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Summary
Ion channel activity in the sarcolemmal membrane of muscle fibers is critical for

regulating the excitability, and therefore the contractility, of muscle. To begin the
characterization of the biophysical properties of the sarcolemmal membrane of lobster
exoskeletal muscle fibers, recordings were made from excised patches of membrane from
enzymatically induced muscle fiber blebs. Blebs formed as evaginations of the muscle
sarcolemmal membrane and were sufficiently free of extracellular debris to allow the
formation of gigaohm seals. Under simple experimental conditions using bi-ionic
symmetrical recording solutions and maintained holding potentials, a variety of single
channel types with conductances in the range 32–380pS were detected. Two of these ion
channel species are described in detail, both are cation channels selective for potassium.
They can be distinguished from each other on the basis of their single-channel
conductance and gating properties. The results suggest that current flows through a large
number of ion channels that open spontaneously in bleb membranes in the absence of
exogenous metabolites or hormones.

Introduction

Crustacean neuromuscular preparations have been widely used for exploring the
actions of hormonal substances on pre- and postsynaptic physiological processes (Dudel,
1965; Kravitz et al. 1980; Breen and Atwood, 1983; Atwood et al. 1989). These
preparations offer the virtues of being easily obtained peripheral tissues, having a
relatively simple excitatory and inhibitory innervation, being composed of large diameter
muscle fibers and exhibiting a complex hormonal regulation of the functional
effectiveness of both nerve and muscle (Fischer and Florey, 1983; Kravitz et al. 1985;
Dixon and Atwood, 1989a,b; Mercier et al. 1990). The aim of this study was to begin the
characterization of the ion channels of lobster exoskeletal muscle fiber membranes, in
anticipation that part of the hormonal modulation of the effectiveness of contraction
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would be due to changes in the functional properties of individual ion channels (Bishop et
al. 1991; Eusebi et al. 1988).

The richness of the hormonal regulation of lobster neuromuscular preparations makes
these tissues suitable candidates for extensive studies of modulation. Four hormonal
substances that cause important changes in nerve and muscle function have been found in
these preparations. These are the amines serotonin and octopamine and the peptides
proctolin (RYLPT) and peptide F1 (TNRNFLRFamide) (Evans et al. 1975, 1976; Batelle
and Kravitz, 1978; Schwarz et al. 1980, 1984; Kravitz et al. 1980; Kobierski et al. 1987;
Trimmer et al. 1987). Studies with the amine serotonin serve to illustrate the complexity
of the modulation of lobster muscle contractility. This amine is released from thoracic
root neurosecretory structures directly into the general circulation, where it is carried to
all peripheral tissues including muscles (Sullivan et al. 1977; Sullivan, 1978; Livingstone
et al. 1981). Serotonin acts directly on muscle fibers, where it produces a contracture,
enhances the strength of contractions and causes an increase in an inward calcium current
(Grundfest and Reuben, 1961; Kravitz et al. 1980; Livingstone et al. 1980; Goy and
Kravitz, 1989).

In this communication, we report the beginning of an investigaton of the possible
biophysical substrates of this type of hormonal regulation. To facilitate studies of the
membrane channel properties, we adapted a procedure originally developed for
vertebrate skeletal muscle (Burton et al. 1988), in which the enzyme collagenase is
applied to muscles in an isotonic KCl solution to cause the appearance of ‘blebs’ along
muscle fiber membranes. The bleb surfaces are free of extracellular debris, greatly
increasing the probability of obtaining gigaohm seals with a patch pipette. Using the bleb
technique, a detailed study of the ion channel composition of lobster muscle fiber
membranes has been performed at the single channel level.

The aims of this paper are to describe the collagenase procedure used to produce
membrane blebs as applied to lobster muscle membrane and to characterize several types
of potassium channels observed in single-channel recordings from lobster muscle blebs.

