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SUMMARY

1. The effects of the molluscan neuropeptide Phe-Met-Arg-Phe-NH, (FMRF
amide) and related peptides (Price & Greenberg, 1977) were tested on Helix aspersa
neurones.

2. Ionophoretic application of FMRFamide depolarized and excited some neurones,
but hyperpolarized and inhibited others. In some neurones the sign of the response
was dependent on the membrane potential.

3. Two responses resulted from an increase in membrane conductance, a de-
polarizing response mediated mainly by an increase in Na* ion permeability, and a
hyperpolarizing response mediated by an increase in K* ion permeability.

4. In the C1 neurone a voltage-dependent response was observed, which only
occurred when the neurone was depolarized from its resting level. This response was
recorded as an inward current during voltage clamp and resulted from a decrease in
K current(s), possibly Ca-activated K current.

5. More than one response may occur in a single neurone. In the C1 neurone, the
K-mediated hyperpolarization occurred as well as the voltage-dependent response,
while the depolarization seen in the F2 neurone was a combination of an increase
in Na conductance and an increase in K conductance.

INTRODUCTION

Recent advances describing the occurrence and cellular localization of several
neuropeptides have renewed interest in their possible roles and cellular actions in
nervous tissue. The neurosecretory function of many of these compounds is well
known, and some may be transmitter substances (see e.g. Dodd & Kelly, 1978; Jan,
Jan & Kuffler, 1979; Hokfelt, Johansson, Ljungdahl, Lundberg & Schultzberg, 1980)
whereas others may influence neuronal activity in other ways (Barker, 1977).

Ganglia of the clam Macrocallista contain the peptide Phe-Met-Arg-Phe-NH, or
FMRFamide (Price & Greenberg, 1977). This compound has a marked stimulating
effect on isolated heart preparations of a number of molluscan species and produces
also, in very low concentrations, contractures of certain non-cardiac muscles (Green-
berg & Price, 1979). A structurally similar peptide, having one or more additional
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amino acids combined with the terminal free amino nitrogen, is present in the ganglia
of the snail Helix (Price, 1982).

The present report describes the effects of FMRFamide, and of two homologous
peptides, Phe-Nle-Arg-Phe-NH, (FrLRFamide) and Tyr-Gly-Gly-Phe-Met-Arg-Phe-
NH, (YGGFMRFamide), on a number of different specified neurones in the ganglia
of Helix aspersa. Some of this work has been published in abstract (Cottrell, 1982a).

METHODS

Experiments were made on identified neurones in the cerebral, visceral and right parietal ganglia
of Helix aspersa. The ganglia were pinned to the nylon base of a 0-8 ml recording chamber and the
neurones were completely desheathed before penetration.

Intracellular recordings were made using micropipettes filled with either 2mM-K acetate or 3M-KCl.
In most experiments recordings were made using a Dagan 8100 single-electrode clamp system. This
made both current- and voltage-clamp possible with a single micro-electrode (Wilson & Goldner,
1975). Some experiments were also made, however, with a two-electrode system which gave
identical results.

FMRFamide, YGGFMRFamide (Peninsula Laboratories, San Carlos, CA) and FrLRFamide
(kindly supplied by Dr J. Morley) were ionophoresed from pipettes containing 4-10 mm-peptide in
distilled water. Physiological solution, flowing over the preparation at approximately 3 ml/min,
had the following composition (mm): NaCl, 80; KCl, 5; CaCl,, 7; MgCl,, 5; buffered with Tris/HCl
5mM, pH 77, or HEPES/NaOH 20 mM, pH 7-5. Both solutions gave identical results. The
experiments were made at room temperature, 17-24 °C.

For the Ca injection experiments a second micropipette containing 0-5 M-CaCl, was inserted into
the cell. Ca?* ions were then ionophoresed into the cell during voltage clamp.

