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The neuropeptide proctolin in nanomolar concentrations
enhances the contraction of crustacean muscle fibers
manyfold. The cellular mechanisms underlying this poten-
tiation were investigated in single, isolated, fast-contract-
ing abdominal extensor muscle fibers of a small crusta-
cean, the marine isopod Idotea baltica.

Force measurements and current-clamp experiments re-
vealed two actions of proctolin on the muscle fibers. In half
of the preparations, proctolin (10-°-10-° m) increased the
fiber’s input resistance by up to 25%. In about one-fourth
of the preparations, proctolin induced all-or-none action
potentials in response to depolarizing current pulses in
muscle fibers that showed graded electric responses under
control conditions. In both cases, proctolin potentiated the
peak force of muscle contractions (between 1.5- and 18-
fold for 5 X 10-° m proctolin). Proctolin affected neither the
membrane resting potential nor the threshold for excita-
tion-contraction coupling.

Using cell-attached patches on the sarcolemmal mem-
brane, we identified non-voltage-dependent ion channels
which contribute to the passive membrane properties of
the muscle fibers. A 53 + 6 pS channel had its reversal
potential near rest and carried outward current at depolar-
ized potentials with physiological saline in the recording
pipette. With isotonic K+ saline in the patch pipette, the
reversal potential was +85 = 12 mV depolarized from the
resting potential and single-channel conductances ranged
from 36 to 166 pS. Proctolin modulated the activity of all
these putative K+ channels by reducing the number of
functionally active channels.

The effects of proctolin on force of contraction, input re-
sistance, and single-channel activity were mimicked by a
membrane-permeating analog of cAMP. Conversely, a
monothio analog of cAMP (Rp-cAMPS), a blocker of protein
kinase A activity, substantially decreased the membrane
input resistance of the muscle fibers. The results suggest
that activation of the cAMP signal pathway and phosphor-
ylation of non-voltage-dependent K+ channels by protein
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kinase A are involved in the potentiation of contractions by
proctolin in the muscle fibers of this crustacean.

[Key words: Crustacea, ldotea, neuropeptides, potassi-
um channel modulation, cCAMP, muscle contraction]

The penta-peptide proctolin (H-Arg-Tyr-Leu-Pro-Thr-NH,) was
originally isolated as ‘‘gut-factor” from the cockroach Peripla-
neta americana (Brown, 1967). Subsequently, its presence was
demonstrated in neurons of a number of arthropods, mainly crus-
taceans and insects (e.g., Bishop et al., 1984; Siwicki et al.,
1985; Marder et al., 1986, Siwicki and Bishop, 1986; Stangier
et al., 1986; Beltz et al., 1990; Orchard, 1989 for review on
insects). In motorneurons, it is thought to coexist with the ex-
citatory transmitter glutamate (Witten and O’Shea, 1985; Bishop
et al.,, 1987; Bartos et al., 1994). In crustaceans, proctolin in
nanomolar concentrations excites premotor and motor neurons
of the cardiac ganglion (Sullivan and Miller, 1984) and pyloric
cells of the stomatogastric ganglion of the lobster (Nusbaum and
Marder, 1989), evoking action potentials and modulating their
rhythmic discharge patterns.

Proctolin also evokes tonic contractions in skeletal and vis-
ceral muscles of insects and crustaceans and modulates the ef-
ficiency of their neuromuscular transmission. The amplitude of
neurally evoked contractions is enhanced by pre- and/or post-
synaptic action of the peptide (crustacean skeletal muscle:
Schwarz et al., 1980; Bishop et al., 1984; Mercier and Wilkens,
1985; Pasztor and Golas, 1993; insect hyponeural, skeletal, and
visceral muscle: Cook and Holman, 1980, 1985; Evans, 1984;
Hertel et al., 1985; Hertel and Penzlin, 1986; Baines et al., 1990;
Bauer, 1991; Limulus heart and skeletal muscle: Benson et al.,
1981; Watson et al., 1983; Rane et al., 1984; Watson and Hoshi,
1985).

The cellular mechanisms underlying this modulatory action of
proctolin are largely unknown. In crustacean neurons, a proc-
tolin-induced depolarization was shown to result from activation
of an inward current, carried mainly by sodium (Freschi, 1989;
Golowasch and Marder, 1992). In muscle fibers, however, the
enhancement of contractions by proctolin is not accompanied by
depolarizations (Bishop et al., 1987). Effects on ionic currents
were deduced indirectly from changes in muscle fiber input re-
sistance or active membrane responses (Miller and Sullivan,
1981; Adams and O’Shea, 1983; Sullivan and Miller, 1984; Her-
tel and Penzlin, 1986). With the exception of one study on Ca?*-
permeable channels of tonic flexor muscles in crayfish (Bishop
et al., 1991a), direct evidence for the modulation of single ion
channels by proctolin is also lacking.



The effects of proctolin are thought to be mediated by intra-
cellular signaling pathways, the cAMP cascade, and/or phos-
phoinositides. The myogenic rhythm of a bundle of slow fibers
of the locust’s extensor tibiae is enhanced by a cAMP increase
via stimulation of a proctolin-sensitive adenylate cyclase (Evans,
1984; Swales and Evans, 1988). Likewise, the proctolin-induced
increase in Ca’* channel activity in crayfish muscle seems to be
mediated by an increase in cAMP (Bishop et al., 1991a). How-
ever, sustained contractions caused by proctolin in the dactyl
opener muscle of the lobster (Schwarz et al., 1980) are not ac-
companied by a detectable increase in cAMP levels or protein
phosphorylation (Goy et al., 1984). The potentiating effect of
proctolin on neurally evoked contractions of the locust’s man-
dibular muscles is mimicked by inositol 1,4,5-trisphosphate (IP,)
and phorbol esters, suggesting stimulation of the phosphoinosi-
tide pathway by the peptide (Baines et al., 1990; Baines and
Downer, 1992).