Materials and methods

Bleb formation

The distal heads of the accessory flexor muscle of the meropodite of the first and
second walking legs were dissected (attached to the exoskeleton and the central apodeme)
from adult Homarus americanus of both sexes. Muscles were dissected in physiological
lobster saline, which approximates the ionic composition of lobster hemolymph
(462mmol l21 NaCl, 16mmol l21 KCl, 26mmol l21 CaCl2, 8mmol l21 MgCl2,
5 mmol l21 Hepes, 11mmol l21 glucose, pH7.4; 1200mosmol l21). The muscles were
then rinsed in a saline solution to which no calcium had been added (462mmoll21 NaCl,
16mmol l21 KCl, 34mmol l21 MgCl2, 5mmol l21 Hepes, 11mmol l21 glucose, pH7.4,
1200mosmol l21) and transferred to an enzyme solution containing 100unitsml21

collagenase (Type 1A; Sigma) in 462mmol l21 KCl buffered with 5mmol l21 Hepes
(pH7.8; 1100mosmol l21). Treatment with the enzyme solution induced muscle
contraction followed by relaxation. Within 1min of relaxation, the muscle was pinned out
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in a Sylgard-coated Petri dish. Incubation in the enzyme solution continued for 20min at
room temperature. The surface of individual muscle fibers began to form clear spherical
blebs at this time. Finally, the enzyme solution was rinsed from the preparation and
replaced with a simplified enzyme-free solution (462mmol l21 KCl, 5mmol l21 Hepes,
pH7.8).

Single-channel recordings

Patch pipettes of borosilicate glass were pulled in two stages using a Sachs-Flaming
puller. Pipettes were coated with Sylgard and fire-polished, with typical pipette
resistances ranging from 5 to 10 MV. Positive pressure was applied as the pipette
approached the surface of the blebs. Gigaohm seals between the patch pipette and the
surface of the blebs formed readily when the positive pressure was released or when
slight negative pressure was applied to the interior of the pipette. Seal formation was
optimal during the first 2h following bleb formation, when blebs were transparent and the
surface was free of debris. Following seal formation, the membrane patches were excised
from the surface of the blebs in an inside-out configuration. Recordings of single-channel
activity were made as described by Hamill et al. (1981) with a pipette solution containing
462mmol l21 KCl, 5mmol l21 Hepes, pH7.8. In some experiments patch pipettes were
filled with lobster saline. In all experiments the seal resistance was greater than 4 GV.
Channel activity was observed in nearly all patches when a depolarizing or
hyperpolarizing potential was applied to the membrane patch. Solutions were applied to
the intracellular face of the patch using a horizontal array of microcapillary tubes as
described by Friel and Bean (1988). The excised patch was held in the mouth of a
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1

Fig. 1. Bleb formation on the surface of lobster skeletal muscle. The accessory flexor muscle
of the meropodite was treated for 15min with collagenase in a solution containing an elevated
level of potassium (see Materials and methods). Scale bar, 75 mm.
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Fig. 2. (A) Muscle and blebs in phase contrast. (B) The same field visualized with
fluorescence optics. The muscle was injected with Lucifer Yellow immediately prior to
application of the collagenase solution. The fluorescent dye fills the interior of the blebs as
well as the muscle fiber. Scale bar in A, 50 mm.



microcapillary tube, so that a stream of solution flowed constantly over the intracellular
face of the patch. Changes of solution were effected by moving the patch to the mouth of
a different tube. Alterations in single-channel activity occurred within a second with each
change of solution, suggesting that the excised patches were open membranes and not
vesicles.

Currents were recorded using a List EPC-7 amplifier, stored on tape (Hewlett-Packard,
model 3964A) and subsequently digitized at a sampling rate of 42kHz using an NEC
computer. Data were filtered at 3kHz and analyzed using pClamp software (Axon
Instruments, versions 4.0-5.5) to detect and analyze single channel openings.

