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SUMARY

1. Single barnacle muscle fibres from Megabalanus psittacus (Darwin)
were internally perfused and the effects of various internal and external
solutions on voltage clamp currents were examined.

2. The usual internal solution was 180 mm-K+ aspartate (osmotic
pressure adjusted to 1000 m-osmole by adding sucrose). Fibres perfused
with this solution gave an average resting potential of -55 + 5 mV (all
potentials are referred to the external solutions as ground). Further
increase in internal K concentration depolarized the fibres.

3. With membrane current control the total capacitance, referred to
apparent membrane surface area, was 21-2 + 2-4 /zF/cm2.

4. Under normal conditions, with demonstrably good longitudinal space
clamp control, voltage clamp currents associated with certain depolarizing
pulses showed oscillations. These oscillations were reduced in frequency
and magnitude by lowering the temperature from 20 to 10° C, by elimi-
nating the inward currents with external Ca-free saline or by reducing the
outward currents with internal tetraethylammonium (TEA) or replace-
ment of internal K by Cs.

5. With a Na- and Ca-free, 60 mr-MgCl2 solution outside depolarizing
voltage clamp pulses produced only outward currents. On repolarization
the current tail reversed direction at about -70 mV for pulses of less than
50 msec duration. For longer pulses this reversal potential was less
negative, suggesting an accumulation of external, or depletion of internal
K.
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6. Both the size of the outward currents and the rate at which they
reached their maximum value increased with temperature. The activation
energy for the rate constant was about 63 kJ/mole.

7. Fibres bathed in Na- and Mg-free, 60 mM-CaCl2 saline were excitable.
After replacement of the internal K+ with Cs+ or adding 60 mM-TEA to
the internal solution only sustained inward currents were recorded with
depolarization.

8. Sustained inward currents could be reduced by external application
of 5 mm-LaCl3. Tetrodotoxin was not effective even at a concentration of
1000 nM.

9. The rate at which these inward currents reached a maximum value
increased with increase in temperature of the bathing solution with an
activation energy of the order of 42 kJ/mole.

10. The reversal potential of the inward currents changed with the level
of internal Ca- ions. For a fibre perfused without ethyleneglycol-bis
(,f-aminoethyl ether) N,N'-tetraacetic acid (EGTA) this reversal potential
was 175 mV (internal free Ca 5 x 10-7 M), and was 196 mV for a fibre
perfused with 20 mM-Tris EGTA (internal free Ca 0-26 x 10-8 m).

11. We propose an electrical equivalent circuit to account for most of
the observed electrical properties of barnacle muscle fibres. In this model
the Ca and the K system are located at different anatomical places and
they interact through a series resistance.

INTRODUCTION

The study of the properties of crustacean muscle fibres is of particular
interest because of the role ofCa ions in the generation of electrical activity
and in the initiation of contraction. Muscle fibres from crab are capable of
generating long-lasting action potentials in the absence of external Na
ions (Fatt & Katz, 1953; Fatt & Ginsborg, 1958). While various crustacean
muscle fibres possess a variety of properties, the large fibres of the barnacle
which were introduced by Hoyle & Smyth (1963), and about which we are
reporting, are indifferent to the presence or absence of external Na. These
large fibres are of special interest because they can easily be subjected to
internal perfusion, voltage clamping and direct radioactive tracer measure-
ments, together with measurements of tension or shortening. A large
number of experimental results have been reported for barnacle muscle
fibres but many details seem to remain obscure and we feel that a thorough
understanding of this preparation is of great importance.

This paper is a report of work on the electrical properties of the fibre of
the barnacle, Megabalanus psittacus. The problem of depolarization-
contraction coupling in this preparation will be described later. In one
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respect, the barnacle muscle fibre preparation is less than ideal because of
the presence of deep longitudinal invaginations of the sarcolemma. These
invaginations of the sarcolemma have been described in all crustacean
muscle fibres that have been examined (Peachey, 1967; Peachey & Huxley,
1964; Fahrenbach, 1967; Hoyle, 1970; Selverston, 1967). We will refer to
them as 'clefts'. The transverse tubular system which presumably carries
the excitation inward (Huxley & Taylor, 1958; Gage & Eisenberg, 1969;
Adrian, Chandler & Hodgkin, 1969; Adrian, Costantin & Peachey, 1969;
Bezanilla, Caputo, Gonzalez-Serratos & Venosa, 1972) arises from the
walls of the cleft as well as from the outer surface. The sarcolemma mem-
brane in both the clefts and the transverse tubular system presumably
contributes the bulk of the very large apparent membrane capacity and is
responsible for the low apparent membrane resistance. These have been
observed by Fatt & Katz in crab muscle (1953). Under these conditions,
uniform depolarization of the membrane under voltage clamp conditions is
probably impossible and care must be exercised in the interpretation of
results. Voltage clamp measurements have been reported for the fibres of
the crab (Strickholm, 1963) and barnacle (Hagiwara & Takahashi, 1967;
Hagiwara, Hayashi & Takahashi, 1969; Hagiwara, Takahashi & Junge,
1968), in both of which oscillatory currents were observed (Strickholm,
1963; Hagiwara & Naka, 1964), an observationreminiscent ofthe oscillations
in the action potentials with applied currents in the crab (Fatt & Ginsborg,
1958). These oscillations in fibres under voltage clamp might be due to a
failure of the longitudinal space clamp (in our experiments they are clearly
not), non-uniformity in the clefts and tubules or to the presence of two or
more ionic systems located at different places, such as the sarcolemma and
the tubules. We present convincing evidence to show that there are two
ionic systems in the fibres we studied (Ca and K) neither of which exhibit
appreciable inactivation. We propose, perhaps less convincingly, that the
sarcolemma contains both K and Ca sites, that the tubules have only Ca
sites and that these systems can interact to produce oscillations in the
action potential under current control or in the membrane current under
voltage control.

METHODS

Dissection of single muuscle fibres
Large specimens of the barnacle Megabalanus psittacus, readily available on the

coast of Chile, were used in this research. The shell of the animal was broken and of
the three pairs of muscles attaching to the scutum and tergum only the lateral
muscles (depressor muscle of the scutum) were isolated with the long tendon
attaching to the scutum on one end and with a small piece of shell on the other end.
These muscles were immersed in artificial sea water (ASW, Table 1). Single muscle
fibres were isolated and stored as follows. First, tendons were carefully freed from
the scutum under the microscope. Next, the tendon was gently pulled and the fibre
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External
electrode

Current
electrode

Fig. 1. Diagram of the chamber and electrode arrangement for internal
perfusion, membrane potential control and recording of the tension of a

single muscle fibre.
A. Lateral view: the infusion cannula was connected to an infusion pump

with which the rate of infusion could be controlled from 0-16 to 1-6 /u1./sec.
This cannula was mounted on a micro-manipulator, not shown in the
diagram. The outlet cannula was also mounted in a holder (shown just
inside the holder for the infusion cannula) which could be positioned with
a micro-manipulator, not shown in the diagram. The separation (air gap)
between the right side stand and the saline in the chamber could be ad-
justed by lateral displacement of the chamber which was mounted on a

micro-manipulator, not shown in the Figure.
B. Top view: the saline was kept in the chamber by means of pieces of

parafilm placed on each side of the chamber about 1 mm over the upper

edge of the chamber. The front and the back walls were three pairs of Pt
plates of the following dimensions: lateral plates, 10 mm wide by 8 mm
high; central plates (current electrode), 3-5 mm long by 8 mm high. These
electrodes were plated with Pt black. The temperature was measured using
a thermistor placed in the chamber and a standard bridge calibrated to
give direct temperature readings.
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IONIC CURRENTS IN CRUSTACEAN MUSCLE 413

was separated from the muscle. The end of the fibre attached to the shell was cut
and carefully blotted on filter paper. The cut end was placed on a piece of filter paper
in a petri dish and the tendon end immersed in ASW. 'Vaseline' was used as a
partition between these two compartments (the partition was about 5 mm wide
and 10mm high). Most fibres had an ellipsoidal cross-section with diameters ranging
between 500-1500 jtm and 1000-4000 /tm.