To date, most investigations of the effects of proctolin on
muscle contraction employed whole muscles. Most arthropod
muscles, however, are composed of fibers of different physio-
logical types (e.g., Jahromi and Atwood, 1969; Rathmayer and
Maier, 1987) which may differ in their susceptibility to pepti-
dergic modulation. For this reason, we have developed a single
fiber preparation. We describe the effects of proctolin on con-
tractions of single muscle fibers and their voltage—current rela-
tionship, and provide evidence that the observed input resistance
increase is due to the closure of a population of non-voltage-
dependent K* channels. In Idotea, the proctolin effects seem to
be mediated by the cAMP pathway and protein kinase A.

Some of the results have been published in abstract form (Erx-
leben and Rathmayer, 1992).

Materials and Methods

Preparation and solutions. Experiments were performed on single fibers
of the abdominal extensor muscles of the marine isopod Idotea baltica.
Specimens were collected in the gulf of Naples and kept in tanks with
sea water at either ambient temperature (Naples) or 16°C (Konstanz).
A schematic drawing of the animal’s dorsal aspect is shown in Figure
1. The abdominal extensor musculature of the posterior abdominal seg-
ments consists of eight fibers in each half-segment. Four are confined
to the segment, two extend into the anterior, and two come from the
posterior segment. Most experiments were performed with the segmen-
tal fiber 2 of segments 6 or 7. For current-clamp and contraction mea-
surements, the muscle fibers were stretched to the in situ resting length
in a bath of 1 ml volume which allowed rapid exchange of the solutions.
Experiments were carried out either at room temperature (patch-clamp
experiments) or in a temperature-controlled bath at 18°C (current-clamp
and contraction measurements) in artificial sea water (ASW) with (mm)
490 NaCl, 8 KCI, 10 CaCl,, 12 MgCl,, and 20 Tris(hydroxymethyl)-
aminomethan (TRIS), pH 7.4. Proctolin (Sigma) was applied by bath
application through a pipette (patch-clamp experiments) or bath solution
exchange (current-clamp and contraction measurements). Adenosine 3’
5'-monophosphothioate-Rp (Rp-cAMPS) was obtained through Calbi-
ochem-Novabiochem.

Electrophysiological technigques. Standard electrophysiological tech-
niques were used for potential recordings and current injection. The
input resistance of the muscle fibers was determined from the slope of
the linear part of the V-I curve for small (=30 mV) hyperpolarizations
and depolarizations. Current- and potential-recording electrodes were
inserted within one fiber diameter of each other (~150 pm), approxi-
mately in the middle of the muscle fiber. The length constant was in
the order of 300 pm, precluding effective voltage control over the whole
fiber. Amplifiers for potential recordings and current injection were de-
signed and built by the electronics workshop of the University of Kon-
stanz. For better current-passing properties, electrodes were filled with
a 1:1 mixture of 3 M KCI and potassium citrate. Electrodes had a DC
resistance between 5 and 10 M) The contraction force of single muscle
fibers was measured with a small isometric transducer (KG3, Scientific
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Figure 1. Drawing of the marine isopod Idotea baltica. A, Dorsal view
in which half of the tergites of segments 5-7 have been removed, show-
ing the ventral nerve cord and the position of the extensor muscle fibers
for the sixth abdominal segment. (Muscles and nerve cord not to scale.)
B, Cross section in the region of the sixth abdominal segment showing
the arrangement of the eight extensor muscle fibers (F) on each side.
Arrows mark fibers number 2, on which the experiments were carried
out. F, flexor muscles; H, heart; G, gut; DG, digestive glands; NC,
ventral nerve cord. Intrinsic and extrinsic leg muscles not shown. Cal-
ibration bars are 2 mm (A) and 1 mm (B).

Instruments GmbH, Heidelberg, Germany) with a maximum sensitivity
of 100 mg (full range).

Conventional gigaseal techniques were used for patch clamping, with
pipettes made from borosilicate glass (CLARK electromedical instru-
ments, Reading, England) coated with Sylgard 184 elastomer (Dow
Corning) to reduce noise. For cell-attached patch-clamp recordings, the
electrodes contained slightly hypotonic (with respect to the bath solu-
tion) saline of either 90% ASW or high K* solution (mm: 400 KCI, 10
CaCl,, 12 MgCl,, 20 HEPES, pH 7.4). To achieve gigaohm seals on
the sarcolemmal membrane of the fibers, the preparation was treated
with collagenase (Type 1A, Sigma). Five to ten minutes of incubation
with 0.5 mg/ml collagenase at room temperature did not cause the mem-
brane to bleb and was sufficient to get seals of 10-100 G(.