Results

Muscle fiber blebs

Treatment of lobster skeletal muscle with an enzyme solution containing collagenase
results in the appearance of membrane blebs on the extracellular surface of muscle fibers
(Fig. 1). After 10–15min of incubation the blebs range in size from 5 to 100 mm. Larger
blebs predominate with longer (20–25min) incubations in collagenase solution. Two
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Fig. 3. Channel activity in an excised patch of membrane from lobster skeletal muscle blebs.
Pipette solution: lobster saline (see Materials and methods). Bath solution: 462mmol l21 KCl,
5 mmol l21 Hepes, pH7.8. Pipette potential is 0mV. Channel openings are shown as upward
deflections of the current trace. Single-channel currents of several amplitudes are present in
the recording.
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lines of evidence indicate that the blebs arise from evagination of the muscle membrane
as sarcolemmal contacts to internal structural elements are enzymatically disrupted. First,
pressure applied via the patch pipette easily explodes (with positive pressure) or implodes
(with negative pressure) the blebs. The fragile nature of the blebs suggests that the
functional integrity of the internal cytoskeleton has been disrupted. Second, injection of
the dye Lucifer Yellow into a muscle fiber prior to treatment with the collagenase solution
results in diffusion of dye from the cytoplasm into the interior of the blebs (Fig. 2). The
latter observation suggests that the blebs contain cytoplasmic components and that the
interiors of the blebs are continuous with the muscle cytoplasm during the period of bleb
formation. In addition, dye does not leak from the bleb over a 1h period, suggesting that
the blebs are not generally leaky to the extracellular environment.

Ion channel activity in blebs

Several types of unitary ionic currents were detected in voltage-clamp recordings from
excised inside-out patches of muscle blebs. A typical recording is shown in Fig. 3, in
which the pipette was filled with lobster saline solution (to mimic the normal extracellular
environment) and the intracellular face of the excised patch was bathed with a high-
potassium solution (to mimic the intracellular environment). At a holding potential
(Vpipette) of 0mV, several channels are active in the excised patch (Fig. 3). The polarity of
observed channel openings (upward) suggests that these openings result either from the
net flow of cations from the bath into the pipette or from the net flow of anions from the
pipette into the bath. Since the driving force for chloride ions is close to zero at this
membrane potential, it is likely that these current events arise from the movement of
cations.

The recordings were repeated under simplified ionic conditions where the pipette and
bath solutions were identical (462mmol l21 KCl, 5mmol l21 Hepes, pH7.8). In a typical
recording of this type, no channel activity is detected in the excised patch at a holding
potential of 0mV as no ionic concentration gradients exist. Channel opening events
appear when a potential difference is applied across the patch membrane. Fig. 4
illustrates such an experiment with 2Vpipette equal to +60mV. Typically, several size
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Fig. 4. (A) Channel activity in a bleb membrane patch. Pipette and bath solutions are identical:
462mmol l21 KCl, 5mmol l21 Hepes, pH7.8. Holding potential (2Vpipette) is +60mV. Both
large and small single-channel currents are observed, with occasional multiple openings of
both channel types (arrows). (B) Amplitude histogram constructed from the raw data digitized
from the experiment shown in Fig. 4A. Curve-fitting of each peak was accomplished by a non-
linear least-squares fit to each Gaussian distribution. Peak 1 (centered at 0pA) corresponds to
the current recorded from the patch when all the channels were apparently closed (baseline
current). Peak 2 corresponds to the current flowing through a single channel (6.32±1.46pA)
(mean ± S.D.). Peak 3 is current flowing through two small channels opening simultaneously
(12.48±1.65pA). Peak 4 is current flowing through one large channel (30.12±2.04pA). Peak 5
is current flowing through one large and one small channel open simultaneously (total current
36.15±1.71pA). Peak 6 is current flowing through one large and two small channels (total
current 42.43±2.15pA). The area under each peak was calculated as a percentage of the total
area fitted by the Gaussian curves. Peak 1, 31%; peak 2, 33%; peak 3, 17%; peak 4, 7%; peak
5, 7%; peak 6, 5%.
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classes of channels are active simultaneously in the bleb patches. In the recording
illustrated, both large and small single-channel currents are prominent, with occasional
multiple openings of both channel types.

The histogram in Fig. 4B illustrates the amplitude distribution of data points digitized
from a 7.5s recording from the patch shown in Fig. 4A (2Vpipette +60mV). Peak 1
(centered at 0pA) represents data recorded from the patch when all the channels were
apparently closed (no transitions below this average baseline were recorded). From the
area under the curve under peak 1 the percentage of time during which all channels are
closed can be estimated as 31% of the total recording time. Curve-fitting of the histogram
peaks to the right of peak 1 allows estimation of the size of several single-channel
currents present in the recording. For example, peak 2 in Fig. 4B (centered at 6.32pA)
represents openings of the smallest channel detected. The area under peak 2 reflects the
high probability of finding this channel in the open state. At least two of the small
channels are present in this patch, since double openings of the small channel are
observed in the raw data of Fig. 4A. These double openings are represented by peak 3
(12.48pA) in Fig. 4B. The remaining peaks in the amplitude histogram account for a
smaller proportion of the recording time and result from openings of the large channel as
well as simultaneous openings of large and small channels.