Intracellular perfusion
A fibre with both ends tied was mounted horizontally on a chamber as is shown

diagrammatically in Fig. 1. The tendon end was generally attached to a mechano-
electric transducer by means of a small piece of thread (no more than 40 mm long).
The other end was used for insertion of a glass cannula. The tip of this cannula was
fire polished and was introduced through a cut. A silk thread was tied around it and
used as a mechanical support attaching it to the right side stand. The external
diameter of this cannula was 800 1am at the tip and about 1200 /tm at the other end.
The infusion cannula was prepared with a 150 ,tm glass capillary about 140 mm

in length. A 50 um Pt wire was wound around it (the pitch of each turn was 0-25 mm)
to serve as the current electrode. This glass capillary was connected to an infusion
pump (Multispeed Transmission Harvard pump, Harvard Apparatus Co., Dover,
Mass.) and the rate of infusion could be controlled from 0 16 to 1 6 #L/sec. This
infusion cannula-current electrode was mounted in a two-way stopcock which was
supported by a micromanipulator. It was slowly introduced into the large cannula
(inserted in the end opposite to the tendon end) and then into the muscle fibre. It was
observed that the perfusion solution emerging from the tip prevented mechanical
damage which would otherwise be produced by the insertion of the capillary. This
cannula was introduced until its tip was near the tendon end (never closer than
2 mm). As a consequence of this procedure, the fibre diameter increased (two or
three times in some experiments) and the solution flowed freely inside the fibre and
out of the large cannula inserted in the end opposite to the tendon end.

Voltage clamp methods

Membrane potential control was achieved using the point control system developed
by Moore & Cole (1963) and described in detail elsewhere (Bezanilla, Rojas &
Taylor, 1970). Both internal and external voltage electrodes were Ag/AgCl. The
internal electrode bridge was the usual glass capillary, about 200 mm in length and
100 ,#m in diameter, filled with 500 mm-KCl and containing a floating 50 /um bright
Pt wire. The external electrode bridge consisted of a glass capillary filled with 1%
agar-500 mM-KCl. The internal current electrode was the 50 sm Pt wire wound
around the infusion cannula and plated with Pt black. The resistance of this electrode
was measured after it had been used during most of the experiments described in
this paper (the method is described by Moore & Cole, 1963). For pulses shorter than
50 msec it had a resistance less than 5 Q cm. For pulses greater than 50 msec and
smaller than 500 msec the polarization resistance increased up to 25 Q cm. A single
100 jrm Pt current electrode has about one quarter of the surface area of the spiral
current electrode used in the present work. The external current electrode consisted
of a pair of Pt plates (plated with Pt black) shown in Fig. 1. These plates were
electrically connected together and kept at virtual ground potential by means of an
operational amplifier. Two pairs of earthed Pt plates were used as guards as shown
in Fig. 1.
The oscillatory behaviour of some of the membrane currents demanded further

controls of space clamp and of the methods used to record the membrane currents.
The first control consisted in adding an extra pair of Pt plates used as guards filling
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IONIC CURRENTS IN CRUSTACEAN MUSCLE
up the air gap shown in Fig. 1. The second control consisted of adding a pair of
C-shaped Ag/AgCl external differential electrodes to measure the currents as a
voltage drop in the external saline simultaneously with the other electrode system.
For dimensions of this electrode the reader is referred to Chandler & Meves (1965).
The chamber was mounted on a micromanipulator in order to control its position.

The distance between the right side stand and the chamber (air gap of Fig. 1) was
adjusted according to the dimensions of the fibre. The maximum air gap used was
20 mm.
Temperature control was achieved by circulating water from a refrigerated water-

bath through the chamber. It was measured with a thermistor in contact with the
external solution.
The tension was recorded utilizing a mechano-electronic transducer (5734 RCA)

which was mounted in such a way that the initial position and tension could be
adjusted. Voltage and current supply for this transducer were obtained from a 6 V
d.c. power supply and from the auxiliary jack of the 565 Tektronix oscilloscope. The
transducer was mounted in a brass shell with small hole for the plate shaft.

Solutions
The composition of the solutions used in the present experiments is given in

Table 1. Cs-aspartate was prepared by neutralizing CsHCO3 with aspartic acid.
Tris-EGTA was prepared by neutralizing EGTA with Trizma base.

RESULTS

1. Resting potential
We measured the resting potential ofgiant fibres in situ using a standard

micro-electrode technique with a reference electrode placed in the solution
found in the mantle cavity; the depressor muscle of the scutum was
exposed to this solution after removal of the egg mass and part of the
ovary. When the micro-electrode entered the muscle fibre there was a
potential drop of -72 + 2 mV (average of fourteen determinations in five
different muscles of four barnacles) at a room temperature of 220 C.
Occasionally spontaneous oscillations of the membrane potential were
recorded (oscillatory action potentials) which were followed by strong
contractions. It was not possible to study these action potentials in any
further detail because the strong muscle contraction broke the tip of the
micro-electrode and the fibres were damaged. We do not rule out the
possibility that the observed spontaneous contractions which were pre-
sumably caused by the spontaneous electrical activity could have been
caused by mechanical damage produced when preparing the muscle for
micro-electrode recording; that is to say, when breaking the shell of the
animal and when the connective and other tissues around the muscle were
removed to allow the penetration with the micro-electrode.

Small samples of the solution surrounding the muscle were collected and
stored for analysis. The results obtained are given in Table 2. The Na, K
and Mg content of the sample from the liquid found in the mantle cavity

i6 PHY 229
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(Table 2A) is similar to the Na, K and Mg content of the sample from the
liquid surrounding the depressor muscles (Table 2B). The osmotic pressure
and the Ca content are slightly different. The presence of some negatively
charged proteins and/or other macromolecules in this fluid could explain
both lower osmotic pressure (for samples of identical volume) and the
higher total Ca content of this liquid. The similarity between these
solutions induced us to use just artificial sea water in the control runs.

TABLE 2. Ionic content analyses in the barnacle Megabalanus psittacus
Osmotic
pressure

K Na Ca Mg pH (m-osmole)
A. Liquid in the mantle 9*7 + 4 420 + 50 7 + 5 26 + 10 7-5 + 0.1 1035 + 60

cavity (m-mole/l.) (5) (6) (2) (4) (9) (3)
B. Liquid found sur- 8.5 410+ 15 16 + 4 20+ 5 7-4 930 + 50

rounding the depressor (3) (3) (4) (5)
muscles (m-molefl.)

C. Single giant muscle 126.7 + 10 47X4 + 8 0 9 + 0X1 3-2 + 0 4
fibres (m-mole/kg wet (3) (3) (4) (4)
wt.)*

Data given as average ± s.E.; number in parenthesis represents the number of samples
examined (in C, of groups of determinations using several fibres each time). Osmotic pressure
was measured with a Mechrolab Osmometer. Ion content was measured using the Unicam
SP-90 Atomic Absorption Spectrophotometer, K in the emission configuration at 7665 A, Na at
5890 A, Ca at 4227 A and Mg at 2852 A.
In part C, the fibres were soaked during 5 min in K, Na and Ca-free, 60 mM-MgCl2 saline for

determinations of K, Na and Ca. For determinations of Mg the fibres were soaked in K, Na
and Mg-free, 60 mrn-CaCl2 saline.

* Dry weight/wet weight = 0'24 + 0.01.

Table 2C summarizes the results of experiments in which we determined
the Na, K, Ca and Mg content of single fibres. The data is expressed in
m-mole/kg wet weight. Considering the dry weight to wet weight ratio as a
measure of the water content of the fibre (Hinke, 1970) we can transform
these concentrations into m-mole/kg H20. For K we get 168 m-mole/kg
H20. This concentration is approximately the concentration of potassium
measured in fresh fibres. The internal K, Na and Mg concentrations in
isolated barnacle muscle fibres hadbeen measured before. For K, our results
agreed closely with those previously published by Hagiwara, Chichibu &
Naka (1964) and Brinley (1968), but differed from the Na data reported by
these authors. Our results on Na agreed closely with those reported by
McLaughlin & Hinke (1966) who found that the internal Na in fresh
isolated fibres of Balanws nubiuis was 51-81 m-mole/kg H20. Our results
on Mg agreed closely with those published by Page, Mobley, Johnson &
Upshaw (1971). Finally, the total Ca content of the isolated fibres used in
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IONIC CURRENTS IN CRUSTACEAN MUSCLE
the present work is nearly 1-3 m-mole/kg H20. Since the ionic Ca level
inside the fibres is about 10-7 M (Ashley & Ridgway, 1970) most of the
internal Ca must be either in an internal store (sarcoplasmic reticulum and
tubules?) or bound to various intracellular molecules (proteins).
The resting potential of internally perfused muscle fibres was measured

using the system of electrodes described in Methods. The results of these
measurements are given in Table 3. The values of resting potentials given

Table 3. Resting potential of internally perfused barnacle muscle fibres

(a) (b) (c) (d) (e)
Resting

External K Internal K Number of potential External
concentration concentration fibres (ave. + S.D.) temperature

(mM) (mM) examined (mV) (O C)

10 (7a) 550 (la) 3 -34.0+ 1.0 20
10 (7a) 275 (lb) 1 -60-0 20
10 (7a) 180 (1c) 12 -55-0+5±0 20
0(7b) 180(Ic) 2 -63*0+2 20
10 (7a) 90 (Id) 1 -45 0 19
10 (7a) 50 (le) 1 -110 20
10 (8) 180 (ic) 5 -56.0+2 20
10 (8) 180 (Ic) 5 -46.0+3 9

