <
0.01; » = 4). The average slope factors (the voltage re-
quired for an e-fold change in conductance) were ~14
mV and did not differ significantly for 1.7, 20, or 57
mM K*, indicating that the voltage sensitivity is not de-
pendent on [K],. It should be noted, however, that
while Fig. 2 clearly shows that the voltage dependence
is much stronger than expected on the basis of asym-
metric K* conditions, rectification may contribute to
the voltage dependence observed in 1.7 and 20 mM K*
salines (see also DISCUSSION).

To confirm the presumed voltage dependence of
channel gating, we next determined the instantaneous
current-voltage relationship of the FMRFa response us-
ing a tail current protocol. FMRFa responses were
evoked at a fixed potential of —30 or —50 mV followed
by a variable tail step ranging from 0 to —140 mV. The
FMRFa-induced currents were obtained by subtracting

potential of half maximal conductance, Sf = slope factor, indicat-
ing the voltage sensitivity as the voltage necessary for an e-fold
change in conductance. In this experiment, 50% activation oc-
curred at Vi = 39 mV and the slope factor Sf = 15.6 mV. (C)
[K*], dependence of Vi and the slope factor Sf determined in
experiments as shown in B. Vj, increases with [K*], while Sf re-
mains constant (n = 4 for [K*], = 1.7 and [K*], = 57, n = 3 for
[K*], = 20). *Significant difference.



control responses from those in the presence of FMRFa
(Fig. 4, A and B). The instantaneous I-V relation of Iy
was determined by measuring the current amplitude
immediately after stepping to the tail potential. For
comparison, the I-V relation was measured 80 ms after
the start of the tail potential. In these experiments, sa-
line with 20 mM [K*]_ was used. The instantaneous I-V
relations did not show the decrease in current response
at potentials <—60 mV, but considerable outward recti-
fication remained (Fig. 4 C). The traces of the tail cur-
rents at potentials <—60 mV, however, revealed a rapid
deactivation phase (Fig. 4 B). In accordance, the I-V re-
lations at ¢ = 80 ms regained the voltage dependence
of the response at hyperpolarized membrane potentials
(Fig. 4 C). Thus, channels that are opened by FMRFa at
the test potential rapidly deactivate upon stepping to
hyperpolarized tail potentials. This result demonstrates
that voltage dependence stems from a step in channel

A FMRF B

gating. In addition, the instantaneous I-V relation
shows that the current flow through the channels is
outwardly rectifying. The outward rectification was
stronger than predicted by the Goldman-Hodgkin-Katz
equation on the basis of asymmetric ion concentrations
(Fig. 4 C). Qualitatively similar results were obtained re-
gardless of the potential at which the FMRFa response
was first evoked (—10, —30, —40, —50, or —60 mV; n =
7 cells).

Activation kinetics of the channel. The Kkinetics of the
response were slow. At 107® M, the current reached a
maximum in almost a second and decayed within tens
of seconds. At lower doses, the rise phase of the re-
sponse was considerably prolonged (Fig. 1 A). The rise
time of the response comprises ligand-receptor inter-
action, possibly cytoplasmic or membrane-bound signal
transduction steps, and activation of the channel.

When FMRFa was applied at a voltage of —40 mV, the

FiGUre 4. Tail currents and in-
stantaneous current-voltage rela-
tion of Igp. (A) Pulse protocol:

holding potential —60 mV; pre-

-20 N

pulse to —50 mV, during which

-60 mV
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Ixr was evoked, followed by a
variable test pulse as indicated to
record tail currents; finally, a step
back to the holding potential.
FMRFa was applied 1.8 s before
onset of the tail potential until
0.5 s after ending the 200-ms tail
potential. Intervals between suc-
cessive responses lasted 2 min.
Shown are the isolated responses
upon stepping back to —120, —80,

500 ms
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and —40 mV, obtained by sub-
traction of the recordings ob-
tained without and with FMRFa
application. (B) Same experi-
ments as in A. Tail currents mea-
sured during the test pulse at po-
tentials indicated. (top) Control
recordings without FMRFa appli-
cation. (middle) Tail-current re-
sponses recorded upon FMRFa
application. (bottom) Isolated Iy
tail currents obtained by subtrac-
tion of control currents from the
responses in the presence of
FMRFa. At —120 mV, the tail cur-
rent rapidly and almost com-
pletely deactivates; at —80 mV,
partial deactivation occurs (note
the steady state current level);
and, at —40 mV, no deactivation
occurs but the current immedi-

ately assumes its steady level. Note that upon stepping back to —60 mV the current amplitude increases again. The dotted line indicates
zero current level. (C) Protocol as in A and B, but in this case Ixy was evoked during a prepulse to —30 mV. Plotted is the instantaneous cur-
rent voltage relation of Iy (O, measured as the maximum amplitude of the isolated tail currents). For comparison, the I-V relation mea-
sured at £ = 80 ms is also shown (@), which reveals the normal voltage dependence. The dotted line is a fit by the Goldman-Hodgkin-Katz
equation. Experiment performed in [K*], = 20 mM. Sampling rate 5 kHz, filtering at 2 kHz.
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response reached its maximum in 648 = 42 ms (n =
15). Since the Y-tube system allowed application of
FMRFa in ~170 ms (see MATERIALS AND METHODS),
the application was not rate limiting. To investigate the
activation kinetics of the channels, we employed the