Data acquisition and analysis. Membrane potential, current, and
force of contraction were recorded, and pulse protocols for the current
stimuli were controlled by a data acquisition interface (CED1401, CED,
Cambridge, England) connected to an IBM PC—compatible computer.
Data were analyzed with software of the CED patch and voltage-clamp
suite. The same interface and software were used for patch-clamp re-
cordings. Single-channel currents were recorded with an EPC-7 (List
Electronic, Darmstadt, Germany) amplifier and, for analysis, low-pass
filtered usually at 3 kHz and digitized at five times the filter frequency.
In the case of recordings with hypotonic ASW in the patch pipette,
single-channel conductances (y) were determined from the linear part
of the I-V relationship of outward K+ currents. With high K* saline in
the pipette, y was determined from the I-V relationship of inward K*
currents. Reversal potentials were determined either directly from the
I-V relationships or, in some experiments, by voltage ramps in which
the potential applied to the patch pipette was stepped to — 100 mV (from
the resting potential) and then linearly increased to +100 mV within
0.5 sec. Steady state open probabilities (P,) were determined by sum-
mation of open times during 4-30 sec of activity (depending on the
opening frequency of the channels). Alternatively, in particular for
patches with a large number of channels (=5), amplitude histograms of
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Figure 3. The effect of proctolin on input resistance and contraction
amplitude is dose dependent. Plot of peak contraction amplitude and
input resistance as a function of the proctolin concentration in the bath.
Membrane resting potential —74 = 1 mV throughout the experiment.

all data points were constructed. Relative open probabilities were then
obtained by subtracting the integrals of experimental histograms from
control histograms of equal sample duration (10-35 sec). Downward
deflections of the single-channel current traces correspond to inward
currents. For cell-attached patches, holding potentials are relative to the
cell’s resting membrane potential and absolute potentials for the excised
patches. Changes in the holding potential are always expressed as cy-
toplasmic side relative to the exterior face of the membrane as in con-
ventional intracellular recordings. Pooled data are presented as mean
and standard deviation of the mean (SD).

Results

Proctolin potentiates contractions and increases the input
resistance of muscle fibers

The abdominal extensor muscles from the marine isopod Idotea
baltica are ideally suited for single fiber preparations because
they consist of only eight easily identifiable fibers in each half-
segment. These fibers exhibit high myofibrillar ATPase activity,
which is characteristic of fibers with a high shortening velocity
(Galler and Rathmayer, 1992). Muscle fiber 2 of the sixth ab-
dominal segment, which was used in most experiments, is ap-
proximately 1000 pm long and 150 pm in diameter. The average
resting potential of the fibers is —70 = 5 mV (SD, n = 24).
Intracellular current injection resulted in graded depolarizations,
which in most fibers elicited graded active membrane responses
(Fig. 2A) when the fiber’s membrane potential was more positive
than —40 = 5 mV (SD, n = 14). Only 10% of the fibers (three
of 28) responded with all-or-none action potentials. The thresh-
old for a noticeable contraction (E-C threshold) was —42 * 4
mV (SD, n = 12). Depolarization beyond E-C threshold resulted
in graded contractions proportional to the depolarization in the
fibers with graded electrical responses (Fig. 2A,C) and in all-or-
none contractions in the fibers producing all-or-none action po-
tentials. The current duration was long—usually 200 msec—
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compared to the time constant of the fibers, so that passive volt-
age responses could reach a plateau.

Addition of proctolin (10-°-10-° M final concentration) pro-
duced an increase in contraction amplitudes within minutes of
application. We found two distinct effects of proctolin on the
electrical properties of the muscle fibers: an increase in the fi-
ber’s membrane resistance and the conversion of graded electri-
cal responses into all-or-none action potentials. Potentiation of
the contraction amplitudes by the peptide were always accom-
panied by a change in membrane resistance, excitability, or both.
Proctolin effects persisted as long as the peptide was present (up
to 30 min were tested).

For most fibers, electric membrane responses remained graded
upon addition of proctolin, even with large depolarizations. The
contractions also remained graded but increased in amplitude
(Fig. 2B,C). The increase in contraction amplitude with proctolin
varied widely among preparations (from 1.5- to 18-fold for 5 X
10~° M proctolin). The potentiation was, however, dose depen-
dent for a given muscle fiber (Fig. 3). In half of the experiments
(seven of 15), the increase in force of contraction with the pep-
tide was accompanied by an increase in the fiber’s input resis-
tance, R, (Fig. 2E). Again, as noted for the enhancement of
contraction, there was considerable variability among prepara-
tions, but a dose dependency for a given muscle fiber was al-
ways evident (Fig. 3). In one-fourth of the fibers (four of 15),
proctolin induced all-or-nothing action potentials and all-or-
nothing contractions in fibers that responded with both graded
electric membrane responses and graded contractions under con-
tro! conditions (Fig. 4A—C). In two of these fibers, there was no
change in input resistance (Fig. 4D), while an additional increase
in input resistance occurred in the other two fibers. The appear-
ance of all-or-none action potentials versus graded clectrical re-
sponse was not dependent on proctolin concentration. Regard-
less of the type of proctolin response—induction of action po-
tentials or increase of membrane resistance—we never observed
a significant change in the resting membrane potential of the
muscle fibers in response to proctolin. In addition to the vari-
ability noted above, proctolin sometimes failed to exert any ef-
fect on either electrical membrane properties or contraction am-
plitudes. This occurred in series of experiments (not included in
the above analysis) during the late summer and winter months,
and may indicate a seasonal sensitivity to the peptide (see Dis-
cussion).