The composition of the internal or external solution used can be found in Table 1
with the number given in parenthesis in this Table. The resting potentials were not
corrected for liquid junction potentials.

in Table 3 were recorded after the measured resting potential did not show
any further tendency to change. The results summarized in this Table are
essentially similar to those obtained by Hagiwara et al. (1964) in internally
perfused fibres from Balanus nubilus. It is interesting to note that the
highest resting potential was measured when they were internally perfused
with 180 mM-K aspartate.
The size of the resting potential depended in all cases on the air gap

chosen. In general, when the air gap was decreased and was smaller
than 10 mm the resting potential decreased. Variations of the order of
10 mV could be recorded when diminishing the air gap. For an air gap
equal to or greater than 20 mm, displacement of the tip of the internal
electrode along the fibre (within that part of the fibre bathed in sea water)
introduced only slight variations in the resting potential. The resting
potential near the tendon end was 2-3 mV greater than the resting
potential near the opposite end. When perfusing with solutions of lower
potassium concentrations a steady resting potential was reached only after
long periods under intracellular perfusion. For example, when perfusing

x6-2
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with 50 mM-K aspartate the resting potential did not reach a steady value
even after 120 min of internal perfusion. Increasing the internal K concen-
tration from 180 to 550 mm depolarized the fibres. This decrease in resting
potential took place in less than 10 min and after returning to 180 mM
internal K solution the resting potential did not return to its initial value
of-55+5mVbutto -45+5mV.
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Fig. 2. For legend see facing page.
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When the sea water containing 10 mM-KCl was replaced by a sea water
containing 440 mM-KCl, immediate depolarization occurred and the
resting potential fell from -55 + 5 to 8 + 2 mV. This depolarization was
not reversible even when the fibre had remained in this high-K sea water
for only a few minutes. Removal of external K induced an average increase
in the resting potential from -56 + 2 to -64 + 1 mV.
The effect of temperature upon the resting potential was examined in

five experiments. The resting potential measured perfusingg with 180 mm-
K aspartate) at 20 + 2° C was -56 + 2 mV and the resting potential
measured at 9 + 1° C was -46 + 3 mV (see also DiPolo & Latorre, 1972).

2. Voltage clamp experiments with fibres bathed in natural sea water
A few exploratory experiments were performed using one pair of Pt

plates in the chamber to measure total membrane currents. Most of the
fibres examined for electrical activity were excitable. Fig. 2A shows a
membrane action potential under current clamp conditions after the fibre
had been internally perfused with 180 mM-K aspartate and 500 mm
sucrose for a few minutes. Since the resting potential was -54 mV in this
fibre the potential at the peak of the action potential was about + 6 mV.
Fig. 2B shows the corresponding membrane currents measured under
voltage clamp conditions for various depolarizations. The currents
associated with these depolarizations oscillate. The first peak, corres-
ponding to the first oscillation, was in the inward direction in all records
shown in this Figure after the leakage currents were properly subtracted.
The large and slow current transients seen with hyperpolarizing rect-

angular voltage clamp pulses (last trace in Fig. 2B, time constant 3 6 msec)
suggest that there is a large resistance in series with the membrane under

Fig. 2. Membrane action potential and total membrane currents recorded
under current-clamp or voltage-clamp conditions. Barnacle muscle fibre
bathed in ASW at room temperature (about 20° C) internally perfused with
180 mM-K aspartate solution. Resting potential -54 mV; holding
potential during voltage clamp adjusted to -54 mV. Surface area of fibre
exposed to the external saline 1-06 cm2.

A, the upper traces represent an action potential and sub-threshold
response under current clamp.

B, the lower traces represent the current records during voltage clamp;
the numbers over the base line of each current record give the size of the
applied rectangular pulse in mV (positive numbers represent depolarizing
pulses). Current traces positive with respect to the base line are outward
currents. The vertical calibration for the current traces is 0-5 mA total
membrane current. The horizontal calibration is the same for the current
traces and for the voltage traces in part A. Contraction in this fibre was
observed.
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Fig. 3. Effect of internal EGTA on the membrane action potential and the
total membrane current. Barnacle muscle fibre bathed in ASW at room
temperature (about 200 C) and internally perfused with a 180 mM-K
aspartate solution, to which EGTA was added to a final concentration of
20 m . Resting potential -52 mV. Surface area of fibre exposed to the
external saline 0-98 cm2.
A, the upper traces represent an action potential and sub-threshold

response under a current clamp.
B, the lower traces represent the current records during voltage clamp;

the numbers over the base line of each current record give the size of the
applied rectangular pulse in mV (positive numbers represent depolarizing
pulses). Current traces positive with respect to the base line are outward
currents. The vertical calibration for the current traces is 0-5 mA total
membrane current. The horizontal calibration is the same for the current
traces and for the voltage traces in part A.
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potential control and also that this membrane has a large electrical
capacitance. This problem is discussed in more detail later on in this
paper.

Fig. 3 illustrates another example of a current and voltage clamp series
in another fibre bathed in sea water. In this case 20 mM-Tris EGTA was
added to the perfusing solution. Longer rectangular pulses were also used
(90 msec in the previous fibres and 140 msec in this case). It is clear from
the records that inward currents are present even for small depolarizations
(20 mV) and as the membrane becomes more positive during the de-
polarization, the oscillations appear at earlier times. With large depolariza-
tions only outward currents are recorded.

It appears that the trains of oscillations reported by Strickholm
(1963) and Hagiwara & Naka (1964), and confirmed by us, have to be
explained on the basis of non-uniform potential control and/or non-
uniform membrane properties that are presumably due to a complicated
anatomical distribution of non-linear active membrane regions inter-
connected by a large series resistance. It has been shown both experi-
mentally and theoretically that, in squid nerves at least, spatial control of
potential can be impaired by the use of a current supplying electrode with
a surface resistance greater than 20 Q. cm (Taylor, Moore & Cole, 1960).
This peculiar oscillatory behaviour of the membrane currents called for
the need to exercise several controls and to introduce some modifications
to improve the space clamp conditions. The resistance of the current-
supplying wire (single spiral electrode) was measured. The average
resistance was 5 Q. cm for pulses of less than 50 msec. The maximum
value found was 25 Q. cm for pulses of 500 msec. It can thus be concluded
that the average surface resistance of the current wire was reasonably low,
and that the present experiments were carried out using current electrodes
with a surface resistance that falls well within the range generally accepted
to obtain a uniform space clamp.
The 20 mm of muscle fibre in the air gap slowly dried up and this could

introduce a large capacity between the inside of the fibre and the outside
in parallel with the membrane resistance. To avoid this drying, we intro-
duced in the space available between the chamber and the stand another
sea water pool with a pair of platinum plates electrically connected to
earth. A comparison of the records obtained with this modification of the
previous arrangement revealed only slight differences and the oscillations
were still present.
The single pair of current electrodes was next replaced by three pairs as

shown in Fig. 1. Fibres were perfused and voltage clamped as usual. We
observed only one major change in the records obtained with this electrode
system. The change was that the current transients produced by hyper-
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polarizing pulses were faster (time constant 03 msec), but the oscillatory
behaviour of the currents persisted.
Another control performed was to compare the membrane currents

measured with the current electrodes as shown diagrammatically in
Fig. 1, and with external differential electrodes. The current records taken
with differential electrodes were not different and the oscillations were still
present. Longitudinal displacement of the differential current electrodes
along the fibre axis did not change this picture in any noticeable manner.
We conclude from this analysis that the oscillatory behaviour was due to

non-uniform potential control which was in turn due to the geometry and
the non-uniform membrane properties. Failure to achieve potential control
is clearly not caused by a poor current electrode arrangement or inadequate
voltage measuring electrodes. Our conclusion in effect is that the potential
variations which are relevant to the oscillations occur in the lumens of the
tubules and clefts and not in the cytoplasm.
We consider that this oscillatory behaviour of the currents is likely to

be due to the location of ionic systems in anatomically different places
along the membrane and their interaction through a series resistance.

3. Experiments without Ca ions in the external solution
One way to test the hypothesis that the oscillations are due to inter-

actions between two or more ionic conductances, is to remove some of the
current-carrying ions but retain the principal current-carrying ion of only
one conductance system. The immediate result of such an experiment
would be the disappearance of the oscillations. Such a result would
indicate also that the electrode arrangement and the properties of the
electrodes used were adequate to achieve membrane potential control.