Single-channel recordings were made from the soma membrane of the C1 neurone using the high
resolution patch-clamp techniques described by Hamill, Marty, Neher, Sakmann & Sigworth (1981).
Desheathed C1 neurones in isolated cerebral ganglia preparations were exposed to physiological
solution containing approximately 0-1 % trypsin (Sigma type IX) for 1 h, to render the membrane
clean enough for ‘giga seal’ formation. Analogues of FMRFamide were applied by diffusion from
the tip of a blunt micropipette containing a high concentration (107* M in physiological solution)
of the peptide, positioned near to the cell soma.

RESULTS

Preliminary experiments showed that some neurones in the ganglia were excited
whereas others were inhibited by FMRFamide. More detailed examination revealed
the existence of at least three basic responses to the peptide: (1) a hyperpolarization
resulting from an increase in conductance, (2) a depolarization resulting from an
increase in conductance, (3) a more complicated response involving a voltage-
dependent decrease in conductance. A combination of two or more of these basic
responses occurred in many neurones, thereby complicating the analysis of ionic
mechanisms.

Hyperpolarization resulting from an increase in conductance

Several neurones in the suboesophageal ganglia and the C1 neurone in each cerebral
ganglion gave similar, hyperpolarizing responses to locally applied FMRFamide.
Repeated application of the peptide did not lead to a desensitization of this response.
The amplitude of electronic potentials resulting from hyperpolarizing current pulses
was decreased during the response, suggesting that the peptide causes an increase
in membrane conductance, presumably to C1~ or K* ions. Under voltage clamp, an
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Fig. 14, the C1 neurone was exposed to medium containing 8 x 10~® v-FMRFamide
during the period indicated on each record by the arrows. Throughout each recording,
constant-current hyperpolarizing pulses were applied across the membrane to monitor
changes in input resistance and reversal potential of the response. Evidence for a reduction
in input resistance during FMRFamide application is seen in each record. In the absence
of K, the reversal potential of the response was shifted in a negative direction. B, influence
of holding potential (¥,) and extracellular K concentration on the magnitude and direction
of the current response observed when the FMRFamide was ionophoretically applied onto
a voltage-clamped C1 neurone. The reversal potential in normal medium was —70 mV.
When the external K concentration was reduced to 1 mM, the reversal potential was
shifted to —110 mV.

outward current was detected which could be reversed to an inward current at holding
potentials —70 to —75 mV.

Reduction in extracellular Cl concentration (80 mM-Na isethionate substituted for
NaCl) did not affect the peptide-induced hyperpolarization, but a reduction in
extracellular K concentration produced a marked shift, in the negative direction, of
the reversal potential of the response (Fig. 1). The relationship between current
response and membrane potential is shown in Figs. 1B and 2B. In the experiment
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shown in Fig. 1B. there was a shift in E ., of —40 mV when the external K

rev
concentration was reduced from 5 to 1 mm. This shift is very close to the theoretical
value of —40-6 mV for a response mediated by K* ions alone, as calculated from the
Nernst equation. The relationship between response and membrane potential is
non-linear, and is similar to that found for the carbachol-induced K current in an

Aplysia neurone observed by Ginsborg & Kado (1975).
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Fig. 2. The effect of TEA on the K response of a cell in the right parietal ganglion. 4,
current responses to ionophoresed FMRFamide (A) with the cell clamped at —40 mV.
Exposure to TEA (30 mm) reversibly reduced the response. B, influence of holding
potential (¥;) on the response in the presence and absence of TEA.

Exposure of the preparation to 30 mMm-tetraethylammonium (TEA) for 46 min
reduced the response but did not completely block it (Fig. 2). TEA was substituted
for NaCl, and hence controls for this and subsequent experiments reported where TEA
was used were made in solution in which a corresponding amount of NaCl was
substituted with sucrose. TEA is an agent known to depress K responses (Hille, 1970;
Hermann & Gorman, 1981). Cooling the preparation to 5 °C, which is also known to
suppress a number of K-mediated potentials in molluscan neurones (Kehoe, 1972;
Swann & Carpenter, 1975), reduced the response.