A FMRFa
—40 mV
_ ] L
—-60 mV
—-40 mV
_ L
—60 mV
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voltage dependence of the response, as illustrated in
Fig. 5 A. FMRFa was applied at a voltage of —120 mV, a
few seconds before a voltage step to —40 mV was made
to activate the current. The rise time of Igy, evoked by
the step to —40 mV, appeared to be much faster then.
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FIGURE 5. Activation kinetics of
the FMRFa current response. (A)
Pulse protocol: bar indicates
FMRFa application, thin lines in-
dicate voltage steps (lop: from
—60 to the test potential of —40
mV; bottom: from —60 to —120
(prepulse) followed by the step
to —40 mV). Current traces are
the corresponding responses. At
—40 mV, FMRFa evokes a slowly
activating outward current. When
applied at —120 mV, FMRFa
does not evoke a response, but
the current is only activated
when the voltage is subsequently
stepped to —40 mV. However,
the rate of activation in the latter
case is much faster than upon ap-
plication of FMRFa at —40 mV
(rise times of 141 * 16 and 648 *
42 ms, respectively; n = 15; the
former value being limited by the
low sampling and filtering rate in
these experiments). (B) Pulse
protocol: bar indicates FMRFa
application, thin lines indicate
voltage steps (holding potential
—60 mV, FMRFa application at
—120 mV, and subsequent test
pulses to test potentials of —40
and —30 mV. Duration of
prepulse and test pulse as indi-
cated. Test pulse responses were
sampled at 5 kHz and filtered at
2 kHz. (top) Current responses
obtained with application of
FMRFa. (middle) Control current
responses  (without FMRFa).
Note that control responses con-
sist of a capacitive transient and
the ohmic response due to the
step from —120 to —40 or —30
mV, but that a time dependent,
voltage gated component is not
present or negligible. (bottom)
Isolated Iy responses, obtained
by subtracting the control traces

from the responses in the presence of FMRFa. (C) Onset kinetics of Iy without and with a prepulse to —120 mV. (Zop) Protocol like in B
but without a prepulse to —120 mV and test pulses lasting 6.2 s to potentials ranging from —60 to —30 mV in 10-mV steps. FMRFa applica-
tion timed at the onset of the test pulse. Sampling and filtering as in B. Shown are isolated Igy responses during the first second of the test
pulse, obtained by subtraction (see B). Superimposed are monoexponential fits, all having a time constant of ~300 ms. (bottom) Protocol as
in B (including prepulse to —120 mV), but with test pulses to potentials ranging from —60 to —30 mV in 10-mV steps. Family of isolated
current responses to FMRFa during the first 100 ms of the test pulse obtained by subtraction. Superimposed are single exponential fits to
the rising phases of the responses. Time constants in this experiment were 38.3 ms at —60 mV, 37.7 ms at —50 mV, 19.5 ms at —40 mV, and
10.1 ms at —30 mV. (D) Time constants of activation of Iy are voltage dependent. Plotted are the average time constants of activation of Iy pas
a function of voltage. Data obtained from experiments as illustrated in the lower plots of C. n = 7 except for —60 mV where n = 4, because

in three cases responses were too small for reliable fitting.
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These results suggest that the rise time upon direct ap-
plication of FMRFa at —40 mV is determined by rela-
tively slow processes as receptor activation and subse-
quent signal transduction steps. If FMRFa is applied at
—120 mV, the receptor will be activated and signal
transduction starts. Channel opening, however, will
only occur upon the subsequent voltage step to a depo-
larized voltage.

In a separate series of experiments, a similar ap-
proach was used to assess activation kinetics quantita-
tively (Fig. 5, B-D). The signal-to-noise ratio obtained
with the high sampling rate and cut off filtering fre-
quency used limited the analysis to potentials of =—60
mV. To avoid contamination with voltage-gated cur-
rents that may be influenced by FMRFa, we did not use
data of —20 mV and more positive potentials (see also
Fig. 5 B, which illustrates that the voltage-gated cur-
rents activated by steps to —40 or —30 mV are suffi-
ciently small to be ignored). Thus, the analysis was re-
stricted to the voltage range from —60 up to —30 mV.
The time constants of activation were determined by
fitting single exponentials to the isolated Igy current
traces obtained by subtraction of responses in the ab-
sence and presence of FMRFa using a prepulse proto-
col as described above (Fig. 5, B and (). For compari-
son, Fig. 5 Calso shows Iy current traces that were ob-
tained by applying FMRFa with the cell at the test
potential. Whereas the latter traces revealed activation
time constants of ~300 ms at each potential, the fast re-
sponses to test pulses after FMRFa application at —120
mV had activation time constants that were >10 times
faster and decreased at more depolarized test poten-
tials. The results are summarized in Fig. 5 D. The time
constants at —50 (31.0 £ 13.21 ms), —40 (21.4 £ 6.1
ms), and —30 (13.5 £ 3.1 ms) mV were significantly dif-
ferent (paired ¢ test, P < 0.02, n = 7). We conclude
from these data that channel opening is fast and volt-
age dependent.

20

Time constant (s)

Inactivation of Iy

When FMRFa is continuously applied, the current
reaches its maximum and then slowly decreases (Figs. 1
and 5). The processes underlying this decrease might
be receptor desensitization, desensitization at another
level in the signal-transduction route, or channel inacti-
vation. To discriminate between these processes, we ex-
amined whether the decay rate depends on concentra-
tion or voltage. If desensitization of the receptor is in-
volved, the decay will depend on the concentration of
the ligand. If the underlying process concerns channel
inactivation, the time constant of the decay should not
depend on concentration but possibly on voltage.