Characterization of single channel types

To characterize the single-channel conductances of ion channels in bleb membranes a
series of d.c. membrane potential shifts was applied to excised patches with channel
activity. In 36 membrane patches the conductance of the bleb membrane ion channels
was determined by measuring the slope of the relationship between the amplitude of the
single-channel current and the applied voltage. In these experiments several different
species of ion channels could be clearly distinguished on the basis of their single-channel
conductance and kinetic properties.

A recording showing two channel types that are frequently observed together in a
single patch is illustrated in Fig. 5A. One channel type has a larger conductance, is open
for brief durations and shows intermittent bursts of intense activity (dotted line), while the
second (solid line) has a smaller conductance and appears to open for significantly longer
periods than the first. A quantitative analysis of over 520 openings of these two channel
types at a 2Vpipette of +100mV results in the plot of channel current amplitude versus
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Fig. 5. (A) Two types of channels active in the same patch. The dotted line indicates examples
of current deflections due to openings of the large channel. The solid line indicates an example
of a single opening of a smaller channel. 2Vpipette +100mV. (B) Amplitude scatterplot for
independent analyses of two channel types in a single record from the experiment shown in A.
Open circles are measurements of the larger channel (mean current amplitude 7.01±0.05pA;
mean channel open time 0.56±0.29ms; N=522 open events). Filled circles are measurements
of the smaller channel (mean channel current 3.82±0.03pA; mean channel open time
2.13±0.14ms; N=538 open events). 2Vpipette +100mV. Open events were detected as current
fluctuations that exceeded 50% of the difference between the baseline current level and the
open channel amplitude level. Measurements of the amplitude of the current during each
channel open event were determined in separate analyses for each of the two channel types.
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Fig. 6. (A) I–V relationship for the large channel shown in Fig. 5A. Each point represents the
mean single-current amplitude ( i) measured from the distribution of over 400 open events at
each voltage (error bars for each are not larger than the symbols). The single-channel
conductance corresponds to the slope of the linear regression fitted to these points and is
62.8pS. (B) Mean channel open time (MCOT) (± S.E.) as a function of voltage. Each point
represents the mean duration of channel openings calculated for the same data as shown in A.
(C) Probability of finding the channel in an open state (Popen) as a function of voltage.
(D) Frequency of channel opening as a function of voltage. (E) Predicted charge carried by the
open channel (calculated as the product of MCOT and the single-channel current i) (F) I–V
relationship for the same channel when bath KCl is replaced by NaCl (462mmol l21). In all
plots, holding potential is equal to 2Vpipette.



mean channel open time (MCOT) shown in Fig. 5B. These data confirm that the open
lifetimes of the larger of the two conductances (MCOT=0.56±0.29ms; open circles) is
significantly shorter than that of the smaller (MCOT=2.13±0.14ms; filled circles)
channel.

To examine the properties of these channels, the activity of each was analyzed
independently. The I–V relationship for the larger conductance channel is shown in
Fig. 6A. The slope of the regression line indicates that the single-channel conductance for
this channel is 62.8pS and that the I–V relationship for this channel is linear in the range
275mV to +60mV and reverses at 0mV in symmetrical recording solutions. The single-
channel conductance may show weak rectification at voltages greater than +60mV;
however, data from other experiments on this channel are limited in this voltage range. In
seven experiments under identical experimental conditions the mean single-channel
conductance was 68.1 ± 7.7pS (mean ± S.D.). The mean channel open time (MCOT) for
this channel is brief, approximately 0.3–0.4ms (at 275mV) and shows a weak voltage-
dependence, increasing by approximately 25% as 2Vpipette is increased to +80mV
(Fig. 6B). The probability of finding a channel of this conductance in an open state over
the same voltage range is highly voltage-dependent: the open probability (Po) at +80mV
is approximately 10-fold higher than Po measured at values of 2Vpipette of 275mV to
250mV (Fig. 6C). The increase in Po can be accounted for by a nearly 10-fold increase
in the frequency of channel openings (Fig. 6D). In Fig. 6E, the net positive charge carried
when this channel is open is illustrated as the product of the mean channel open time and
the single-channel current at various holding potentials. The profile of this channel is
nearly linear over a range of membrane potentials from 250mV to +100mV.