Identification of voltage-independent K*-permeable channels in
cell-attached patches

The fact that the membrane resistance is affected over a wide
range of membrane potentials (Fig. 2E) suggests the closure of
non-voltage-dependent ion channels by proctolin. We used hy-
potonic ASW as well as high K* pipette solutions to identify
such channels. High K* solution was used to shift the K* equi-
librium potential for the patch to ~0 mV; that is, for the cell-
attached patches ~+70 mV depolarized from the fiber’s resting
potential. This way we could observe current through K*-selec-
tive channels near the cell’s resting membrane potential without

Figure 2.

Proctolin increases muscle tension by increasing the fiber’s input resistance. Records of muscle tension from a single fiber, membrane

potential, and applied current before (A) and 13 min after (B) application of 2 X 10-? M proctolin. C, Peak tension plotted as a function of the
applied constant current before and after application of proctolin. D, Relationship of peak tension (from A) replotted as function of the membrane
depolarization at the end of the 200 msec current pulses. E, Voltage—current relationship before and after application of proctolin. The calibration
pulse in the voltage traces (middle traces in A, B) is 10 mV, 10 msec. Membrane resting potential —72 + 1 mV throughout the experiment.
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Figure 4. Proctolin increases muscle tension by inducing action potentials in a fiber with graded responses. Sample traces of tension, voltage
response, and applied current before (A) and after (B) application of 10-% M proctolin. Note that the third current pulse in B elicits repetitive action
potentials and thus an even larger contraction. The input resistance, measured from negative pulses (not shown), was 540 k{2 and did not change
with proctolin. C, Peak tension recorded from another fiber, plotted as a function of the applied current of the control and 1 min and 5 min after
application of 10~7 M proctolin. D, Voltage—current relationship (only up to the point where the currents elicited action potentials) for the fiber in
C before and after proctolin. The membrane resting potential was —69 mV for both experiments.

the need to depolarize the patch, which would also activate any
voltage-dependent channels present.

In the cell-attached configuration, the most frequently ob-
served unitary currents at the cell’s resting potential were from
channels which showed no significant voltage dependence of
their open probability. With hypotonic ASW in the patch pipette,
currents appear to represent just a single 52 + 6 pS (n = 15)

conductance and hence a single type of voltage-independent
channel. An example of outward K* currents from a patch with
several of these 50 pS channels shows the fluctuations in single-
channel currents and the current—voltage relationship for the
channels (Fig. 5). With high K* solution—that is, quasisym-
metrical K* distribution—single-channel conductances ranged
from 36 to 166 pS. Figure 6 shows current—voltage relationships
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Figure 5. Unitary outward K* currents recorded from 48 pS channels with ASW in the pipette. Single-channel records at +80 mV from the
fiber’s membrane resting potential are shown at different time resolutions to demonstrate fluctuations in single-channel current (A) and channel
gating (B). The closed level of the channels are marked by ¢ and open levels by /-5. C, Unitary current through the channels as a function of
patch potential (relative to the membrane resting potential). The regression line has a slope of 48 pS. D, Amplitude histogram of all data points
during a 20 sec record. The peaks represent the closed channel (at ¢ current), one open channel (at 3.5 nA), and multiple openings of 2—5 channels.

All records were low-pass filtered at 3 kHz.

for these channels and the distribution of single-channel con-
ductances obtained with both ASW and high K* solution in the
patch pipette. The amplitude distribution of single-channel con-
ductances for high K+ solution shows three conductance classes
as evident from the peaks at 45, 95, and 145 pS. To determine
if the different conductances obtained with high K* solution
were from one or several types of channels, we analyzed some
of their gating behavior, the voltage dependence of their open
probabilities, and the channels’ reversal potentials. Representa-
tive single-channel currents for each conductance class are
shown in Figure 7. All channels displayed the same character-
istic burst behavior. The apparent closed times of multichannel
patches (and all of our patches contained several channels) de-
pend critically on the number of channels in the patch. There-
fore, measurement of the closed times was inappropriate in look-
ing for channel differences or similarities. Even in multichannel
patches, however, the closed times within distinct bursts of open-
ings (Fig. 7) can reasonably be assumed to reflect the kinetics
of one particular channel (Colquhoun and Sigworth, 1983).

Thus, we looked for isolated bursts of openings from the closed
state of the channel to the first open level. We found that the
open times within bursts were comparable for the three conduc-
tance classes since all open time distributions could be fitted by
single exponentials with similar time constants (Fig. 74-C).
Openings of the 50 pS channels obtained with ASW in the patch
pipette, by comparison, also showed characteristic bursts (Fig.
7D), but the mean open time within a burst was much longer.
This is not surprising, since the holding potentials for both con-
ditions had to be very different. With high K+ solution channels
were recorded at the cells’ resting potential, and with ASW de-
polarization =80 mV from rest was necessary for single-channel
currents with a signal-to-noise ratio adequate for kinetic analy-
sis.

In addition, all channels (with ASW or high K* solution) were
non-voltage dependent as determined from steady state open
probability versus membrane potential relationships (Fig. 8). In
terms of voltage change necessary for an e-fold change in P,
only three of 13 channels for which a quantitative analysis was
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Figure 6. Single-channel current—voltage relationships and distribution of single-channel conductances of K*-permeable channels in cell-attached
patches. A, Single-channel I-V curves from three representative channels obtained with high K* saline in the pipette. The lines are least squares

fits of the data to a straight line with slopes of 140 pS and a reversal potential (V,
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and V,,, of +76 mV (A). Potentials are relative to the cell’s resting membrane potential. B, Amplitude histogram of single-channel conductances
determined from I-V relationships as shown in A from patches with high K* saline (solid line) and from patches with ASW (see Fig. 5C) in the

recording pipette (dotted line).

carried out showed any significant voltage dependence with
+73, +63, and +45 mV for an e-fold change in P,. For the
remaining channels the slopes were more than =100 mV for an
e-fold change in P, as shown for the 148 pS channel in Figure 8.