Concentration independence of current decay. The decay
of Ixy during 30- or 45-s applications of 107% and 5 X
1078 M FMRFa was measured at —30 and —40 mV (Fig.
6 A). The time course of the decay was fitted with a sin-
gle exponential curve. The mean values of the time
constants thus obtained were all ~14 s and did not sig-
nificantly differ for the two concentrations at either po-
tential (two way analysis of variance, ANOVA, P> 0.05,
n = 4 for each treatment; Fig. 6 B). Since, even in 45-s
current traces, the current decay was incomplete and
~25% of the peak amplitude remained, we also deter-
mined the percentage decline at ¢ = 30 s after the onset
of the response for the two concentrations. These per-
centages (mean values of ~67%) also did not differ sig-
nificantly (two way ANOVA, P >> 0.05, data not
shown). These data show that, at least in this range, nei-
ther the decay rate nor the amount of decay is depen-
dent on concentration. This suggests that the current
decay is not caused by desensitization of the receptor
or a following signal transduction step.

Voltage dependence of inactivation. There was no signifi-
cant difference in the decay rates of Igp responses
evoked with 107*M FMRFaat —30 (13.0 = 2.2s, n=4),
—40 (142 = 3.2s, n =4), or =50 (14.7 + 2.8, n = 3)

N -0 mV
] -30 mv

Ficure 6. Lack of effect of
FMRFa concentration on decay
rates. (A) Current responses to
107 M (top) and 5 X 1078 M (bot-
tom) FMRFa at —30 mV. Single
exponentials were fitted to the
decay phase of the traces. The
time constant was 9.4 s for 1075 M
and 9.9 s for 5 X 1078 M. Data
from the same cell. (B) Average
decay time constants (*SD) of
current responses to 1076 and
5 X 1078 M FMRFa at —30 and at

0
5 0.05 uM

—40 mV (n = 4 for both concen-

1 M trations and both potentials).
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mV (ANOVA, P > 0.05). To measure the voltage de-
pendence of inactivation over the complete voltage
range of —120 to —30 mV, a prepulse protocol was
used. In this protocol, prepulses of 15-s duration to var-
ious potentials (ranging from —120 to 0 mV in 10-mV
steps) were given, followed by an 8-s step to the test po-
tential of —40 mV. FMRFa was applied 1 s after the start
of the prepulse. The decrease in current amplitude at
—40 mV as a function of increasing prepulse potential
was used as a measure for the amount of inactivation
that has taken place during the prepulse (Fig. 7). To al-
low complete recovery from inactivation, each test
pulse was followed by an interval of 80 s, during which
the cell was kept at —80 mV holding potential. The
largest current response at —40 mV was obtained with a
prepulse to —120 mV. Increasing the voltage of the
prepulse resulted in smaller currents at the test pulse of
—40 mV, with on average the lowest current at —50
mV. Further increase of the prepulse voltage did not in-
duce stronger inactivation. This is in line with the
above result that the decays at —50, —40, and —30 mV
did not differ (see also Fig. 6 B). Fig. 7 B summarizes
the dependence of inactivation on prepulse voltage
(n="17).

To confirm the absence of inactivation at hyperpolar-
ized potentials, FMRFa was applied for 20 min at —120
mV, a voltage at which the FMRFa channel is not acti-
vated. During this time, short (1.5 s) voltage steps to
—40 mV were made every 60 s. These voltage steps acti-
vated Igy but were too short to cause significant inacti-
vation. Over the time course of 20 min of FMRFa appli-
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cation, no decrease in amplitude of successive current
responses was observed (n = 4; not shown).

To measure the time course of inactivation at hyper-
polarized voltages, prepulses of varying duration were
applied and followed by a test pulse to —40 mV.
Prepulses to —120, —100, and —80 mV were given and
FMRFa was applied from 1 s after the start of the
prepulse until the end of the test pulse (Fig. 8 A). The
amplitude of Ixy during the test pulse was measured
and plotted against the duration of the FMRFa applica-
tion preceding the test pulse (Fig. 8 B). At —120 mV,
the current hardly inactivated. At higher voltages, inac-
tivation progressively increased. The increase in the
rate and degree of inactivation at potentials increasing
from —120 to —80 mV was consistently observed in
four cells, thus confirming the voltage dependence of
the inactivation rate.

The above results all point to voltage-dependent in-
activation of Igy.

Recovery from inactivation. With the application method
we used, FMRFa was washed away in 4 s. The cells, how-
ever, had to recover for ~60 s from an application of
2-5 5. With smaller intervals, the response to a subse-
quent application of FMRFa was decreased. Appar-
ently, recovery from inactivation is very slow at the
holding potential of —60 mV that was used in most ex-
periments.