Intracellular Cs* ions have been used to suppress K currents (Kehoe, 1972 ; Akaike,
Lee & Brown, 1978; Tillotson & Horn, 1978). The effect of Cs on the FMRF
amide-induced hyperpolarization in the C1 neurone was investigated using 2M-
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CsCl-filled recording electrodes. Fig. 3 shows that the response to the peptide declined
rapidly with time after impalement of the cell with a CsCl recording electrode. Under
these conditions the outward K currents normally seen at depolarized potentials were
considerably reduced. This property of Cs* ions was used to facilitate analysis of the
fast depolarizing response observed in some neurones (see below).
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Fig. 3. 4, current trace of a voltage-clamped C1 neurone impaled with a recording electrode
containing 2M-CsCl. At point 1 the cell was impaled and at point 2 the neurone membrane
was clamped to —40 mV (voltage trace not shown). The outward current response to
ionophoretically applied FMRFamide (W) rapidly diminishes with time. B, the results
of a similar experiment in which the amplitude of the response to FMRFamide is plotted
against time after impalement.

Depolarization resulting from an increase in conductance

Fewer neurones were observed to be depolarized than to be hyperpolarized by
FMRFamide. One readily identifiable neurone which was depolarized by FMRF
amide was located in the same position of the visceral ganglion as neurone E13 (see
Kerkut, Lambert, Gayton, Loker & Walker, 1975). Repeated local applications of
FMRFamide led to a desensitization of the response in this neurone (Fig. 4 4).

When the neurone was voltage clamped, a fast inward current was observed
following ionophoretic application of the peptide. During the response an increase
in the amplitude of current pulses resulting from hyperpolarizing command pulses
was observed, suggesting an increase in membrane conductance (Fig. 4 B). Even when
clamped to —10 mV, this inward current still persisted, suggesting a major
contribution from a current carried by Na* or Ca?* ions or both.

Co has been shown to block Ca current in Helix neurones (Akaike et al. 1978). When
1 mMm-Co was present in the extracellular fluid the FMRFamide-induced response was
unaffected. On the other hand, exposure of the preparation to Na-free medium (NaCl
replaced with sucrose) for 12 min completely abolished the inward current over a
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range of holding potentials from —70 to —30 mV. The response returned after a
period of washing with normal medium (Fig. 54). Physiological solution containing
30 mM-TEA had no effect on the response (Fig. 5 B).

Impaling the neurone with a CsCl recording electrode resulted in a marked
reduction of the outward K currents normally seen at depolarized holding potentials.
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Fig. 4. The effect of ionophoresed FMRFamide (A) on a neurone, E13, in the visceral
ganglion. 4, repeated application led to a desensitization of the depolarizing response. The
response recovered after about 2 min in the absence of the peptide. B, the response
recorded as an inward current when the membrane of the same cell was clamped at
—50 mV. Constant amplitude hyperpolarizing command pulses were applied during the
recording. The increase in the amplitude of the current deflexions during the response
suggests that the peptide caused an increase in membrane conductance.

This enabled the cell to be clamped at more positive potentials. The presence of Cs*
ions in the cell did not however affect the FMRFamide response. Fig. 6 shows the
linearity of the relationship between current response and membrane potential. The
peptide-induced current was still inward at +20 mV. Extrapolation of a line fitted
by linear regression predicts a reversal potential of +40 mV. This value is lower than
the calculated value of +85 mV for the Na equilibrium potential (Ey,) in these cells
(Thomas, 1972).

These data taken together suggest that the fast depolarization caused by FMRF
amide is mediated mainly, but not exclusively, by Na* ions.

Voltage-dependent depolarization resulting from a decrease in conductance

When the peptide-induced response was recorded at depolarized levels in the C1
neurone another response, inward in sign, became apparent (Cottrell, 1982a).
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Fig. 5. FMRFamide responses of a neurone, E13, in the visceral ganglion. 4, current
recordings at a holding potential of —40 mV. Note the difference in scale. Exposure to
zero Na medium abolished the inward current response, which recovered after washing.