The channels were identified as putative K* channels on the
basis of the current reversal potential which, in cell-attached
patches with high K* solution in the pipette, was +85 = 12
mV (n = 12) depolarized from the resting potential. Assuming
a resting potential of —70 mV, the average value determined in
the current-clamp experiments (see above), this is equivalent to
an absolute value of +15 mV. Upon excision into ASW (inside-
out configuration), the reversal potential shifted to positive po-
tentials: current through a proctolin-sensitive 51 pS channel, for
example (see below), for which the I-V relationship was deter-
mined with voltage ramps (see Materials and Methods) from
—100 to +100 mV (Fig. 9), reversed at +78 mV in the cell-
attached configuration. Again, assuming a resting potential of
—70 mV, this corresponds to an absolute reversal potential of
+8 mYV, as expected for the approximately symmetrical K* dis-
tribution on both sides of the patch. After excision into ASW,
only inward currents were detected, consistent with the new K+
distribution. Finally, again in the inside-out configuration, when
ASW was replaced by high K* solution, single-channel currents
reversed close to 0 mV (+6 mV); again, as expected for K*
channels in symmetrical K* solution.

For cell-attached patches with hypotonic ASW in the record-
ing pipette, unitary inward and outward currents near the fiber’s
resting potential were too small to be resolved, but outward cur-
rents increased with depolarization (Fig. 5C). Again, this is con-
sistent with the channels being K* selective.

Since channels of all conductances were largely voltage in-
sensitive, with similar reversal potentials and similar gating, we
refer to them as a single class of channels. It is not clear if the
different conductances observed with high K* solution in the
pipette actually are from distinct channels or if they represent
one channel displaying several conductance states (see Discus-
sion). With both recording solutions, channels were clustered:
patches (=5 wm?) showed either very low to no activity, or

contained several (usually 4-10) channels. Patches with a high
density of channels were found to be homogeneous; that is, sin-
gle-channel currents were multiples of the smallest current (Fig.
5, and see Figs. 10, 13).

Proctolin closes a class of voltage-independent K*-permeable
channels

Even on a time scale of seconds, channel activity fluctuated
considerably (Fig. 5A, and see Figs. 10, 13). Consequently, only
patches that were stable over tens of minutes and had several
active channels could be used to examine the effects of proc-
tolin. In these multichannel patches, activity of the non-voltage-
dependent K*-permeable channels was found to be modulated
by proctolin. Upon bath application of proctolin in the range of
5 X 107 M and 5 X 1077 M (final concentration), channel ac-
tivity decreased within 1 min. A particularly good example of
modulation of single-channel activity by proctolin is shown in
Figure 10. This patch, obtained with high K* solution in the
recording pipette, had =10 active 166 pS channels. Application
of 5 X 1077 m proctolin decreased channel activity by 91%.
Activity returned to 48% of the control level within 5 min of
perfusion of the bath with ASW, and channel activity was again
reduced by 92% during a second application of the peptide. Sim-
ilar reduction of channel activity by proctolin was investigated
in three other patches with high K* solution in the recording
pipette (50, 51, 137 pS channeis), and in two with hypotonic
ASW (50 pS) in the recording pipette. On the average, proctolin
reduced K*-permeable channel activity by 63 + 23% (eight
applications, six preparations).

The reduction of single-channel activity by proctolin was not
accompanied by a change in the single-channel current ampli-
tudes (Fig. 10), which indicates that the peptide acts by reducing
the number of active channels in the patch rather than by af-
fecting single-channel conductance. (A change in single-channel
current amplitudes due to a change in membrane potential is not
expected, since macroscopic measurements under current-clamp
conditions showed no change in membrane resting potential
upon application of proctolin.) To test for possible effects of
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Figure 7. Non-voltage-dependent K*-permeable channels with different conductances have similar gating properties. Open time distributions
determined from inward currents through single channels during bursts of openings (insets) of a 137 pS channel with a mean open time of 0.3
msec (A), a 96 pS channel with a mean open time of 0.2 msec (B), and a 36 pS channel with a mean open time of 0.3 msec (C). D, Open time
distribution from unitary outward currents during burst of openings (inset) of a 48 pS channel with a mean open time of 5.9 msec. Data and records
for the figures were low-pass filtered at 8 kHz (A) and 3 kHz (B, C, D). The smooth curves are single exponential fits with the indicated time
constants. Cell-attached patches with high K+ solution in the pipette held at the fiber’s resting membrane potential (A-C) and with ASW in the

pipette held at +120 mV from the fiber’s resting potential (D).

proctolin on single-channel kinetics, open and shut times for
isolated bursts from the closed to the first open level, similar to
the analyses for the conductances classes (Fig. 7), were mea-
sured. For the patch shown in Figure 10, for example, open and
closed times that were determined from dwell-time distributions
during the control periods and after proctolin applications show
very little and inconsistent differences in the parameters (Fig.
11). The differences are in any case insufficient to explain the
drastic reduction in single-channel activity with proctolin.