Recovery did not take place when, during FMRFa ap-
plication, a voltage step to —120 mV was made in order
to shut the channel. This was tested in a protocol
where, under continuous application of FMRFa, the

FIGURE 7. Voltage dependence
of inactivation. (A) Pulse proto-
col: bar indicates FMRFa pulse,
thin lines indicate voltage steps.
From a holding of —80 mV, a 15-s
prepulse to potentials ranging
from —120 to —30 mV preceded
the test pulse to —40 mV. Subse-
quent pulse pairs were separated
by 80-s intervals. Thus, prepulse
inactivation in the presence of
FMRFa was tested. Current traces
show the corresponding re-
sponses. Since the experiment
was performed in 1.7 mM [K],,
only prepulses to =—70 mV elic-
ited an FMRFa response. The test

H

| 1 L ] |

0
-140 -120 -100 -80 -60 -—-40 -20

pre—pulse potential (mV)

pulse to —40 mV activated the
largest current when preceded
by a prepulse to —120 mV. In-
creasing the prepulse voltage de-
creased the response at —40 mV,

showing that inactivation is stronger at more depolarized potentials. (B) Normalized current amplitude during the test pulse plotted
against prepulse potential (data normalized with respect to the amplitude obtained with a prepulse to —120 mV; n = 7; means * SEM val-

ues are given).
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FIGURe 8.  Time course of inactivation. (A) Pulse protocol: bar in-
dicates FMRFa application, thin lines indicate voltage. A prepulse
of variable length (increasing from 4 to 26.5 s in 2.5-s steps) to —80
mV was followed by a test pulse to —40 mV. FMRFa was applied 1 s
after the start of the prepulse to yield FMRFa pulses of 3 to 25.5 s.
Subsequent FMRFa pulses were separated by 60-s periods. Thus,
the time dependence of inactivation of the response at —80 mV in
the presence of FMRFa was measured. Superimposed current
traces show the decrease in response amplitude when the duration
of the interval at —80 mV is increased. (B) Plot of the current am-
plitudes against duration of interval of FMRFa application at a
given potential preceding the start of the test pulse. Plots are given
for —80 (data from A), —100, and —120 mV. Inactivation at —120
and —100 mV was too slow to be fitted reliably. At —80 mV, inacti-
vation was well described by a time constant of 7.5 s, indicating that
in this cell inactivation was relatively rapid. All data from the same
cell.

clamp potential was first set at —40 mV to induce inacti-
vation of the response, then at —120 mV for up to 10
min, and finally again at —40 mV. The final step back
to —40 mV did not reveal recovery of the response (n =
3; not shown). It follows that recovery from inactivation
only took place when FMRFa was washed away.

Pharmacological Properties of Iy

Basic pharmacological properties of Ixy were assessed
by eliciting responses in the absence and presence of
the blocker of choice in the external medium, using
the protocol illustrated in Fig. 1. In this way, 4-AP, tetra-
ethylammonium (TEA), Ba?*, Cd?*, and Cs* were
tested. The decrease in response amplitude was mea-
sured after 10 min of incubation with the blocker. Fur-
thermore, we tested the effect of intracellular applica-
tion of TEA by including the blocker in the pipette me-
dium. In these experiments, block was measured as the
decline in response amplitude over the first 30 min af-
ter establishing the whole cell configuration. Table I
lists the results. In short, (nearly) complete block of Iy
is obtained with 10 mM internal TEA, 10 mM extracel-
lular TEA, 1 mM 4-AP, and 1 mM Ba?*. Approximately
50% block was obtained with 0.5 mM external Cd?*
and 1 mM external Cs*. Apart from the block by 4-AP,
all blocking effects were rapidly (within 10 min) re-
versed upon wash.

Signal Transduction

Second messenger involvement. The slow onset kinetics of
the FMRFa response may be explained by signal trans-
duction steps preceding channel activation. To illus-
trate the involvement of second messengers, we em-
ployed the voltage dependence of the response. FMRFa
was applied for 2 s at —120 mV and, following a vari-
able time interval after washing away FMRFa, the chan-
nel was activated by stepping to —40 mV (Fig. 9 A). The
Ixr responses progressively decreased with increasing
time intervals. Fig. 9 B shows that the relation between

TABLE 1
Pharmacological Properties of Iy

Blocker Percent block Reversible n Vi [K]o
10 mM TEA in 100 Not tested 4 —30mV 1.7 mM
10 mM TEA ext 78+11 + 3 —30mV 1.7 mM
1 mM 4-AP ext 962 —or* 5 —20,-30mV 1.7 mM
1 mM Cs* ext 44+6 + 5 —60 mV 57 mM
1 mM Ba?* ext 100 + 3 —30mV 1.7 mM
0.5 mM Cd*" ext 47x11 + 4 —20mV 1.7 mM

Percent block was measured after a 10-min incubation except for TEA in,
in which case block was measured after a 30-min recording; data are de-
rived from responses at indicated potentials. Note that Cs* block was stud-
ied in high K* saline. All blocking effects were reversible within 10 min of
wash, except block by 4-AP, which did not reverse or only partially reversed
within this period. in, intracellular application; ext, bath application.
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FIGURE 9. Second messenger involvement in FMRFa responses.
(A) Protocol: bar indicates FMRFa pulse, thin lines indicate volt-
age steps. FMRFa was applied for 2 s at a potential of —120 mV. Af-
ter an interval of variable duration in the absence of FMRFa, a test
pulse to —40 mV was applied. Holding potential —60 mV. Succes-
sive current responses show that the FMRFa responses decrease
when the interval between application and test pulse is increased,
but a response can be evoked up to 20 s after application of the
peptide. (B) Plot of the normalized current amplitude against du-
ration of the interval between ending FMRFa application and start
of the test pulse to —40 mV. Data points are the averages of seven
experiments.
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response amplitude and time interval duration follows
a sigmoid curve (n = 7 cells). Most likely, this curve re-
flects the time-dependent decrease in availability of
the relevant second messenger. Current activation re-
mained possible, however, up to 20 s after FMRFa had
been washed away.