B, comparison of the response in control solution and solution containing 30 mm-TEA.
TEA at this concentration had little or no effect on the response.
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Fig. 6. The influence of holding potential on the fast depolarizing response to FMRFamide
in the presence of intracellular Cs* ions (see text). The dashed line shows the extrapolation
of the line fitted by linear regression to give an E ., of +40 mV.
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Responses at holding potentials from about —40 to —20 mV frequently comprised
two components: (1) the outward K current described above and (2) an inward
current response. At more depolarized levels, the inward current response predomi-
nated. The peptide appeared to cause a reduction in current passage across the
membrane during the second response, suggesting that it could result from a
reduction in conductance to an ion(s) or alternatively to a voltage-dependent increase
in conductance to Na* or Ca?* ions or both. This response could also be detected as
a depolarization under current clamp if the membrane was sufficiently depolarized.

11 PHY 356
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In some experiments, it was difficult to observe the inward current response with
FMRFamide. Two other related peptides were tested, YGGFMRFamide and FzLRF
amide. Both of those produced the inward and outward current response but the
heptapeptide amide was more active in producing the inward current response. In
some preparations, with the ionophoretic pipette fortuitously positioned, an inward
current alone was elicited by YGGFMRFamide. This observation led us to use
YGGFMRFamide to study the inward current response.
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Fig. 7. Relationship between the amplitude of the voltage-dependent response and
membrane potential in a C1 neurone compared to the steady-state I-V curve of the same
cell. I, response current; @, background current. The background current was measured
just before application of the peptide.

In Fig. 7 the voltage dependence of the response is compared with the I-V curve
of the C1 neurone. The response began to occur at about the same potential at which
the delayed rectification was activated. The ionic mechanism of this response was
studied by Cottrell (1982a), and therefore only a summary of those results previously
described will be given here, along with results from some additional experiments.

When the extracellular Na and Cl concentrations were altered, there was little or
no change in the response, suggesting that neither Na* ions nor Cl~ ions are involved.
An involvement of Ca did seem likely, as addition of 1 mm-CoCl, markedly reduced
the response. It is known that Ba can carry the Ca current in snail neurones (Akaike
et al. 1978). When BaCl, was substituted for most of the CaCl, (6 mm-BaCl,,
1 mM-CaCl,), the response was also abolished. This result suggested that the response
was not simply due to an influx of Ca?* ions but that it also involved a suppression
of a K current because Ba?* ions are known to block K currents (Werman &
Grundfest, 1961).
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The involvement of K was also suggested in preparations in which the inward
current alone was detected. In these preparations, the inward current response
recorded at —30 mV was increased on reducing the external K concentration from
5 to 1 mMm. These observations suggested that the inward current response could
therefore result from a suppression of a Ca-activated K current.

TEA at 30 mM could be used to unmask the inward current when accompanied with
the outward current response. There is some variability in the sensitivity of the
delayed K and the Ca-activated K currents to different concentrations of TEA in
molluscan neurones. In some neurones, both currents are equally affected whereas
in others the Ca-activated K current seems to be less susceptible (Meech & Standen,
1975; Thompson, 1977; Hermann & Gorman, 1981).

An action of the peptides on the Ca-activated K current was investigated further
by testing their effect on the increased K current evoked by intracellular injection
of Ca?* jons. In this extensive series of experiments, Ca’* ions were injected
ionophoretically. An electrode containing 0-5 M-CaCl, was inserted in the neurone and
a positive current of about 40 nA passed for 5-15s with respect to another
micropipette placed in the medium. The neurone was voltage clamped during the
injection and the membrane potential therefore remained unchanged or was only
shifted by about 5 mV during the injection period. The increased current evoked by
Ca injection was reversed in sign between —70 and —80 mV in normal medium and
at more negative potentials in medium with reduced KCl, as previously observed in
other snail neurones (Meech, 1974). This established that the current evoked by Ca
injection was carried by K* ions.