To determine whether this channel displays ion selectivity, the 462mmol l21 KCl
solution bathing the intracellular face of the patch was replaced with 462mmoll21 NaCl.
In the presence of intracellular sodium the I–V curve for this channel shifted to the right
by +60mV (Fig. 6F). This observation suggests that the channel conducts cations and is
highly selective for potassium compared with sodium. The mean permeability ratio
PK/PNa was calculated from the reversal potential measured in four experiments and
averaged 12:1, with a range of 16.7:1–10.1:1.

The I–V relationship for the second channel is shown in Fig. 7A. The single-channel
conductance is approximately 35.0pS, and the I–V relationship is linear, reversing at
0 mV under conditions where the bath and the pipette interior contain identical solutions.
In 10 experiments under identical experimental conditions the mean single-channel
conductance was 40.5 ± 5.4pS (mean ± S.D.). The mean channel open time does not seem
to be voltage-dependent and is approximately 2ms (Fig. 7B), more than four times larger
than that of the 68pS channel described above. As with the larger channel, the probability
of channel opening for the smaller channel increases at more depolarized potentials and
correlates with an increase in the frequency of channel openings at depolarized voltages
(Fig. 7C,D). The net positive charge carried through this channel is shown in Fig. 7E and
is a linear function of the pipette potential. When the intracellular face of the patch is
superfused with 462mmol l21 NaCl replacing KCl, the I–V curve shifts to the right
(Fig. 7F), suggesting that this channel is also a cation channel selective for potassium. In
three experiments, the extrapolation of the reversal potential gave an average value of

123Lobster muscle ion channels



+40mV in the presence of internal sodium, corresponding to an average value for PK/PNa

of 4.9:1, with a range of 3.9:1–6.5:1.
In Fig. 8 the frequency of channel opening for each channel type is displayed as a

function of time and pipette potential (both channels were active simultaneously in the
same patch). The 40pS channel is active at all holding potentials, but opens more
frequently at strongly depolarizing voltages (Fig. 8E). The 68pS channel displays little
activity at negative holding potentials, with relatively long periods during which there are
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no openings (Fig. 8B). This channel becomes increasingly active at depolarizing
voltages, with periods of intense bursting at a 2Vpipette of +100mV (Fig. 8F). The kinetic
behavior of both types of channels suggests that the macroscopic current flow at steady
state would demonstrate outward rectification, because of the increase in the probability
of channel opening at depolarizing voltages (see also Figs 6C and 7C) and the lack of
channel inactivation over long (10s) periods of maintained depolarization.

The variety of channels in lobster skeletal muscle

A summary histogram representing I–V analyses of 36 excised membrane patches
recorded in symmetrical KCl solutions is shown in Fig. 9. The sizes of single-channel
conductances observed in the blebs extend over an approximately tenfold range
(32–380pS). Certain size classes of channels were observed repeatedly, with two size
classes (32–45pS and 60–80pS) being recorded with the highest frequency. Larger
channel conductances of 300–400pS were recorded less often. Patches displaying
activity of these large channels often also showed channels of smaller conductances.

Discussion

Many types of ion channels co-exist in the sarcolemma of lobster exoskeletal muscle
fibers, even under the narrowly defined experimental conditions imposed in these
experiments. A large range of single-channel conductances and distinct gating properties
were observed from channels recorded under bi-ionic conditions where potassium was
the only permeant cation. All the channels observed displayed nonrectifying single-
channel I–V relationships in symmetrical recording solutions and were active in patches
held for prolonged periods at d.c. holding potentials. All were active in the absence of
exogenously added calcium, ATP or other intracellular messengers or metabolites.