G-protein coupling. To study whether the FMRFa re-
sponse involves activation of G-proteins, we asked
whether GTPvS interfered with the response. GTPYS, a
nonhydrolyzable GTP analogue, is expected to cause
persistent activation of the a subunit and prevent its
binding to the B+ subunit. For this experiment, FMRFa
was applied for 2 s at a test potential of —40 mV, and
this application was repeated every 60 s. During the
60-s interval, the cell was kept at a holding potential of
—60 mV. Without GTPvS, but with GTP in the pipette,
this procedure can be continued for 20-30 min without
losing current (Fig. 10 A; » = 5). With GTPyS instead
of GTP in the pipette, we saw a gradual rise in holding
current, arising because the responses did not com-
pletely reverse upon washing away FMRFa. This in-
crease in holding current reached a maximum and
then reversed slowly. The most obvious effect of GTPvS,
however, was a steady decline in amplitude of the re-
sponses to FMRFa (Fig. 10 B; n = 7). The effect of GTPyS
took 10-15 min to establish, a time course that reason-
ably meets the expectation for a cell of 50-um diameter
and a series resistance of ~6 M{) (Pusch and Neher,
1988). When the same cell was sealed again with a pi-
pette containing GTP instead of GTPYS, the effect of
GTP+S appeared to reverse slowly (Fig. 10 B). The ob-
servation that intracellular dialysis with GTPYS, replac-
ing endogenous GTP, led to incomplete wash out of
the current responses and a gradual rise in holding cur-
rent, is explained by continuous activation of the signal
transduction pathway by the GTPyS-bound G-protein.
The reversal of this phenomenon and the time-depen-
dent decrease of the FMRFa-activated current is ex-
plained by assuming that continuous activation of the
signal transduction pathway will induce channel inacti-
vation. Similar results were obtained with presumed
G-protein-coupled responses to dopamine in Lymnaea
neurones (Van Tol-Steye et al., 1997).

Coupling to arachidonic acid metabolism. Three blockers
that interfere with enzymes involved in the formation
or degradation of arachidonic acid (AA) were used to
find out whether AA or its metabolites are involved in
the coupling of the FMRFa receptor to the channel.
These experiments were performed by 2-s applications
of FMRFa at a test potential of —40 mV repeated every
60 s, before and after application of the relevant
blocker. First step in the arachidonic acid metabolism
is the release of AA from membrane phospholipids, a
reaction that is catalyzed by the enzyme phospholipase
Ay (Axelrod et al., 1988). This enzyme can be effectively
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Ficure 10. G-protein dependence of the FMRFa response. Pro-
tocol: FMRFa was applied for 2 s, 1 s after a step to —40 mV. Hold-
ing potential —60 mV; interval between FMRFa pulses, 60 s. (A)
Control experiment, illustrating that, using this protocol, the
FMRFa response remains constant for over 25 min. (fop) Current
traces; (bottom) plot of current amplitude against time. Each data
point is the response to a single FMRFa pulse. (B) Effect of GTPyS
on the responses to FMRFa. Plot of current amplitude against
time. Initially, the pipette saline contained GTPyS, but after 20
min this pipette was withdrawn and the cell was whole cell voltage
clamped with a new pipette containing standard internal saline
with GTP. A slow recovery (~80% in 25 min) of the response is ob-
served. Data in A and Bare from different cells.

blocked by 4-bromophenacyl-bromide (Piomelli et al.,
1987). Applying 4-bpb (1075 M) by bath perfusion
leads to irreversible rundown of the current (Fig. 11 A;
n = 5), suggesting that arachidonic acid is involved in
this response.

After formation of arachidonic acid, it is metabolized
via three different routes. The first enzymes in these
routes are either 12-lipoxygenase, 5-lipoxygenase (yield-
ing eicosanoids), or cyclo-oxygenase (yielding prosta-
glandins). To determine which of these routes is in-
volved in the FMRFa response, we tested the actions of
nordihydroguairetic acid, which blocks lipoxygenases,
and indomethacin, which blocks cyclo-oxygenase with-
out affecting lipoxygenase activity (Piomelli et al.,
1987). Bath perfusion with NDGA caused a gradual
rundown of the response (Fig. 11 B; n = 3). However,
indomethacin did not have an effect on the FMRFa re-
sponse (Fig. 11 C; n = 3). These experiments suggest
that a lipoxygenase, rather than cyclo-oxygenase, is in-
volved in the intracellular signaling process.

To test whether arachidonic acid is indeed the mes-
senger through which FMRFa activates the channel, we
examined whether exogenously applied AA interferes
with the FMRFa response. Application of arachidonic
acid (5 X 107* M) to the cell at a test potential of —40
mV activated an outward current that was as large as or
even larger than the current activated by FMRFa at that
voltage (n = 5). Fig. 12 A shows examples of the AA-
induced current. In this experiment, arachidonic acid
was applied for 50 s at —40 mV and this application was
repeated at intervals of 120 s. Each subsequent applica-
tion resulted in a larger current than the one before.
Apparently, the AA-induced current response does not
completely reverse within 120 s, possibly due to incom-
plete wash out.

To test whether the same channels that are opened
by FMRFa are also opened by AA, we examined whether
the currents to AA and to FMRFa show summation.
Arachidonic acid was applied for 120 s at —60 mV.
FMRFa was then applied in 5-s pulses during voltage
steps to —40 mV at the end of the AA pulse and at in-
creasing intervals after the AA pulse. AA induced an
outward current of ~100 pA at the holding potential of
—60 mV, and of ~350 pA upon stepping to —40 mV.
The first Iy response, directly after the 120-s AA pulse,
was smallest, while subsequent Igy responses progres-
sively increased with time after AA application (Fig. 12 B).
This result indicates that AA and FMRFa address the
same channels.