In eight C1 neurones, it was observed that the inward current elicited by either
FMRFamide, FrLRFamide or YGGFMRFamide was increased in amplitude when
the background outward current was increased by injection of Ca. Demonstration
of this effect depended on whether the increased outward current persisted for
sufficiently long to test the effect of applied peptide, which in turn presumably related
to a number of factors that influence the level of free Ca?* ions close to the inner
surface of the membrane (Barish & Thompson, 1983). Fig. 8 shows the effect of Ca
injection in one cell clamped at —40 mV. The increase in the amplitude of the
response to the peptide observed after increasing the size of the outward directed
Ca-activated K current suggests that an action of YGGFMRFamide in producing
this response is to suppress a Ca-activated K current.

Single-channel recordings

Recordings made from cell-attached membrane patches showed single or multiple
unitary outward current events when held at depolarized potentials. Two different
sizes of current were commonly seen with slope conductances of about 19 and 52 pS
when the patch of membrane was clamped to potentials of + 10 mV. Since the larger
currents predominated, we restricted our study to possible effects on these currents.
The larger single-channel currents were measured with cell-attached patches on
several C1 neurones. Currents were only observed when the electrode was clamped at
negative potentials, i.e. with the membrane held at depolarized levels. A graph
showing the relationship between single-channel current and holding potential on one
patch is shown in Fig. 9. The resting membrane potential has been assumed to be

11-2
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Fig. 8. Effect of YGGFMRFamide on the increased K current evoked by intracellular
application of Ca?* ions. 4, current record of a Cl1 neurone clamped to —40 mV. The
peptide was applied locally to the neurone. Before Ca injection, only a small inward current
was seen in response to the peptide. After two Ca injections of 60 nA (seen as downward
deflexions in the current record), there was an increase in the background K current and
repeated application of the peptide produced much larger responses than before.
Tonophoretic artifacts have been removed from this record. B, a graphical presentation
of the data. The abscissa is the increased outward current caused by the Ca injection, the
ordinate is the amplitude of the inward current response to YGGFMRFamide. The size
of the response appears to be directly proportional to the amplitude of the evoked Ca-
activated K current. These experiments were performed in normal physiological solution.
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Fig. 9. Graph showing single-channel current amplitudes (@) plotted against patch holding
potential for channels activated by depolarization in the C1 neurone. The K concentration
in the patch pipette was 5 mM. The curve shows a theoretical fit to the data calculated
from the Goldman-Hodgkin—Katz equation on the basis of a K channel permeability of
251 x 107 em® s7t and E, = —50 mV (see text).
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Fig. 10. Patch-clamp recordings from the C1 neurone. This cell-attached patch was
clamped to a potential of approximately +20 mV. In the control record (4), multiple
unitary current steps are seen (0 is the closed state and upward deflexions corresponds
to outward currents). Recording B was obtained 30 s after positioning a blunt micropipette
containing 107* M-FrLRFamide near to the neurone soma. In comparison to A4 the
number of step openings has been reduced to single or occasional double events only. After
1 min (trace C) there was a further reduction in the number of events with some periods
of total closure interrupted mainly by single openings. The effect was reversible, with traces
D and E being obtained 1 min and 2 min respectively following removal of the peptide-
containing micropipette. K* ion concentration in the patch pipette was 5 mm.

—50 mV. This is the average value obtained in more than 100 neurones using
intracellular recording methods; a value close to —50 mV was also obtained in several
of the patch-clamp experiments when the neuronal membrane was ruptured
inadvertently and the patch electrode entered the cell. The continuous line in Fig.
9 is the relationship predicted by the Constant Field equation (Hodgkin & Katz,
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1949), with a pK = 25-1 x 1074 cm?/s and [K]; = 98 mm (cf. Alvarez-Leefmans &
Gamifio, 1982).

The amplitude of the single current was dependent on the concentration of K* ions
in the patch pipette. For example, average values obtained at a pipette potential of
—170 mV (equivalent to a membrane potential of approximately + 20 mV : see above)
were 344 pA (n=2) in 1 mM-K, 263 pA (n=3) in 5mM-K and 1'54 (n=2) in
20 mm-K. These data suggest that the larger currents are K currents.
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Fig. 11. Repeated application of FMRFamide (A) onto the F2 neurone led to rapid
desentization of the depolarizing response. The response recovered after about 90 s in the
absence of the peptide.