The variety of single potassium channel types observed in this study of sarcolemmal
blebs raises the issue of whether a similar diversity of channel types exists in intact
muscle membrane. Preliminary experiments on intact muscle fibers indicate that several
kinetically distinct channels with a range of single-channel conductances are active in
recordings of excised inside-out patches of sarcolemmal membrane. The properties of the
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Fig. 7. (A) I–V relationship for the small channel from the recording in Fig. 5A. Each point
represents the mean single-channel current amplitude (i) from over 367 open events measured
at each voltage (error bars are not larger than the symbols). The single-channel conductance
corresponds to the slope of the linear regression fitted to these points and is 35.0pS. (B) Mean
channel open time (MCOT) (± S.E.) as a function of voltage. Each point represents the mean
duration of channel openings calculated for the current measurements shown in A.
(C) Probability of finding the channel in an open state (Po) as a function of voltage. Data are
corrected for the fact that two channels of this type were active in the patch (the probability of
a single channel being open is half of the total probability that any channel is open).
(D) Frequency of channnel opening as a function of voltage; data are corrected for the
presence of two active channels. (E) Predicted charge carried by the open channel (calculated
as the product of MCOT and the single-channel current i). (F) I–V relationship for the same
channel when bath KCl is replaced by NaCl (462mmol l21). In all plots, holding potential is
equal to 2Vpipette.



channels in the intact preparations have not been studied in detail; however, it seems
unlikely that the variety of channels described in this study of membrane blebs arises
simply from the loss of cytoskeletal and intracellular regulatory influences.

Lobster skeletal muscle membranes are not unique in showing a broad diversity of
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potassium-selective ion channel types. A variety of channel types has also been reported
in other studies in which invertebrate muscle potassium channels have been characterized
at the single-channel level. For example, in cultured embryonic locust myofibers, five
potassium channel types have been described; three of these are inward rectifiers and one
is calcium-dependent (Miller and Usherwood, 1990). In Drosophila melanogaster
muscle, a number of potassium channels are expressed over the course of development,
including the depolarization-activated transient IA current (Salkoff, 1983; Solc et al.
1987; Zagotta et al. 1988). Other Drosophila muscle potassium channels described at the
single-channel level include stretch-activated, voltage-dependent and calcium-dependent
channel types (Wu and Ganetzky, 1988; Zagotta et al. 1988). In crayfish stomatogastric
muscle, a calcium-independent depolarization-activated potassium channel has been
reported (Franke et al. 1986).

The two channels described in detail in this study show a high frequency of opening at
depolarizing holding potentials, suggesting that they carry outwardly rectifying
macroscopic currents in the intact muscle fiber. The I–V relationships for both single-
channel conductances are ohmic. Therefore, the rectification of the macroscopic currents
appears to arise from the voltage-dependence of channel open-state probability and not
from non-linearities in the I–V relationships of the single-channel conductances. Both
channels demonstrate non-inactivating activity at maintained holding potentials,
consistent with the possibility that these channels may be delayed rectifiers. However,
further experiments will be required to confirm this possibility. The voltage-sensitivity of
the predicted macroscopic current flow through both channels suggests that the outward
current is substantial at transmembrane voltages greater than 0mV. Under normal
physiological conditions, the membrane potential of lobster muscle fibers does not reach
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positive potentials, since these membranes carry no sodium spikes and contractions are
graded and proportional to depolarization. However, under the influence of amines and
the peptide proctolin, overshooting calcium action potentials appear in lobster exoskeletal
muscle fibers (Kravitz et al. 1980). Under such conditions, the two channels described
here would be activated and could serve an important role in repolarizing the muscle
membrane potential.

Further studies will be required to determine how the channels described in this study
relate to macroscopic potassium currents previously reported in lobster exoskeletal
muscle. Earlier preliminary studies indicated that these fibers exhibit a
tetraethylammonium (TEA+)-sensitive potassium current, a calcium-dependent
potassium current and a potassium current insensitive to TEA+ (Kravitz et al. 1980). It is
not known whether the channel types described here are sensitive to TEA+ or whether
these channels might be sensitive to calcium (no calcium chelators were used in this
study). Potassium channels are important targets for modulation in other systems, where
they play significant roles in determining the resting membrane potential and the rate of
repolarization after excitatory input (Siegelbaum et al. 1982; Belardetti et al. 1987;
Wakatsuki et al. 1992; Escande and Cavero, 1992). In lobster muscle, neurohormonal
regulation of potassium-selective channels could be critical in controlling the muscle
membrane potential, thereby directly influencing muscle fiber excitability and
contractility.
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