Fig. 4 shows a set of membrane current records obtained under voltage
clamp conditions with the muscle fibre bathed in a Ca-free saline. Instead
of the 10 mM-CaCl2 usually present in the sea water, we added 10 mM-
MgCl2 to give the composition of solution 8 listed in Table 1. The resting
potential when these records were taken was -44 mV and the holding
potential was adjusted to -45 mV. Two different current records obtained
with each depolarization but under different experimental conditions were
superimposed to prepare Fig. 4. The numbers attached to each pair of
superimposed current records represent the size of the depolarizing pulse
in mV. The fibre was first perfused internally with 180 mM-K aspartate
(solution 1 c, Table 1) and after the first set of membrane current records
were made the internal solution was replaced by another solution which
contained 180 mM-Cs aspartate (solution 5, Table 1). The membrane
currents recorded with K in the perfusate were considerably greater in
size than the currents recorded with Cs in the perfusate. It can be seen that
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Fig. 4. Effect of replacement of the internal K by Cs upon the outward
currents recorded in the absence of external Ca. Barnacle muscle fibre
externally bathed in a saline without Ca or Na ions at room temperature
(about 200 C). The fibre was first internally perfused with a 180 mM K
aspartate solution; the resting potential was only -44 mV and the
holding potential during voltage clamp was adjusted to -45 mV. Then
the fibre was internally perfused with Cs aspartate; the resting potential
changed to -35 mV but the holding potential for the voltage clamp was
maintained at -45mV. The current records have been superimposed in this
Figure; currents obtained with internal K were larger (both during the
rectangular pulse and after it) than those obtained with internal Cs. The
numbers over the base line of each pair of current traces give the size of
the applied rectangular pulse in mV. Vertical calibration: 1 mA membrane
current.
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the currents during the pulse are outward and that the tails after re-
polarization are also outward. No oscillations are apparent in these
records. This result, therefore, supports the notion that the oscillations are
due to interactions between the various conductance systems present in
these fibres. The replacement of the K ions of the external Ca-free saline
by Tris ions increased the size of outward currents slightly and also
modified the current tails obtained when the membrane potential was
suddenly repolarized. The replacement of the external Na ions alone by
Tris ions did not abolish the oscillations. It can be argued, therefore, that
the disappearance of the inward currents and the disappearance of the
oscillations resulted from the absence of calcium ions. This point is dis-
cussed in further detail in the next section of this paper.
The following properties of the outward currents deserve special

comments.

(a) Droop of the outward current
When we first observed membrane currents for depolarizations lasting

more than 50 msec and found that there was a substantial droop in the
currents, we suspected an artifact. It is hard to conceive of an interaction
between the internal membrane potential electrode and the current wire,
since the tip of this electrode was separated by about 50,um from the
current supplying wire. Therefore, no attempts were made to introduce
variations in the internal electrode. All the modifications introduced to
verify whether the oscillatory behaviour of the currents recorded in sea-
water were due to poor space clamp conditions, were also introduced here
and the results always showed a droop in the outward currents which was
particularly obvious for depolarizations lasting more than 50 msec. This
and other observations presented later on in this paper, have induced us
to consider three explanations for this droop. They are (1) depletion of the
current-carrying ions at the inner side of the sarcolemma (or their accumu-
lation at the outer side of the sarcolemma), (2) the presence of an in-
activating system and (3) a transient and inactivated inward movement
of anions. Later, we present a possible way to deal with the first two
possibilities. We have evidence against the third explanation. Thus, re-
placement of Cl- by SO42- or glutamate- or isethionate- in the external
solution (solutions lOa, lOb and tOc, Table 1) did not diminish the droop
of the currents recorded under voltage clamp, even though the sarcolemma,
like that of other muscle fibres, is much less permeable to SO42- than to
Cl- (Adrian, 1960; Hagiwara, Toyama & Hayashi, 1971).
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After 200 msec <

800 msec
After 50 msec

After 20 msec

50 mV

VK -69 -46 -30 -13

-17

Fig. 5. Dependence of the K reversal potential, VK, on the duration of the
first test pulse, V1. The holding potential was -50 mV. Two pulses were

applied. The test pulse was of constant voltage and varied in duration, the
second pulse was of constant duration (t2 = 175 msec) and varied in
amplitude. The external saline solution was Na and Ca free with 10 mM-K.
A test pulse, V,, of + 50 mV was applied during 20, 50, 200, 500 or 800 msec.

A series of pulses, V2, of varying amplitudes was applied after each V1. The
vertical axis represents the resulting tail of membrane current in mA, as

measured at the beginning of the second pulse. The reversal potential, VK,
was determined by the intercept of the instantaneous current-voltage
relation on the membrane potential axis. VK's are given in mV.

(b) Direction of the current tails obtained after a sudden repolarization
It can be observed in Fig. 4 that the tails of membrane currents were all

in the outward direction. There was a holding potential at which these
currents changed in direction from outward to inward. This 'reversal
potential' was -90 mV. Inward current tails were always smaller than

E

1-0

0
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outward current tails, even when the holding potential was - 150 mV,
60 mV more negative than the reversal potential. The reversal potential
depended upon the duration of the test pulse. This result suggested an
experiment to distinguish between two of the possible explanations for the
droop of the outward currents. This consisted in making measurements of
the instantaneous conductance at various times after the initiation of the
test pulse. If the observed droop in the outward current was due to some
sort of inactivation, then the instantaneous conductance should decrease
with the duration of the test pulse. If, on the other hand, the droop was
caused by an accumulation or depletion of charge carrying ions, then the
reversal potential should become more positive with the duration of the
test pulse. The reversal potential can be obtained from the intercept of the
instantaneous current-voltage curve on the absolute potential axis.

Fig. 5 illustrates the results of such an experiment. The instantaneous
current-voltage relations are compared for the membrane currents
measured immediately after a first pulse of different durations. The
holding potential in this experiment was -50 mV, the first pulse was
100 mV (membrane potential = + 50 mV). The curves represent plots of
the initial current tail in mA as a function of the absolute membrane
potential during the application of the second pulse. The tail was measured
by extrapolating the current tracing to the beginning of the second pulse.
The capacitative current transient was measured with an equivalenthyper-
polarizing pulse and subtracted from the current record before measuring
the initial current tail. It is clear from the Figure that the absolute mem-
brane potential (intercept on the potential axis) at which these current
tails change their direction depends upon the duration of the test pulse.
The longer the duration of the test pulse the less negative this reversal
potential becomes. These reversal potentials (VE) are given in mV for the
test pulse durations of 20, 50, 200, 500 and 800 msec. It is also clear from
the Figure that the instantaneous conductance (slope of the current-
voltage relation) is independent of the duration of the test pulse. These
shifts in the reversal potential of the current tails without a noticeable
change in the slope of the current-voltage relations suggest that there
might be some accumulation of K ions (depletion of K ions) at the outer
side (inner side) of the sarcolemma.

(c) Effect of the replacement of K+ by Cs+
The replacement of K+ by Cs+ strongly reduced the outward currents.

Since K+ is the only cation present in the perfusate presumably the out-
ward currents are carried by K ions as in squid giant axons. Fig. 6A
represents the current-voltage relations obtained at two different times
(60 and 700 msec) during each pulse in this experiment.
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Fig. 6. Blocking of the outward currents by internal replacement of K by
Cs ions or by addition of 60 mM-TEA to the perfusing solution.

A, effect of replacement of internal K+ by Cs+ upon the current-voltage
relation. First, the fibre was internally perfused with 180 mM-K aspartate.
Two current-voltage relations have been plotted: * 0 outward currents
measured at 60 msec, 0 0 outward currents measured at 700 msec.
Secondly, the internal solution was replaced by another with 180 mM-Cs
aspartate. Two current-voltage relations have been plotted: A A outward
currents measured at 60 msec, * A outward currents measured at
700 msec. For details on the experimental procedure see Fig. 4.

B, effect of internal TEA upon the current-voltage relation for the
outward currents. Barnacle muscle fibre internally perfused with 180 mM-K
aspartate, 10 mM-Tris EGTA during 33 min. Then, 60 mM-TEA-Cl were
added to the internal solution. After 20 min of perfusion with internal TEA
the current-voltage relation was determined. Diameters before internal
perfusion were 1-8 and 2-2 mm. After 60 min of internal perfusion these
diameters increased to 3 and 3-5 mm. Holding potential for both runs was
-56 mV. The resting potential decreased from -55 to -45 mV after the
application of internal TEA. * 0 outward currents measured at 60 msec
and 0 0 outward currents measured at 700 msec before the application
of TEA. A A outward currents measured at 60 msec and A A at
700 msec after the application of internal TEA.
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Tetraethylammonium (TEA) is known to inhibit the outward K currents
from the inside of squid giant axon. Fig. 6B illustrates the effect of 60 mm
internal TEA upon the maximum (measured 60 msec after the initiation
of the pulse) and final outward currents (after 700 msec). TEA clearly
inhibits these currents as it does in squid giant axons (Armstrong &
Binstock, 1965).

In one experiment in which only 20% of the potassium ions of the
perfusate were replaced by Cs+ the outward currents were only slightly
reduced suggesting that Cs+, unlike TEA, has no pharmacological effect.
The TEA effect is clearly a pharmacological one because even with
5 mM-TEA a clear reduction of the outward currents was observed.