DISCUSSION

The present results define a voltage-dependent, neu-
ronal K* current that requires the presence of the neu-
ropeptide FMRFa to be activated. Its biophysical prop-
erties exclude, however, that Iy arises through facilita-
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tion of classical voltage-gated currents by FMRFa.
These voltage-gated currents have a much faster activa-
tion and inactivation rate (A-current) and/or their volt-
age dependence is strongly different, with Vy being at
least 40 mV more positive (delayed rectifier and Ca%*-
dependent K* current), and the slope of the activation
curves being steeper (Kits and Lodder, unpublished
data). Activation of Iy will result in a hyperpolarization
and a decrease in excitability of the cell. Thus, the cur-
rent is functionally similar to other receptor-driven K*
currents, such as vertebrate neuronal K* currents acti-
vated by dopamine, opiates, and a number of other
transmitters acting on G-protein-coupled receptors,
and the FMRFa-activated S-K current in Aplysia and
other molluscs (see references in INTRODUCTION). In
addition, if spiking is not completely suppressed by
FMRFa, Igr will quicken spike repolarization. However,
unlike what has been reported for S-K channels (Critz
etal., 1991; Hochner and Kandel, 1992), we have no in-
dications that Ixris active in the absence of FMRFa and
it is therefore unlikely to play a role in spike repolariza-
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tion under control conditions. In spite of the func-
tional similarities, Iy clearly differs from these channel
types in biophysical and pharmacological characteris-
tics (see below), indicating that it represents a novel K*
current (sub)type.

Signal Transduction of the FMRFa Response

The present results strongly suggest that the K* chan-
nels involved in the FMRFa response are activated
through the arachidonic acid pathway. Inhibition of
PLA, by 4-bpb, as well as inhibition of lipoxygenase by
indomethacin, strongly reduced the response to FMRFa,
suggesting that block of these enzymes interrupts the
signal transduction. On the other hand, NDGA, which
blocks cyclo-oxygenase, did not affect the response, sug-
gesting that lipoxygenase products (eicosanoids) are
instrumental in the response to FMRFa. This signal
transduction pathway is similar to the way in which S-K
channels are activated (Belardetti and Siegelbaum,
1988; Buttner et al., 1989). Our experiments did not
address the question whether additional signal trans-
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L duction of the FMRFa response.

(A) Superimposed responses to
arachidonic acid. AA was applied
during three successive 50-s
pulses to —40 mV (open bar, AA
application; thin line, voltage
step; holding potential during
the 2-min intervals was —60 mV).
AA induced an outward current
that continued to grow during
the 50-s application. Also, succes-
sive responses to AA increased in
amplitude and rate of rise (traces
1-3). (B) In this experiment, a
cell was loaded with AA for 120 s.
Upon ending AA application,
the cell was stepped to —40 mV.

{8

Note that this step increases the outward current in a similar way as occurs when FMRFa application is followed by step to —40 mV. FMRFa
(black bar), applied 1 s later, failed to evoke a response (trace I). An FMRFa pulse 1 s after stepping to —40 mV was then repeated at differ-
ent moments in time during the decay of the AA-induced current. Traces 2-4 show that when the AA current decreases, the response to

FMRFa increases again. (A and B) Different cells.

duction pathways converge upon this channel. Previ-
ously, it was shown, however, that the FMRFa response
was not affected by increasing cAMP (Brussaard et al.,
1988). Still, like S-K channels, the Iy channels may be
subject to cAMP regulation, but FMRFa may antagonize
and override possible cCAMP effects.

Kinetics of the FMRFa Response

Activation of a second messenger-mediated signal trans-
duction route provides an explanation for the slow on-
set of the response (~650 ms) when FMRFa is applied
at a voltage of —40 mV. The rate of rise of the response
is much faster when channel activation at —40 mV is
preceded by application of FMRFa at —120 mV, at
which potential only receptor activation and second
messenger formation will take place. The subsequent
step to —40 mV elicits the current response with a
much shorter rising phase (<<100 ms). These observa-
tions suggest that activation of the arachidonic acid sig-
nal transduction pathway accounts for the major part
(several hundreds of milliseconds) of the activation
time of the response, while the final step of channel
opening proceeds fast. In addition, channel opening is
a voltage-dependent step with activation time constants
decreasing at more depolarized test potentials.

Inactivation

The amount and the rate of decay of the Iyyresponse
do not depend on the FMRFa concentration applied,
but they are clearly dependent on voltage (see Figs. 7
and 8). This makes it very likely that the decay is caused
by voltage-dependent inactivation of the channels and
not by a desensitization process acting on a preceding
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signal transduction step or the FMRFa receptor. This
conclusion is supported by previous observations that
the suppression of the excitability by FMRFa of CDCs in
situ (Brussaard et al., 1988) and the inhibition of the
voltage-gated Na* and Ca?* currents (Brussaard et al.,
1990, 1991; Dreijer et al., 1995) do not desensitize dur-
ing prolonged incubation with FMRFa (>10 min). The
underlying assumption that a single FMRFa receptor is
involved in all responses is supported by their similar
concentration dependence (ED5y= 2 X 1078 M for I y)
and by the identical agonist structure requirements of
the different responses to FMRFa (Brussaard et al.,
1989). Thus, the voltage dependence of Ixy decay and
the lack of desensitization of the other responses to
FMRFa all suggest that the reduction of Iy during pro-
longed or repeated application of FMRFa is not due to
desensitization but to voltage-dependent inactivation.