Effects of proctolin are mimicked by elevation of intracellular
cAMP and reversed by an inhibitor of the protein kinase A

Since involvement of the cAMP signal pathway was implied for
proctolin effects in other preparations (Evans, 1984; Swales and
Evans, 1988; Bishop et al., 1991a), we tested the ability of ex-
ogenous cAMP to imitate the effects of proctolin. We used the
membrane-permeable cAMP analog dibutyryladenosine 3', 5'-
cyclic monophosphate (db-cAMP, 10~* m), along with an inhib-
itor of the cAMP phosphodiesterase, 3-isobutyl-1-methyl-xan-
thine (IBMX, 10~* ™). Within 5-15 min of application (Fig.

124), there was an increase in input resistance of the muscle
fibers (+25 * 8%, n = 3, see Fig. 14), much like the effect
observed with proctolin. Elevation of intracellular cAMP also
increased the contraction amplitude (two- and threefold, n = 2).

The effect of db-cAMP/IBMX on the activity of non-voltage-
dependent K*-permeable channels was indistinguishable from
that of proctolin. In the example shown in Figure 13, there was
an 89% reduction of single-channel activity after application of
104 M db-cAMP and 10~4 m IBMX. In two other experiments,
also with hypotonic ASW in the recording pipette, db-cAMP
plus IBMX reduced the open probability of the 50 pS K*-per-
meable channels by 89% and 60%. As shown for the action of
proctolin, elevation of internal cCAMP seems to reduce the num-
ber of active channels, rather than change any of the other sin-
gle-channel parameters. In the example shown in Figure 13, the
mean open time (at +80 mV depolarization) derived from dwell-
time distributions was 5.9 msec under control conditions and 6.2
msec after application of db-cAMP/IBMX.

The diastereomer of cyclic adenosine 3', 5'-monophospho-
thioate (Rp-cAMPS) is known to bind to but not activate the
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Figure 8. Steady state open probability (P,) of a 148 pS K*-permeable channel is independent of the membrane potential. A, Single-channel
records at potentials shown with each trace; ¢ marks the closed level for the channels; records low-pass filtered at 1 kHz. B, P, determined from
four 3 sec segments (like those shown in A) at each potential. The line is a least squares fit of the data to a straight line and the “slope” corresponds
to a voltage sensitivity of +460 mV for an e-fold change in P,: error bars are standard deviations. Potentials are relative to the cell’s resting
membrane potential; cell-attached patch with three active channels; high K* solution in the pipette.

cAMP-dependent protein kinase, thereby effectively inhibiting
the enzyme (De Wit et al., 1984). Rp-cAMPS had the opposite
effect of either cAMP or proctolin. Tt reduced the membrane
input resistance on the average by 28 + 8% (n = 5, Fig. 14).
At the concentration used (2 X 10-% M), it took 20—40 min for
the Rp-cAMPS effects to fully develop. In three preparations
that were stable enough to allow recordings over several hours,
Rp-cAMPS effects were reversed after washout of 40-65 min.
The clearest example of a reversible Rp-cAMPS effect on the
V-I relationship is shown in Figure 12B. In this experiment, the
input resistance decreased by 50% and returned to the control
value after 40 min of washout with ASW. We conclude from the
cyclic nucleotide experiments that the cAMP pathway and, most
likely, protein kinase A are involved in the proctolin-induced
potentiation of contractions in the muscle fibers of Idotea.

Discussion

The main finding of our simultaneous current-clamp and con-
traction measurements on single; isolated fast muscle fibers of

50ms, 5pA
! 1 1 1 1

-100 -50 0 50 100 mV

Figure 9. K* selectivity of a proctolin-sensitive 51 pS channel dem-
onstrated by voltage ramps. Single-channel currents during voltage
ramps from —100 to +100 mV (0.5 sec duration) in a, a cell-attached
patch with high K* saline in the pipette. b, Currents after excision
(inside-out configuration) into ASW. ¢, After exchange of the bath so-
lution for high K* saline. Reversal potentials, marked by arrows, were
determined from steady state I-V curves (cf. Fig. 7), and were +78
mV in g, ~+90 mV in b, and +6 mV in c¢. The potentials for the
excised paich configurations (b, ¢) are absolute trans-patch potentials
(inside relative to outside), whereas the potentials for the cell-attached
configuration (a) are relative to the cell’s resting membrane potential.

the isopod Idotea is that proctolin increases the contraction am-
plitudes by increasing the membrane resistance R; through clo-
sure of K*-permeable ion channels. While the change in R, is
not the only effect of proctolin (see below), it seems sufficient
to explain the increase in contraction amplitudes due to an in-
crease in the voltage response in those experiments where the
only effect of proctolin was an increase in input resistance (with-
out the induction of action potentials, Fig. 2). This becomes
obvious when the contraction amplitudes are plotted as a func-
tion of depolarization rather than of the applied current (Fig.
2C,D). Since the data of the controls and after proctolin appli-
cation fall on the same “line,” neither a shift in the excitation-
contraction (E-C) threshold nor effects on subsequent steps of
E-C coupling seem necessary to explain the increase in peak
tension with proctolin. An increase in the effectiveness of E-C
coupling on the basis of depolarization versus peak tension re-
lationship is, for example, thought responsible for the large post-
synaptic effects of serotonin in the leg opener muscle of the
crayfish (Fischer and Florey, 1983).