(d) Effect of temperature upon the outward currents
The effects of temperature upon the rate at which the outward currents

reached a maximum value and also upon this maximum itself were
examined in five fibres. A single exponential was fitted to each current
record and from this fitting a rate constant was obtained at each different
temperature tested. Fig. 7A represents a semi-logarithmic plot of the
rate constant as a function of 1/T (Arrhenius plot) and Fig. 7B re-
presents the Arrhenius plot for the maximum outward currents. From the
Arrhenius plot we calculate an activation energy of 63 kJ/mole for the
rate constant. For the maximum outward currents we calculate a Q10 of
2 3. The temperature dependence of the outward currents can be explained
in part by considering the effect upon the resistance of the electrolyte in
the clefts which is presumably in series with the active potassium system.
The resistance of the electrolyte decreases about 20% with a 100 C increase
in the temperature. Unfortunately the data in the literature on the effects
of temperature upon K systems is scarce and it is difficult to compare
our results with other excitable membranes. It should be mentioned here
that this large temperature coefficient of the maximum outward currents
could explain why lowering the temperature of the external solution
reduced the size and frequency of the oscillations. Oscillations of the type
shown in Figs. 2, 3 and 15 are characteristic of fibres with large ionic
currents.

4. Experiment with Ca ion8 in the external saline
Fig. 8A, B illustrates the results obtained in a typical experiment in

which the external solution contained Ca ions. First the fibre was bathed in
a Ca2+-free saline (solution 8, Table 1) and internally perfused with
180 mM-K aspartate. Next, 60 mm-TEA was added to the internal per-
fusing solution. Membrane currents were recorded for each of these two
conditions and they are shown in Fig. 8A which has been prepared like
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Fig. 4. Then the external solution was replaced by another containing
60 mm-CaCl2 (solution 9, Table 1). The set of membrane currents obtained
after addition of TEA to the perfusate and the set of membrane current
records obtained in the presence of 60 mM-CaCl2 for the same depolariza-
tions have been superimposed and are shown in Fig. 8B. During the vol-
tage clamp series in 60 mM-CaCl2 the fibre developed tension which was
later recorded.
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Fig. 7. Effect of temperature upon the maximum outward currents and
upon the rate at which these currents reach a maximum.
A, effect of temperature upon the rate at which the outward currents

reach a maximum value. Vertical axis represents the logarithm of the rate
constant k calculated from

i(t) = ins ( 1-exp (-lkt)),
where i(t) is the outward current at time t, im,, is the maximum outward
current for a given step depolarization and k is the rate constant. The
horizontal axis represents the reciprocal of the absolute temperature in
the external solution. The numbers attached to each line represent the size
of the depolarization applied in mV. Fibre internally perfused with
180 mm K aspartate during 10 min only. All determinations were carried
out after internal perfusion was interrupted. Resting potential at 200 C
was -54 mV, and at 90 C was -45 mV. External solution was a Ca-free,
60 mM-MgCl2 saline (solution 8, Table 1).

B, effect of temperature upon the maximum outward currents. Vertical
axis represents the size of the maximum outward currents on a logarithmic
scale. The horizontal axis represents the reciprocal of the absolute tempera-
ture (0 K) in the external saline. The numbers attached to each line repre-
sent the size of the step depolarization, in mV.
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(a) Absence of a fast inactivation for the inward currents
The data illustrated in Fig. 8 by itselfstrongly suggests that the inward

currents are carried by Ca ions. However, it could be argued that Ca is
merely needed to activate the system and that another ion present in the
external solution is responsible for the currents. To test this point we
replaced each ion of the saline in which we obtained the records shown in
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Fig. 8B. Replacement of external Na+ by Tris did not affect the results,
but the resting potential decreased a few millivolts (average of ten fibres
8 + 2 mV). Replacement of the external K+ by Tris did not have a notice-
able effect. Replacement of the external calcium was the only effective
substitution that reduced the size of the inward currents.
The results of experiments in which Ca ions present in the external

solution were replaced by Mg ions support the notion that the inward
currents are carried by Ca ions. The experiments reported in the next paper
(E. Rojas and J. Vergara, in preparation) in which the extra Ca influx
measured with radioactive Ca ions was compared with the extra Ca in
flux calculated from the inward current record represent a more definite
proof that these currents are carried by Ca ions. These experiments also
support the notion that the Ca system does not have a mechanism of in-
activation comparable to that found for Na in most nerves. In this section
we present additional evidence to show that there is no inactivation in the
Ca system.

Fig. 9 illustrates the records of membrane currents in a fibre which
had been internally perfused with 60 mM-TEA for 20 min. After a
350 msec conditioning pre-pulse had taken the membrane potential to
various levels, a 100 msec depolarizing test pulse took it back to + 15 mV.
It can be seen that neither hyperpolarizing nor depolarizing con-
ditioning pre-pulses affected the size or the temporal course of the Ca
currents obtained with the test pulse. This experiment provides strong
evidence that this Ca system lacks inactivation. However, it could be
argued that the duration of the conditioning pre-pulse was only 350 msec
(only twenty times the time constant of the activation of the Ca system)

Fig. 8. Separation of the inward and outward currents.
A, TEA sensitive component of the outward currents. Muscle fibre

bathed in K, Na and Ca-free, 60 mi -MgCl2 saline and internally perfused
first with 180 mm K aspartate then with 60 nmx-TEA added to the internal
solution. Resting potential before TEA, -56 mV. After the addition of
TEA, -54 mV. After 20 min of internal perfusion with TEA, -52 mV.
The tracings of the current records during voltage clamp under both
conditions have been superimposed. The numbers over the base line of
each pair of current tracings gives the size of the applied rectangular
pulse in mV. The currents recorded after the addition ofTEA are consider-
ably smaller.

B, inward currents in a TEA perfused fibre. Muscle fibre bathed in K,
Na and Mg free, 60 mM-CaCl2 saline. The membrane current records have
been superimposed on the records made during the second run of Fig. 8A
(with 60 mM-MgCl2 saline). The numbers attached to each pair of tracings
represent the size of the voltage clamp pulse. For pulses of 10-70 mV the
Ca currents (inward currents) are seen to be downwards. The vertical
calibration represents total membrane current.
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and that one could have a very slow inactivation process similar to that
found for the K system in squid (Ehrenstein & Gilbert, 1966). For this
reason we performed another type of experiment in which the holding
potential was fixed at various levels from 0 to -60 mV (10 mV increments).
During each holding potential a voltage clamp series was run and the
rectangular pulses were applied every 5 sec. Fig. 10A, B, C summarizes
the membrane currents recorded for three holding potentials, - 50, -40 and
-30 mV. The records for the other holding potentials have been omitted.
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Fig. 9. Effect of 350 msec conditioning pre-pulse upon the inward
currents obtained with a depolarizing pulse. A diagram of the pulse
programme used in this experiment is shown in the lower part of this
figure. At time 0 the conditioning pre-pulse took the membrane potential
from its value of -45 mV to a new potential level (indicated above each
membrane current record). After 350 msec of pre-pulse a second pulse
took the membrane potential to + 15 mV. 100 msec after the initiation
of the second pulse the membrane potential was restored to its holding
potential of -45 mV. The records on the left refer to hyperpolarizing pre-
pulses and those on the right to depolarizing pre-pulses. External solution:
K, Na and Mg-free, 60 mM-CaCl2 saline at pH 7'3. Internal solution:
180 mM-Cs aspartate, 10 mm-Tris EGTA plus dextrose to make an

osmotic pressure of 1000 m-osmole. The maximum inward current during
the depolarizing pulse was apparently unchanged by the conditioning
pre-pulse. Surface area of the fibre, 0-26 cm2. Resting potential with Cs
inside, -40 mV.

This Figure has been prepared as the previous Fig. 8B; that is the current
recorded in the absence of Ca ions in the external solution and the currents
recorded in the presence of 60 mM-CaCl2 in the external saline have been

_ n
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superimposed for each corresponding membrane potential. It can be seen
by comparing the records for a 50 mV test pulse in A with 40mV in B and
30 mV in C, and so on, that the inward current is roughly constant at a
given internal potential, and is therefore independent of the holding
potential. Similar results were obtained with lower holding potentials; but
the family of membrane current records were not as complete as the
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{500 ,uA

I M4
50 msec

Fig. 10. Effect of the membrane potential upon the inward currents.
Tracings ofmembrane current records for three different holding potentials:
A, -50 mV, B, -40 mV and C, -30 mV. Numbers attached to each set
of tracings represent the size of the voltage clamp pulse in mV. Two sets
of tracings ofmembrane current records have been superimposed to prepare
this Figure. The first set was obtained with the fibre internally perfused
with 180 mm-K aspartate plus 60 mi-TEA and externally perfused with
K, Na and Ca-free, 60 mM-MgCl2 saline (top curve of each pair). The
second set was obtained with the same internal solution but with a K, Na
and Mg-free, 60 mM-CaCl2 saline outside (bottom curve). For a given
holding potential, for example -50 mV, the rectangular pulses were
applied every 10 sec and the size of the pulse was increased in 10 mV steps.
On some occasions the same pulse was applied twice and the interval
increased from 10 to 120 sec (lowest curve). Resting potential, -45 mV.
Temperature, 18° C.
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families shown in this Figure because on several occasions the Ca current
was maintained between pulses. The base line of the current amplifier was
not measured and therefore the records could not be used in this analysis.