The method of application of the FMRFamide analogue allowed access of the
peptides to the whole of the C1 neuronal membrane other than the patch under the
recording electrodes. In four recordings from the C1 neurone at depolarized holding
potentials it was possible repeatedly and reversibly to reduce the number of channel
openings observed when the neuropeptide containing electrode was positioned near
to the cell soma. The onset of the effect was slow, the maximum effect being seen
after a delay of 30 s—1 min. The effect is illustrated in Fig. 10. The top trace shows
a control recording obtained before application of the peptide; several channels were
present under this patch with up to four different current steps being observed. On
positioning another electrode containing 1074 M-FrLRFamide near to the cell soma
there was a gradual reduction in the number of steps to the higher current levels,
so that after a period of 1 min only single or occasionally double steps were observed.
The effect was slowly reversed over a period of 2 min, as is shown in the lower two
traces. Similar effects were seen with YGGFMRFamide. The method of application
of the peptide suggests an indirect mechanism for the observed reduction in unitary
current events.

(With normal physiological solution present in the electrode, no unitary currents
were seen at the resting potential of the cell. When peptide was included in the patch
electrode, again no channels were observed at the resting potential to account for the
hyperpolarizing response of the neurone to FMRFamide described above. The
absence of single-channel currents under these conditions suggests that receptors
responsible for the outward current response were not present in the patches of
membrane from which recordings were made, or that the current was too small to
be detected.)
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Fig. 12. Current responses observed in normal and zero-Na medium when FMRFamide
was applied locally to the F2 neurone. A, exposure to zero-Na medium revealed an
outward current component of the response. B, the influence of holding potential on the
response in both normal and zero-Na medium.

Neurones showing multiple responses

Ionophoretic application of FMRFamide onto the membrane of many neurones
led to a combination of the above response. In the previous section a combination
of the K-mediated hyperpolarization and the voltage-dependent depolarization was
described in the C1 neurone (Cottrell, 1982a).

The other major combination of responses was seen in an identified neurone in the
right parietal ganglion, the F2 neurone. Application of FMRFamide at the resting
potential depolarized and excited this neurone. Repeated application led to a
desensitization of the response; recovery occurred after a short period in the absence
of the peptide (Fig. 11). K, varied from —50 to —25 mV in F2 neurones in different
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preparations; the relationship between holding potential and response was non-linear
(Fig. 12 B). '
Exposure of the preparation to zero-Na solution abolished the inward current
component and revealed an outward component which did not invert until about
—80 mV (Fig. 12). As with the previously described hyperpolarization, this outward

Wash

/ Control

7/30 mMm-TEA
oF - . v

-t
Fig. 13. The effect of TEA on the response of the F2 neurone to FMRFamide. TEA (30 mm)
reduces the outward K component and therefore increases the net inward current
component of the response at varying holding potentials. TEA was substituted for Na,

therefore both control response and the responses after washing were obtained in low
(50 mm)-Na medium.

Response (nA)

0V, (mV)

component is likely to be due to an increase in permeability to K* ions because the
E.., of the response is similar to E. A major involvement of Cl is unlikely because
the outward component was observed in solutions greatly depleted of Cl1 (NaCl
substituted with sucrose) in which E, was much more positive than E.
Physiological solution containing 30 mM-TEA increased the amount of inward
current seen and made E ., about 18 mV more positive (Fig. 13). This result, together
with the different E ., seen in different cells, is consistent with the situation in which
two separate populations of channels, rather than one less selective population of
channels, are opened by the peptide. Further evidence for there being two separate
channels was provided by the action of intracellular Cs* ions. When Cs* ions were
present in the F2 neurone the outward component was blocked but the inward current
remained unaltered. Under these conditions the inward current in the F2 neurone
appeared identical to that of the fast depolarization observed in neurone E13.
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DISCUSSION
Ionic mechanisms of action