Voltage Dependence

The current-voltage and the conductance—voltage rela-
tionships derived from them show a moderate but clear
voltage dependence of the FMRFa-operated current.
Boltzmann plots yielded a slope factor of 12-16, indi-
cating that the voltage dependence arises from 1.5-2
equivalent gating charges in the channel. Our analysis
of the voltage dependence of conductance will, to
some extent, overestimate the voltage dependence of
channel gating in 1.7 and 20 mM K* because the con-
tribution of Goldman-Hodgkin-Katz rectification is ne-
glected. (This objection does not hold for the 57 K*
condition, yielding nearly symmetrical K* concentra-
tions, where Goldman-Hodgkin-Katz rectification is
negligible.) Comparison of the experimentally obtained
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data of Fig. 3 with the predictions obtained by calculat-
ing conductance on the basis of Goldman-Hodgkin-
Katz I-V curves in 20 and 1.7 K* salines, pointed out
that the contribution of rectification to the overall volt-
age dependence in the voltage range of —80 to 0 mV is
~25% in 20 K*, but >50% in 1.7 K. Nevertheless,
even in 1.7 [K],, rectification fails to explain the volt-
age dependence completely.

Our conclusion that channel gating is voltage depen-
dent is based on the following evidence: (a) a clear volt-
age dependence of conductance was observed in
nearly symmetrical K* conditions. () The instanta-
neous I-V relation (reflecting conductance properties
of the opened channels) failed to show the voltage de-
pendence of the response, but revealed only outward
rectification. In addition, clear voltage-dependent deac-
tivation was observed during tail currents at <—60 mV.
(¢) While activation is normally slow, fast activation was
observed upon stepping to —40 mV after applying
FMRFa to a cell at —120 mV. This suggests that only
channel opening is impeded at —120 mV. (d) Activa-
tion time constants decreased from ~36 to ~13 ms
over the voltage range of —60 to —30 mV. (¢) A voltage-
dependent step in receptor activation is ruled out since
a step to —40 mV after a transient application of FMRFa
with the cell at =120 mV (thus failing to generate a cur-
rent response) still evokes a response, even if the step
to —40 mV is given up to 20 s after washing out FMRFa.

Interestingly, we found that the voltage dependence
shifts to more negative potentials with increasing exter-
nal K" concentrations. In addition, the conductance
voltage plots reveal that the FMRFa-activated conduc-
tance increases with increasing [K*],. These phenom-
ena are probably related to outward rectification due to
asymmetric K* concentrations that will limit current
amplitudes (and thus conductance derived from this)
at voltages near the reversal potential. The outward rec-
tification is most clear from the instantaneous current—
voltage relation (Fig. 4). Goldman-Hodgkin-Katz fits do
not completely describe this relationship, suggesting
that, in addition to asymmetrical K* concentrations, in-
trinsic channel properties may contribute to it. Further-
more, it is possible that at 1.7 and 20 mM [K*],, the ex-
ternal potassium concentration limits the absolute
value of the conductance for inward current, thus con-
tributing to the observed decreased conductance at de-
creased [K*],.

The above findings imply three possible mechanisms
that reduce the amplitude of the FMRFa-induced cur-
rent at low potentials: (@) voltage dependence of activa-
tion, (b) outward rectification due to asymmetrical K*
concentrations and, possibly, intrinsic channel proper-
ties, and (¢) submaximal conductance of inward cur-
rents at low [K*],. These mechanisms explain the lack
of inward currents at potentials of <—80 mV in 1.7 mM
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[K],. At the same time, however, these mechanisms will
reinforce FMRFa-induced inhibition in depolarized or
active cells.

Relation of I.rto Other Receptor-driven Channels

Clearly, Ixy does not classify as a GIRK or classical in-
ward rectifier. Firstly, our results imply that PLA, activ-
ity is required for the FMRFa response to occur, which
excludes direct gating of the channels by a G-protein
subunit. Although, for instance, cardiac K,¢, channels
are stimulated by lipoxygenase products, this pathway is
not used by muscarinic stimulation and most likely
this pathway stimulates K¢, channels by acting on the
G-protein involved (Kurachi et al., 1989, 1992). Sec-
ondly, the voltage-dependence curves of Ixy do not
reveal inward rectification. Thirdly, the voltage depen-
dence of Ixychannel gating, like that of inward rectifi-
ers, depends on [K],, but in the opposite way. While
inward rectifiers shift their voltage dependence towards
more positive potentials with increasing [K*],, due to
relief of internal Mg?* block by an inward K* current
(see Hille, 1994), increasing [K*], shifts the voltage de-
pendence of Igy towards more negative potentials and
increases the conductance. In fact, as discussed above,
outward rectification of Igy will contribute to this phe-
nomenon. The appearance of inward currents may de-
pend on competition between K* and a blocking ion in
the outer mouth of the channel, only resulting in in-
ward current flow when [K*], is sufficiently high. The
steepness of voltage dependence falls between that of
classical IRKs (or inward rectifier K* channels) (2.5-5)
and that of GIRKs like the muscarinic K* channel (0.5-1).