It was observed that the frequency at which a given depolarization was

-50

-100

. -200

-300

msec

25 50

I~~~~~~~~~~~
50so .1mV

0I 5 100 150

Ca2+=1951 mV

200 250

V
VCa2+=223-9 mV
[Ca2+], =10-9 M

9P

A

-o400 L

Fig. 11. Current-voltage curve for the inward currents. The insert on the
top of this Figure illustrates the procedure used to measure the maximum
inward current for each depolarization. The measurements were taken
from Fig. 10. Vertical axis represents the inward current in UA and the
horizontal axis represents the absolute membrane potential in mY. Each
voltage clamp series was run at a different holding potential: * * -50 mY,
[I Fj -40 mY and A A -30 mV. The linear part of the current-voltage
relation for membrane potentials greater than 60 mY was extended as a
dashed line to estimate the reversal potential of the inward currents. For
an internal Ca concentration of 10- M the reversal potential calculated
with

Vc = (RTI2F) In[Cal
is 195-1 mY and for an internal concentration of free Ca of 10-9 M this
reversal potential is 223-9 mY. These values have been indicated on the
potential axis. For additional information, see Table 4.
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applied determined not only the size but also the shape of the membrane
current. Thus, for some pulses (in Fig. 10A, B and C these records are
marked with an asterisk) a given pulse was applied twice leaving an
interval of 120 sec in between.
One way to examine records like the records shown in Fig. 10 is to

construct the corresponding current-voltage relations. The current-voltage
relations for the families of membrane currents shown in Fig. 10 are shown
in Fig. 11. It can be seen that different holding potentials do not change the
size of the inward currents for any given test pulse. The reversal potential
of these currents could not be directly measured because application of
strong depolarizations (greater than 300 mV) in all the experiments in
which we tried to determine such a reversal potential irreversibly damaged
the fibre.
The dashed line in Fig. 11 was drawn with the same slope as the straight

line drawn through the three sets of points between + 100 and + 120 mV.
The reversal potentials calculated assuming that

Vca+ = RT/zF in [Ca2+]0/[Ca2+]1
for [Ca2+]1 = 10- or 10-9 M, have been indicated by arrows on the
membrane potential axis. As this fibre was perfused with 1 mM-CaCl2 plus
10 mM-Tris-EGTA, then according to Portzehl, Coldwell & Ruegg (1964),
we expect an internal calcium level of the order of 5 x 10-9 M.

Following a similar procedure the reversal potential for the inward
currents was calculated in various experiments. The results are summarized
in Table 4 under column e. In one experiment the effect of the level of
internal calcium ions upon this reversal potential was studied. For a
perfusate containing (Total EGTA)/(Total Ca) = 0 9 (internal ionic
calcium about 0-6 x 10-7 M) the reversal potential was 165 mV. For
(Total EGTA)/(Total Ca) = 2 (internal ionic Ca about 0 3 x 10-7 M) the
reversal potential was 180 mV and for (Total EGTA)/(Total Ca) = 10
(internal ionic calcium about 0-5 x 10-8M) the reversal potential was
200 mV. This means that for an e-fold change in the internal Ca concen-
tration there is a change in reversal potential of about 14 mV. The
predicted change in reversal potential according to the Nernst equation is
about 12-5 mV. These experimental results suggest that the reversal
potential follows the Ca concentration inside the fibre but further experi-
ments are needed for a quantitative comparison with the Nernst relation.
Fig. 12 depicts another current-voltage relation obtained from another
fibre in which no EGTA was added to the perfusate (see Table 4). The
dashed line was drawn as a continuation of another straight line going
through eight points, from 60 to 125 mV. From the reversal potential we
calculate an internal concentration ofabout 5 x 108 M which is in excellent
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IONIC CURRENTS IN CRUSTACEAN MUSCLE

agreement with the level of ionized Ca measured using other more reliable
and specific techniques (Ashley & Ridgeway, 1970).

(b) Effect of temperature upon the rate constant of the inward current
The effect of temperature upon the rate constant at which the inward

currents reach their maximum value for each depolarization was studied

VCa2+=166-4 mV VCa,+=195 mV
[Ca2+]i=10-7M (Ca2+]i=1-10-M

mV
-50 0 50 100 150I. .200

\ /\i ~~~~~~~~~~~/

0 /

.-200/

0

-400

-600

Fig. 12. Current-voltage relation for the inward currents for a fibre perfused
without EGTA. Maximum inward currents were measured as described in
Fig. 11. The fibre was internally perfused with 180 mm-K aspartate during
about 10 min. Then 60 mm-TEA-Cl was added to the internal solution.
The resting potential changed from -53 to -47 mV after the TEA was
added to the perfusate. The external solution was Na and Mg free, 60 mm-
CaCl2 saline. Surface area of the fibre, 0-26 cm2. Same experiment as
Fig. 6A.
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in three fibres. The rate constant increases with temperature and the
Arrhenius plot gives an activation energy of the order of 42 kJ/mole.

Before attempting to describe the two conductance systems found in the
present experiments, it should be mentioned that several attempts made
to block these inward currents with pharmacological agents were unsuccess-
ful. Trivalent ions (La) had a clear inhibitory effect but it was not possible
to eliminate the currents completely; when using high concentrations of
La (10 mM) the effects could not be reversed.

Soaking the fibres for 12 hr in 1000 mm tetrodotoxin did not eliminate
the inward currents and short exposures had no noticeable effect either
(Hagiwara & Nakajima, 1966).

]10 mV

]50 #lA
___ I %

200 jsec

]10 mV

]50,#

200 usec

Fig. 13. Membrane potential transients with current clamp pulses. Fibre
internally perfused with 180 mM-K aspartate plus sucrose. External solu-
tion was a Na and Mg-free, 60 mM-CaCl2 saline. Two pairs of traces are
shown in this Figure. For each pair, upper trace represents the membrane
potential (calibration equal to 10 mV) and lower trace represents the
current clamp pulse (calibration equal to 50 #uA).

5. Membrane potential transients during the
application of a current clamp pulse

Most of the experiments presented in this paper were begun with an
inspection of the membrane potential transients during a current clamp
pulse. Fig. 13 shows two of such transients obtained with a depolarizing
and with a hyperpolarizing current clamp pulse. The membrane potential
change can be divided into three components: a step associated with the
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series resistance, an initial transient associated with the high frequency
characteristics of the membrane, and a steady component associated with
the low frequency characteristics. From records like those shown in Fig. 13
the following electrical parameters were calculated for eight fibres (see
also Fig. 14): (1) C0 or high frequency capacitative component equal to

Io
(d V/dt)o'

where Io is the current step in amperes and (dV/dt)o is the initial slope of
the membrane potential transient in V/sec; (2) C! or the low frequency
capacitative component equal to

IO
(d V/dt)f

where (dV/dt)f is the slope of the steady membrane potential transient;
(3) R8. or the 'equivalent series resistance', calculated as the initial
membrane potential change in mV divided by the size of the current pulse
in mA. Table 5 summarizes the results of these calculations (in Table 5,
Cc = C0 and Cc+ CT = C!; see Discussion section); column b gives the
apparent surface area of the fibres calculated assuming that the fibres were
perfect cylinders of ellipsoidal cross-section.

6. Electrical equivalent circuit for a barnacle muscle fibre
The equivalent circuit drawn in Fig. 14B is one circuit which win

certainly give at least two values for the membrane capacity, C0 and C8
and is basically analogous to the 'two patch model' (Taylor et al. 1960)
in which the notch (oscillation) is due to space clamp failure. If one of the
conductances in the proposed equivalent circuit is blocked (or if one of the
current carriers for which the conductance system is selective is eliminated)
no oscillations will be generated. Some of the anatomical features of a
single crustacean muscle fibre have been taken into account when selecting
one equivalent circuit that would represent the electrical characteristics of
the fibre.
Some further correlation between the structure and the electrical

behaviour was realized in the following experiment. Clearly the inter-
action between the two conductance systems depends on the size of R8.
and RT. It is difficult to modify RsT but it seems rather simple to modify
R.c. Thus, increasing the rate at which the fibre is intracellularly perfused
one can inflate the fibre and unfold the sarcolemma to some extent. This
treatment should change the pattern of the oscillations because the
resistance R8. of an inflated fibre should be lower. That this is the case is
illustrated by the records shown in Fig. 15 A and B. Membrane currents
recorded before 'inflation' of the fibre are shown in Fig. 15A. Membrane
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IONIC CURRENTS IN CRUSTACEAN MUSCLE
A

Current
wire

I Cleft

Sarcolemma

B

RE

I

.9 VM
Fig. 14. Anatomical features and electrical equivalent circuit for a barnacle
muscle fibre.