We have identified a class of voltage-independent K*-per-
meable channels in cell-attached patches as those contributing
to the resting conductance of the muscle fibers. Since most sin-
gle-channel currents were recorded cell attached, and the exper-
iments were primarily designed to study modulation of the chan-
nels by proctolin, their biophysical characterization is still in-
complete. In particular, our results show that the channels are
K* permeable but a strict K* selectivity can be shown only in
excised patches, as demonstrated for one proctolin-sensitive
channel (Fig. 9). However, the important point with respect to
the action of proctolin is that the channels are active at the mem-
brane resting potential, and thus contribute to the resting con-
ductance. As shown here, the “background” channels are mod-
ulated by proctolin, which reduces the number of active channels
with no significant effect on either single-channel conductance
or channel open and closed times within bursts. The biological
significance of the resulting increase in membrane resistance is
an increase in the amplitude of synaptic junction potentials and
their summation properties and thus a decrease in the threshold
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Figure 10. Proctolin reversibly reduces the activity of non-voltage-dependent 166 pS K*-permeable channels. The top trace shows 10 min of
recordings from a cell-attached patch with =10 active channels. A-E, Sample traces at higher time resolution at times indicated above the top trace
show inward K* currents before application of 10-7 m proctolin (A4), and in the presence of the peptide (B, C, horizontal bar). After the first
application, the bath was perfused with ASW until the second proctolin application (second horizontal bar). D, Partial recovery of activity. E,
Activity during a second application of 10-7 m proctolin after which the patch was lost during a second wash with ASW. Recording with high K*
solution in the pipette at the fiber’s membrane resting potential. Top frace low-pass filtered at 30 Hz, and traces A—F at 1 kHz. Dotted lines and
numbers along the traces in A-D indicate individual conductance levels, and the closed level of the channels are marked by c.
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Figure 1]. Proctolin has little effect on the burst kinetics of the non-

voltage-dependent K*-permeable channels. Open and shut times of
bursts of openings from the closed to the first open level from a cell-
attached patch (same as Fig. 10) during a control period, after a first
application of 1077 M proctolin, after washout, and after a second proc-
tolin application. Error bars represent the error of single exponential fits
of dwell-time histograms from which the data points were obtained.

for neurally evoked contractions of the muscle fibers. Even
though the increase in input resistance is fairly modest (maxi-
mally 25%), the increase in force of contraction is substantial,
due to the highly nonlinear relationship between membrane de-
polarization and tension (Fig. 2D). This seems to be one of prob-
ably several mechanisms by which proctolin modulates the ef-
ficiency of motor patterns controlling muscle performance. Pre-
liminary immunocytochemical results indeed show proctolin-
like immunoreactivity in the CNS and on the abdominal extensor
muscle fibers of Idotea baltica (Erxleben, Kreissl, and Rath-
mayer, unpublished observations).

Probably the most well-characterized K* channel with com-
parable function is the “S” channel (K,) of Aplysia neurons.
Activity of Ky channels is downregulated by serotonin via phos-
phorylation by protein kinase A (Siegelbaum et al., 1982), and
upregulated by the peptide FMRFamide (Belardetti et al., 1987,
Brezina et al., 1987) via lipoxygenase metabolites (Piomelli et
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al., 1987). Modulation by phosphorylation/dephosphorylation of
the non-voltage-dependent K*-permeable channels presented
here remains to be shown in excised patches and would strength-
en the argument that ““background” K* channels are important
for the regulation of excitability not only in nerve cells but also
in muscle fibers.

With few exceptions, studies on ion channels in arthropod
muscle deal with voltage-dependent K+ channels rather than
non-voltage-dependent channels. In cultured locust muscle, a
207 pS K* channel with little voltage dependency has been de-
scribed (Miller and Usherwood, 1990). A large number of K+
channels with conductances ranging from 32 to 380 pS, some
with little voltage dependence, were recently described in ex-
cised sarcolemmal membrane blebs from lobster skeletal muscle
(Worden et al., 1993). It is not clear why we observed a single
class of voltage-independent K*-permeable channels with a
slope conductance of 52 pS with ASW in the recording pipette,
but several conductances ranging from 36 to 166 pS with high
K* solution in the pipette. Under both recording conditions,
however, K*-permeable channel kinetics are similar; that is,
channel openings occur in characteristic bursts and the channels
are downregulated by proctolin. It is conceivable that high ex-
ternal K* not only shifts the voltage range of activation of K*
channels as shown, for example, for lymphocytes (Cahalan et
al., 1985) or heart muscle (Kurachi, 1985), but also increases
the probability of occurrence of subconductance states or for-
mation of channel oligomeres. Interestingly, the large number of
K* channels in lobster skeletal muscle (Worden et al., 1993) was
also observed with high K* solution in the recording pipette.

There is an apparent discrepancy between the average reduc-
tion of single K*-permeable channel activity by proctolin (—63
+ 23%) and the increase in input resistance, which amounted
to maximally 25%. The single-channel experiments, however,
do not necessarily allow extrapolation to the whole-cell current
or input resistance, since high activity and/or a large number of
these channels were observed in a small number of patches.
While the non-voltage-dependent K*-permeable channels, if
present, were effectively downregulated by proctolin, they might
constitute only a fraction of the input resistance. Why is there
no decrease in membrane resting potential as a result of the
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Figure 12.  Effect of cAMP derivatives on the voltage—current relationship of the muscle fibers. A, Increase in membrane resistance by 10-* m
db-cAMP + 107¢ M IBMX. O, control; @, 22 min after application of db-cAMP/IBMX. B, Decrease in membrane resistance by 2 X 107* M Rp-
cAMPS. O, control; @, 40 min after application of Rp-cAMPS; [}, 40 min after washout.
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B 100uM db-cAMP + IBMX  2s, 5pA