FMRFamide exerts at least three different actions on snail neurones. Two of these
actions involve an increase in membrane conductance. In one case this leads to
inhibition by increasing the permeability to K* ions and in the other to excitation
by increasing the permeability predominantly but not exclusively to Na* ions.
Similar actions have been observed in gastropod neurones in response to the
transmitter substances acetycholine (Kehoe, 1972), 5-hydroxytryptamine (Gerschen-
feld & Paupardin-Tritsch, 1974) and dopamine (Ascher, 1972; Berry & Cottrell,
1975).

The current mediating the hyperpolarizing response shows a voltage dependence
similar to that of the response produced by carbachol on Aplysia neurones (Ginsborg
& Kado, 1975). This response reverses between —70 and —80 mV, is markedly
reduced by TEA and almost completely abolished by intracellular Cs* ions (Kehoe,
1972). The effect of low-K medium on this response, as recorded from the C1 neurone,
was to shift £ ., by an amount which agrees closely with the theoretical change in
Ey. This would be expected of a response mediated by K* ions alone.

The current—voltage relationship of the depolarizing response was linear over the
range of potentials tested. Although intracellular Cs* ions did not seem to affect the
response it proved useful in eliminating the voltage-dependent K currents and
therefore made it possible to clamp the cell membrane at more positive potentials.
By extrapolation of the relationship between current response and membrane
potential, K., appeared to be around +40 mV. This, together with the observation
that the response was abolished by exposure to Na-free medium, is consistent with
a major part of the current being carried by Na* ions. Recently Dingledine (1983)
has observed that N-methyl aspartate activates a Ca current in hippocampal
neurones and that this is blocked by Co. The fast depolarization observed here was
not, however, affected by 1 mm-CoCl,.

The other, inward, current response to FMRFamide observed in the C1 neurone
was only seen when the membrane was depolarized. Analysis of this response has
proved more difficult, partly because it is complicated by the presence of the K-
dependent, hyperpolarizing response. However, the related peptide YGGFMRFamide
was found to be more potent at producing this inward current response and was
therefore used in many cases to facilitate analysis of the ionic mechanism. The
experiments in which the external Na concentration was reduced suggested that the
response is unlikely to result from a voltage-dependent increase in permeability to
Na' ions. Other possible mechanisms include a voltage-dependent increase in Ca**
ion conductance, a reduction in conductance to K+ ions, or a combination of the two
processes.

The voltage-dependent nature of the response could be related to the outward
rectification, the occurrence of which is paralleled by the appearance of the response.
The delayed outward currents recorded on depolarization are primarily carried by
K* ions. The blockade of the response by the Ca-channel blocker, Co, suggested the -
involvement of Ca?* ions and therefore an increase in an inward Ca current or a
reduction in a Ca-activated K current. The enhancement of the response following
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injection of Ca?* ions provided evidence for a reduction in a K current sensitive to
internal Ca?* ions. The single-channel experiments confirmed the view that the
peptides were suppressing at least one K current. Further experiments will be
required to test whether the single channels which were studied are indeed sensitive
to Ca and to determine whether the larger currents alone are suppressed by the
peptides.

Other voltage-dependent responses, inward in sign, have been observed with
5-hydroxytryptamine (Pellmar & Wilson, 1977; Pellmar & Carpenter, 1980;
Paupardin-Tritsch, Deterre & Gerschenfeld, 1981 ; Siegelbaum, Camardo & Kandel,
1982) and following activation of an identified serotonergic input (Cottrell, 1981). In
bull-frog sympathetic ganglion cells, luteinizing hormone releasing factor, and also
muscarinic agonists, suppress a voltage-sensitive K current which is not sensitive to
Ca?* ions (Adams & Brown, 1980; Brown & Adams, 1980). In hippocampal neurones,
histamine and noradrenaline decrease a Ca-activated K conductance (Haas &
Konnerth, 1983). Also muscarinic agonists and 5-hydroxytryptamine suppress a
Ca-activated K conductance in guinea-pig myenteric neurones (Grafe, Mayer &
Wood, 1980; Morita, North & Tokimasa, 1982; North & Tokimasa 1983). Further
experiments on the Heliz C1 neurone are required to define more fully the properties
of the K current or currents which are suppressed by the FMRFamide peptides, for
comparison with those described in other cells.