A, diagram representing the most relevant anatomical features of the
membrane system of a barnacle muscle fibre. In this simplified diagram
only a small part of the cross-section through a fibre with all the electrodes
in position is considered. The different anatomical components of the
membrane systems have been drawn without taking into consideration
the real dimensions.

B, electrical equivalent circuit of a muscle fibre from the barnacle.
RE electrode resistance.
R8 resistance of the sarcolemma (not including the sarcolemma in the

clefts).
C, membrane capacity of the sarcolemma (not including the sarcolemma

in the clefts).
CT membrane capacity associated with the tubules.
RT membrane resistance associated with the tubules.
B,. longitudinal resistance of the clefts.
RT longitudinal resistance of the tubules.
B, membrane resistance associated with the clefts.
Cc membrane capacity associated with the clefts.
I total current.
VJJ membrane potential.
The batteries represent the equilibrium potentials for the various ions.
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currents recorded after 'inflation' ofthe fibre are shown in Fig. 15B. It can
be seen that both the frequency and the size of the oscillations are much
smaller. This result can also be taken as further evidence in favour of the
view that the electrode system used to obtain point control voltage clamp
was adequate. We see no reason to expect an improvement in the longi-
tudinal space clamp conditions induced by the 'inflation' procedure.
Further electrical studies are needed to clarify several problems which
emerge from the proposed model.

A

10

20 1

30

40(a)

40 (b)

60 (a)

60(b)

70

80

1000 msec

Fig. 15A. For legend see facing page.
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Fig. 15. Effect of inflation of the muscle fibre on the oscillations of the
membrane currents.
A, membrane currents before inflation. Fibre internally perfused with

180 mM-K aspartate plus sucrose during 5 min. Perfusion rate 0.0191 cm3/
min. External solution was ASW. Numbers attached to each current
record represent the size of the voltage clamp pulse in mV. The frequency
of the oscillations as well as the amplitude changed from pulse to pulse.
This is illustrated for a 40 mV pulse, a and b. Temperature 180 C. Resting
potential, -54 mV. Holding potential, -60 mV.

B, membrane currents after inflation. The same fibre internally perfused
with 180 mM-K aspartate at a rate of 0.191 cm3/min. After 8 min of
perfusion the set of membrane current records shown in this Figure was
made. At the end of the run a hyperpolarizing pulse of 70 mV was applied
and the currents recorded were traced together with the currents recorded
for a 70 mV depolarizing pulse. Temperature 190 C. Resting potential,
-50 mV. Holding potential, -60 mV.
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DISCUSSION

Separation of the ionic conductances
In the absence of external Ca ions, the currents recorded from a barnacle

muscle fibre under voltage clamp conditions are in the outward direction.
If the internal K is replaced by Cs, these currents are drastically reduced
in size (from 80 to 90% reduction). This effect of Cs has also been observed
in the K system of the squid giant axon. There is, however, one difference
in that the Cs in the barnacle fibre, unlike in squid giant axons (Chandler &
Meves, 1965; Adelman & Senft, 1966), does not seem to have any pharmaco-
logical effect upon the outward currents.

Internal application ofTEA also reduced the outward currents consider-
ably (from 65 to 70% reduction) but in this case the effect is pharmaco-
logical as found in the squid giant axon (Armstrong & Binstock, 1965;
Armstrong, 1966). In view of these results we propose that the outward
current in barnacle muscle fibres is carried by K ions as in squid giant
axons. The results obtained with Cs indicate that the K system in the
barnacle fibre is in some respects different from the K system in squid
axons.
For long-lasting voltage clamp depolarizations we have observed a droop

in the outward currents. We have also observed a clear current tail when
the membrane potential is suddenly restored to its resting value. The
reversal potential for the direction of these current tails can be used to
investigate what is causing the observed droop in the outward currents.
The instantaneous conductance as measured at various times during a long
depolarizing pulse did not change and this, therefore, suggests that an
inactivation of the K-carrying system is not responsible for the droop. It
was noticed that the reversal potential changed considerably depending
on the duration of the depolarization at which the instantaneous con-
ductance was measured. These results suggest that the concentration of K
on either side of the sarcolemma is changing as a consequence of the out-
ward flow of ions (internal changes in concentration are taken as depletion
and external changes are taken as accumulation).

Fig. 16 shows the dependence of the K conductance upon the absolute
membrane potential. To calculate this conductance the maximum K
current obtained during each depolarizing pulse was measured. The
reversal potential was also measured in the same experiment and the
conductance calculated as

G IV-VE
where V is the absolute membrane potential in mV, VK is the measured
reversal potential in mV and IK is the maximum outward current in mA
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for each depolarization. The maximum K conductance is just over
4mmho. Results from other experiments are summarized in Table 4,
column (h).
We have seen that internal application of TEA reduced the outward

currents considerably, from 65 to 70 %. We have seen that after about
30 min of internal perfusion with a TEA solution a fraction of the outward
currents is still present. However, the measurements were made while the
outward currents were still decreasing slowly and no attempts were made
to wait until the effect reached a steady value. These results suggest that
either the site of action of TEA is located in a place which is not readily
accessible or that the K ions are distributed in a highly compartmental-

10

GK = 'KV-VK

VK =-70 mV

0.F 1-0_/

01 I I I 0 I |

-60 -40 -20 0 20 40 60 80
mV

Fig. 16. K conductance as a function of absolute membrane potential.
Vertical axis represents the potassium conductance of a barnacle muscle
fibre calculated with GK = IK/(V- VK) where 1K is the maximum out-
ward K current in mA, V is the membrane potential during the test pulse
and VK is the reversal potential measured from a tail experiment. Fibre
internally perfused with 180 mM-K aspartate, 10 mm total EGTA plus
sucrose and externally perfused with Na and Ca-free, 60 mM-MgCl2 saline.
Temperature of the external solution, 200 C. Resting potential -55 mV.
This Figure represents the same experiment as Fig. 6B. Effective area
for specific conductance taken as 1-2 Cm2. For additional information, see
Table 4.
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ized system. This second interpretation is not supported by the obser-
vation that a replacement of K by Cs induced a greater reduction of the
outward currents from 80 to 90 %. XWe do not know if the remaining out-
ward currents after replacement of internal K by Cs are carried by Cs ions
in which case the exchangeability of K by Cs would have been almost
complete.

In the presence of external Ca ions and with internal Cs ions, the
currents recorded from a barnacle muscle fibre under voltage clamp
conditions are in the inward direction. The following indirect evidence
suggests that these currents are associated with an inward movement of
Ca ions down its electrochemical gradient:

(a) removal of external Ca ions from the artificial sea water suppressed
these currents,

(b) the absolute membrane potential at which these currents change
their direction from inward to outward is approximated by the Nernst
relation and,

(c) the inward currents are not affected by the external application of
tetrodotoxin, and LaCl3 irreversibly reduced them.

It could be argued that the inward currents in the barnacle muscle
fibres are in fact carried by sodium ions but that the Na permeability
cannot be turned on in the absence of Ca ions and that when Na is removed
from the external solution Ca can pass through the Na system. On the
other hand, it is known that tetrodotoxin abolishes the action potential in
a fibre of frog skeletal muscle (Furukawa, Sasaoka & Hosoya, 1959), in a
squid giant axon (Nakamura, Nakajima & Grundfest, 1964), in a lobster
giant axon (Narahashi, Moore & Scott, 1964) and in an electroplaque of
electric eel (Nakamura et al. 1964), and indeed in all tissues where the action
potential is considered to result from an increase in permeability of the
membrane to sodium ions. The relation between the action potential and
the inward currents carried by Na has been clearly established (Hodgkin &
Huxley, 1952 a, b, c; Bezanilla, Rojas & Taylor, 1970; Atwater, Bezanilla &
Rojas, 1969). It seems, therefore, that if Ca ions in the barnacle muscle cell
pass through the Na system, this Na system must be different both in that
it is insensitive to tetrodotoxin and in that it is not inactivated.
Even though the true 'reversal potential' for the inward currents could

not be directly measured in this work, an extrapolated estimate could be
obtained by assuming that for large depolarizations the current-voltage
relation is linear. That this reversal potential changes with the level of
internal Ca ions was clearly shown in those experiments in which the
internal level was controlled by means of Ca buffers (see Table 4, columns
b and e).
A comparison of the transference ofCa ions during a voltage clamp pulse

446



IONIC CURRENTS IN CRUSTACEAN MUSCLE

as measured from the inward current record and with 4Ca also showed
that these currents were carried by Ca ions. These results, which are com-
municated in the next paper (Rojas & Vergara, in preparation), resolve
the uncertainty always present in an indirect demonstration such as
the ion substitutions.