Figure 13. Decrease in single-channel activity of a non-voltage-dependent 50 pS K*-permeable channel after application of 10~* M db-cAMP and
10~* m IBMX. Sample traces of outward K* currents during 20 sec of a control (A) and 8 min after application of db-cAMP/IBMX (B). The
average reduction of single-channel activity by cAMP/IBMX was 89%. Cell-attached patch with ASW in the recording pipette and the patch
depolarized by 100 mV. Sample traces low-pass filtered at 300 Hz. Dotted lines and numbers along the traces indicate individual conductance

levels, and the closed level of the channels are marked by c.

closure of K* channels by proctolin? If K* channels, proctolin
sensitive or not, are predominant at the resting potential, little if
any effect on the resting potential can be expected, provided that
the “leak” conductance due to the activity of either nonselective
channels, or Na* or Ca?* channels is low. A small resting “leak™
conductance is in fact consistent with our single-channel record-
ings, where we rarely found activity of other than K* channels
at the resting potential.

Rp-cAMPS decreased the input resistance to substantially be-
low control values. This effect not only substantiates the role of
cAMP in the proctolin response but also offers a possible ex-
planation for the variability that we found in the proctolin re-
sponse. We interpret the decrease in input resistance as the open-
ing of previously silent non-voltage-dependent K* channels. It
can be caused by block of a protein kinase A by the thio-cAMP
analog Rp-cAMPS, which prevents phosphorylation after either
spontaneous or phosphatase-mediated dephosphorylation of the
channels (or closely associated proteins). The pronounced effect
of Rp-cAMPS on the macroscopic V-I curve (Fig. 12B) prob-
ably includes effects on ion channels (and possibly pumps or
carriers) other than the non-voltage-dependent K*-permeable
channels that are modulated by proctolin; but the reduction of
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Figure 14. Summary of the effects of proctolin and cAMP derivatives

on the input resistance of the muscle fibers. Each column represents the
mean change in input resistance from the number of experiments indi-
cated above it. Error bars denote standard deviations of the mean. Proc-
tolin 2 X 107°-10"* M, db-cAMP + IBMX 10~* M, Rp-cAMPS 2 X

the input resistance to below control levels by Rp-cAMPS sug-
gests a basal level of phosphorylation, which might differ be-
tween animals or even between fibers and, in addition, be subject
to seasonal changes. Interestingly, during a series of experiments
in which we found very little, if any, change in membrane re-
sistance or force of contraction with proctolin or db-cAMP, the
input resistance of the muscle fibers—among muscle fibers of
comparable size—was significantly higher in the nonresponsive
group (720 * 238 k() n = 8) than in a similar group of prep-
arations that responded to the peptide (303 = 94 kQ n = 10).
High input resistance might thus simply indicate an already high
level of intracellular cCAMP and/or A-kinase activity, in which
case no more channels can be closed via phosphorylation by
proctolin or exogenous cAMP. Seasonal variability in Ca?* chan-
nel modulation by proctolin has been observed by Bishop et al.
(1991b) in slow flexor muscle fibers of the crayfish. Respon-
siveness could be restored by previous incubation with octopa-
mine (Bishop et al., 1991b).

In addition, our results confirm those of earlier investigations
concerning the possible action of proctolin on Ca?* channels. In
one-fourth of our preparations, we observed that graded depo-
larizations in response to current stimulation were converted into
all-or-nothing Ca?* action potentials (Fig. 44, B) after application
of proctolin. Appearance of Ca?* action potentials in response
to proctolin but also to octopamine and serotonin was previously
reported for lobster opener muscle (Kravitz et al., 1980). Ca?*
dependence of proctolin action was found in most preparations
(reviewed in Orchard et al., 1989), and proctolin induces spike-
like membrane oscillations in body wall muscles of Lucilia lar-
vae (Irving and Miller, 1980) and in Limulus heart muscle (Wat-
son et al., 1983). While these studies and our own suggest mod-
ulation of Ca?* channels by proctolin, the most compelling and
direct evidence for Ca?* channel modulation is the demonstra-
tion by Bishop et al. (1991a) of proctolin-sensitive Ca?* chan-
nels with patch-clamp recordings on abdominal tonic fiexor
muscle fibers of the crayfish.

A similar decrease in resting conductance by proctolin as
shown here for abdominal extensor muscle fibers of Idotea bal-
tica was observed in several other preparations. In locust skeletal
muscle, voltage-clamp measurements of a K* leak conductance
showed that the resting conductance decrease by proctolin and
FMRFamide is mediated by a G-protein (Murck et al., 1989).
In cardiac ganglia of the lobster, proctolin causes a 10-30%
increase in input resistance, also proposed to reflect a decrease
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in resting K* conductance (Miller and Sullivan, 1981; Sullivan
and Miller, 1984). Similarly, slow contractions caused by proc-
tolin in the coxal depressor muscle of the cockroach, Periplaneta
americana, are associated with a 20% increase in input resis-
tance (Adams and O’Shea, 1983). Also in the hyperneural mus-
cle of Periplaneta americana, the induction of long-term con-
tractions by proctolin is accompanied by only minimal depolar-
ization but a 25% increase in input resistance. The latter is
thought to reflect a decrease in Ca?*-activated K* currents (Her-
tel and Penzlin, 1986).These authors also proposed a scheme in
which proctolin action involves cAMP-mediated protein phos-
phorylation of K* channels. Our results provide direct evidence
for such a mechanism at the level of single K* channels.
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