Receptor—channel complexes

The response of the F2 neurone to FMRFamide comprises two components, a
hyperpolarizing and a depolarizing part. The hyperpolarization is mediated by K*
ions and the depolarization mainly by Na* ions. There are at least four different
mechanisms possible to explain the total response: (1) a single receptor associated
with a single channel permeable to both Na* and K* ions, (2) a single receptor coupled
to two different channels which are activated simultaneously by the receptor, (3) two
different channels associated with one receptor type, one channel being permeable
mainly to Na* ions and the other to K* ions, (4) two different receptors, one type
associated with a channel mainly permeable to Na* ions and the other with a K
channel.

The E,., of the response varied between —50 and —25 mV in F2 neurones from
different animals. This is evidence against possibilities (1) and (2) as in both cases
E,., should be similar in all F2 neurones studied. The suppression of the K component
by TEA and by Cs* ions also suggests that the responses cannot be explained by a
single channel through which both ions pass. If this were the case, then TEA and
Cs* ions, being channel blockers, would be expected to affect both components to
the same extent. Instead a shift in E,., to less negative values occurs.

The most plausible explanation is that the F2 neurone has one receptor complex
which mediates the hyperpolarizing response and another complex which mediates
the depolarizing response. Further experiments are required to test whether the
receptors associated with each complex are different.
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Physiological role of the responses

Two of the actions of FMRFamide on the neurones may be considered to be
‘transmitter-like’ in so far as they are mediated by an increase in membrane conduc-
tance. These responses suggest that FMRFamide and related peptides could have
both excitatory and inhibitory transmitter roles in molluscan nervous systems. The
reason for a combination of both excitatory and inhibitory responses occurring on
the same neurone (e.g. the F2 neurone) is not known, but it is commonly encountered
with several transmitter substances (see Gerschenfeld, 1973).

The voltage-dependent action seen in the C1 neurone could have a regulating or
modulating role. An action of 5-hydroxytryptamine resulting in lengthening of the
spikeinsensory neurones, whichisthoughttobeimportantin behavioural sensitization,
probably also involves a similar mechanism of action (Klein & Kandel, 1978;
Siegelbaum et al. 1982). Serotonergic inputs may also influence accommodation in
follower neurones (Cottrell, 19825). Other reported examples of voltage-dependent
actions of endogenous neuroactive compounds include that of enkephalin in reducing
spike duration by an apparent reduction of Ca conductance (Mudge, Leeman &
Fischbach, 1979), and the effect of luteinizing hormone-releasing factor in bull-frog
ganglion cells mentioned above. The physiological importance of such actions is not
fully understood but some of them could, if occurring at terminal release sites, alter
transmitter output because of the known relationship between spike duration and
transmitter release (Katz & Miledi, 1967).

A FMRFamide-like peptide has been detected in extracts of Helix ganglia using
biological and immunological assays. However the Helix peptide is not identical to
FMRFamide; fractionation on CS-Sephadex columns shows that it is less polar than
FMRFamide itself. Because the material has very similar pharmacological properties
to FMRFamide and cross-reacts with antibodies directed against the sequence
-Met-Arg-Phe-NH,, it probably contains the sequence -Met-Arg-Phe-NH, or -Leu-
Arg-Phe-NH,, most probably with three or four additional amino acids at the
N-terminal (Price, 1982). Recently the Helix peptide has been detected in an
identified neurone, the C3 neurone, in each cerebral ganglion of Helix aspersa
(Cottrell, Schot & Dockray, 1983). Studies on the role of this neurone may help to
elucidate the functions of FMRFamide peptides and their physiological action.
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