Functionally, as well as regarding the signal transduc-
tion pathway coupling the channels to the FMRFa re-
ceptor, Igy closely resembles the S-K current. However,
both biophysical and pharmacological differences be-
tween Igp and Igg are observed. The voltage depen-
dence of activation and inactivation constitutes a major
difference in biophysical properties. Regarding the
voltage dependence of activation, Iy is characterized
by a more hyperpolarized voltage range (at low [K*],
Vi,0=—40 mV for I gy vs. >0 mV for Igx) and a steeper
slope (14 mV for Iy vs. 30-100 mV for Igx) (Shuster et
al., 1991). Pollock et al. (1985) measured the I-V rela-
tion of Igy also in high K* saline, and observed outward
rectification but no U-shaped I-V curve. Similarly, the
S-K-like channel studied by Brezina et al. (1987) only
displays Goldman-Hodgkin-Katz rectification. Whereas
these results point to differences with Iy, it should be
noted that many studies on Igx concern single channel
recordings (Shuster et al., 1991), rather than macro-
scopic currents (but see Klein et al., 1982; Pollock et
al., 1985; Baxter and Byrne, 1989). The fast channel ac-
tivation kinetics of Ixy constitute another biophysical
difference from Igg, the latter being characterized by



slow activation, even at depolarized potentials (—20
mV) (Klein et al., 1982; Baxter and Byrne, 1989). Fi-
nally, our data strongly suggest voltage-dependent in-
activation of Igp, which does not hold for the S-K cur-
rent (Klein et al., 1982; Pollock et al., 1985; Baxter and
Byrne, 1989).

Pharmacologically, Iy differs from Igx in many re-
spects. Externally applied 4-AP (1 mM), TEA (10 mM),
and Ba (1 mM) all completely blocked Igy, whereas
these agents do not affect Igy in concentrations up to
10 mM (Pollock et al., 1985; Shuster and Siegelbaum,
1987; Baxter and Byrne, 1989). Also, internal TEA is a
more effective blocker of Iy (~75% block of Iy yat 10
mM vs. a K; of 40 mM for Iggk). Furthermore, Iy is
blocked for ~50% by 0.5 mM Cd?*, which contrasts the
lack of block of Igx by the related divalent ion Co?*,
even at 10 mM (Shuster and Siegelbaum, 1987). The
higher sensitivity of Igy to internal and external TEA
may to some extent be caused by the circumstance that
the ionic strength of Lymnaea salines is much less than
that of Aplysia salines (total ion concentration ~120 vs.
~1,200 mM, respectively). However, the discrepancies
with respect to the effects of 4-AP and external divalent
ions point to real differences in channel properties.
The strong block by divalent ions Ba?* and Cd?* is rem-
iniscent of divalent ion block in classical voltage-gated
K* channels, where gating requires interaction with
Ca?* ions (Armstrong and Lopez Barneo, 1987; Arm-
strong and Miller, 1990; Begenisich, 1988). Thus it is
likely that the divalent ion block of Iy relates to its volt-
age dependence and marks a difference with Igx.

In spite of these differences, at the molecular level
channels carrying Ixy may be closely related to S-K
channels. Interestingly, a possible molecular candidate
for the S-K channel (aKvb.1) is not related to the in-
ward rectifiers but to the Shaker family (Zhao et al.,
1994).

Divergence of FMRFa Responses

FMRFa has a strong inhibitory effect on the CDCGCs. It
rapidly suppresses discharges of CDCs, both in situ and
in isolated CDCs (Brussaard et al., 1988). The inhibi-
tion by FMRFa in CDCs involves at least three different
actions: inhibition of the voltage-activated sodium cur-
rent (Brussaard et al., 1990, 19914), suppression of the

slowly inactivating HVA calcium current (Dreijer et al.,
1995), and activation of a potassium current (Brussaard
et al., 1988; and this paper). The simultaneous activa-
tion of three cooperative inhibitory mechanisms ex-
plains the strong inhibition of the CDCs by FMRFa.

Although multiple receptors for FMRFa and related
—RFamides are assumed to exist in the molluscan ner-
vous system (Cottrel and Davies, 1987; Payza, 1987), it
was concluded from structure activity studies that the
multiple responses to FMRFa in CDCs are mediated by
a single receptor type (Brussaard et al., 1989). This im-
plies that the divergence of the FMRFa responses may
occur at the level of the G-protein or the primary effec-
tor of the G-protein. A common signal transduction
route is unlikely since the suppression of calcium chan-
nels is not mediated by the arachidonic acid pathway
and probably involves a direct effect of the G-protein
on the channel (Dreijjer et al., 1995), while stimulation
of K" channels takes place via the arachidonic acid
route. No data are available on the route by which so-
dium channels are affected. Divergence of FMRFa ef-
fects was also observed in bag cell neurons of Aplysia
californica, where FMRFa inhibits discharges by activa-
tion of both potassium and chloride currents and
suppression of a voltage-dependent calcium current
(Fisher et al., 1993) and in Helisoma B5 neurons, where
presynaptic inhibition by FMRFa is brought about by
modulation of calcium channels and of the secretory
machinery (Man-Son-Hing et al., 1989) and activation
of a K* current (Bahls et al., 1992). In these cells it is
not known whether a single or multiple receptors are
involved.

The strong inhibitory action of FMRFa on CDCs is
spread over the CDC network by three different mecha-
nisms. First, FMRFamidergic axons come in close appo-
sition to the CDCs at several spots, suggesting numer-
ous synaptic or synapselike contacts with the CDCs
(Brussaard et al., 1988). Secondly, the CDC network is
electrotonically coupled, allowing effective spread of
especially slow phenomena like the FMRFa-induced hy-
perpolarization (Vlieger et al., 1980). The results of the
present work imply a third route. Arachidonic acid,
used as second messenger in the signal transduction
route, may diffuse from its site of formation to adjacent
cells, thus spreading the inhibition.
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