Several excitable cells have both a Na and a Ca system. It has been
shown that the rapid initial rise of the action potential of the frog cardiac
ventricle is due to an increase in conductance to Na ions (Brady & Wood-
bury, 1960). The size of the action potential in this preparation does not
obey the Nernst relation (Coraboeuf& Otsuka, 1956), and Orkand & Nieder-
gerke (1964) suggested that Ca ions were involved in the genesis of
its slow phase. After the elegant demonstration that tetrodotoxin
suppresses the fast component of this spike and that Mn ions suppress
the slower component, it seems clear that in this preparation there
are two different ionic systems involved in the carriage of inward currents
(Hagiwara & Nakajima, 1965). In Aplysia there are neurones which have
both Na and Ca systems; one is blocked by tetrodotoxin and the other by
LaCl3 (Geduldig & Gruener, 1970). For the squid giant axon the situation
is still more complicated. During a depolarization Ca ions can pass through
the axolemma (Baker, Hodgkin & Ridgeway, 1971; Rojas & Taylor, 1970).
The Ca permeability change has two components; one is tetrodotoxin
sensitive (it is blocked by tetrodotoxin) and follows the temporal course
of the Na conductance change during the depolarization (Baker et al.
1971) and the other is tetrodotoxin and TEA insensitive but can be
blocked by Mn ions without affecting the K conductance. The temporal
course of this second component is rather similar to the temporal course
of the Ca currents measured in the present work and is only very slowly
inactivated (Baker, Meves & Ridgway, 1971).
Having discussed the problem of identification of the current carriers

we can calculate a Ca conductance. The Ca data plotted as current-voltage
relation was used to calculate

ICa
Ca V-Vc~a

where ICa is the maximum inward current in mA measured at an absolute
membrane potential V. For VCa we use the extrapolated value of the
linear portion of the current-voltage relation. Fig. 17 represents a semi-
logarithmic plot of Gca as a function of V. The maximum Ca conductance
is about 4 mmho for the total area under observation (see Table 4,
column i).

Table 4 summarizes the most relevant data for both systems as deter-
mined in several experiments. It can be seen that for both systems a

17 PHY 229
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displacement of the membrane potential of about 20 mV produces an
e-fold change in the membrane conductance whereas in squid giant axon
the same change in conductance is produced by 6 mV. To compare the

10

0
E
E

1 0

0 ICaGca= m

VCa=+175 mV

0.1 L I I I l
-60 0 60 120 180

mV

Fig. 17. Ca conductance as a function of membrane potential for an
internally perfused barnacle muscle fibre. Vertical axis represents the Ca
conductance calculated from Gc. = ICj(V - Vc) where Ic, is the
maximum inward current for each depolarizing voltage clamp pulse,
V is the membrane potential during the pulse and Vc is the reversal
potential for the inward currents estimated as described in Fig. 11. Fibre
internally perfused with 180 mm-K aspartate plus sucrose and TEA to
give an internal concentration of the same experiment as Figs. 6A and 12.
For additional information, see Table 4. Surface area of the fibre, 0-26 cm2;
effective area for specific conductance taken as 6.6 cm2. Experiment
performed at room temperature of 200 C.

conductances with those determined in other tissues it is necessary to know
the area of the membrane involved in the ion exchange. The data presented
in Table 5 can be used for this purpose as follows. Assuming that in general
the membrane capacity is 1 ,uF/cm2, then the values for Cc and CT in this
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table can be used to estimate the area of the membrane in the surface plus
the clefts and the membrane in the tubules. If the K system is absent
from the tubules, then from the data in Fig. 16 we estimate the maximum
K membrane conductance as 4 mmho/cm2. This value is about one tenth the
K conductance measured in squid giant axon (Hodgkin & Huxley, 1952d
Rojas, Taylor, Atwater & Bezanilla, 1969). If the Ca currents are generated
not only in the tubules but also in the clefts and external surface, then
from the data presented in Fig. 17, GCa is about 07 mmho/cm2.

Equivalent circuit
There are many difficulties in the analysis ofour electrical measurements

introduced by the complexities of the geometry in the barnacle muscle
fibre, and we shall only discuss some of them here. Enough controls were
done, as described above, to ensure that the measurements are repre-
sentative of any cross-section, averaged over a length of about a diameter,
i.e. there was no evidence for a longitudinal space clamp failure. How-
ever, the membrane potential could hardly be uniform over the surface of
the invaginations, or clefts, or over the walls of the tubules, both of which
presumably penetrate deep within the fibre, as in other crustaceans
(Selverston, 1967). We may take three successive steps in considering
these complexities. First, the fibre viewed as a cylinder of ellipsoidal
cross-section has an input admittance as seen by the electrodes, which is
highly non-linear but is the thing which is actually measured. Next, we
may lump the characteristics of the clefts as a series resistance and as an
equivalent membrane patch. The situation in the tubules can be treated in
the same manner and all these result in the equivalent circuit shown in
Fig. 14. The final step would be to include the distributed properties of
the clefts and the tubules. We shall not attempt to do that at this time in
any detail.

Passive membrane properties
As a first approximation to a characterization of the passive electrical

properties of the barnacle muscle fibre membranes we have measured the
voltage as a function of time following a sudden change in the applied
current (Falk & Fatt, 1964; Falk, 1968) as described above under Methods
and Results. In the simplified equivalent circuit shown in Fig. 14, for
times short compared to the time constants R8C8, Rc Cc and R8T CT, we
neglect the effects of the parallel resistances R8, RC and RT and consider
the membranes at the surface, in the clefts and in the tubules as pure
capacitances. For this circuit the voltage transient has the form shown in
eqn. (1). At time zero there is a step of magnitude lORE in the voltage
response to a step of current Io. At long times, in this expression, the
voltage is linear in time with slope 10/(C8+ Cc+ CT).

I7-2
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VMt)R t + (cc2-r,_(-e-r1)
=E+ C +C+CT r2c2R,(r2-rj)

+ r2-cXr2 (I-1edit) (t >0), (1)r~c, R., (r2 -r1)
where

1 SC(+ CC RsT (C CT)
- r1 and - r2 are the roots of

0 = S2+ S(a1 +c2) + alx2 R R5T C2

where S is the complex variable associated with the Laplace transform
used to solve the differential equation relating v(t) and I for the model.
Eqn. (1) is the solution for a step of current.

Thus, for this model, the response of the measured voltage to a step of
current is a small step, a linear term in t, and two exponential terms. The
measured response experimentally is close to this with only one expo-
nential. It is clear by inspection of the model that eqn. (1) would contain
only one exponential term if any one of the three capacitances C., C, or CT
were zero. Consider the case that C. = 0. Then the change in voltage
with time produced by a step of current Io would be given by eqn. (1)
with a limit as C. approaches zero which is

lim( '(!)} = RE + R8C + + RsT +eU2t} (t > 0). (2)10 Be cc+CT {GTC/T+ }2
It is also clear by inspection of the model that if CT = 0 instead of C(,

then

Lim i RE+0 t (CIC )2{I- e-ast} (t > 0). (3)
CT-*'IOCB+OCT cs/c + 12

For the case Cc= 0, the expression is clearly

Lim{ ~) RE+t+RRce+RsT-{l..e--a3 (4)
Ceil IO o C,, + CT

+jQCT + 1}2
where

(R8c + R8sT) ( CT
Fitting the experimental data to eqn. (3) or (4) gives, in our opinion,

unreasonably high values for RE and C,. We then proceeded to evaluate
(RE + R8), CB, CT and R.T in eqn. (2) by measuring the initial step

VO=Io(RE+Rc)
the initial slope

d VO, IO
dt Jt=o Cc
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the slope for long times
{dV IO

= Cft Cc + CT)
the intercept

V-_ IoRST
(CCICT + 1)2'

ofthe tangent to the V(t) vs. t curve for long times. The values thus obtained
are given in Table 5. In this Table, RE is neglected. Measurement of the
time constant (1/al) of the exponential part of the transient gives another
value for RsT but is not a check on the correctness of choice of eqn. (2),
(3) or (4).

After these parameters were determined (those for fibre A in Table 5)
they were inserted into eqn. (1) using for C8 the value obtained from the
assumption that the surface membrane has a capacitance of l00uF/cm2
and RE is small. The result is

7(t) =-RE+CCC +123.25(1-exp(-t/296.7l106))10 Cs+ Cc+ CT
+ 22-34 (1-exp (-t/10-099 10--)), (5)

where V is in mV, Io in mA, RE in Q, C in F, t in sec. From this we see
that for reasonable values of C8 and RE the last term in eqn. (1) would be
indistinguishable from a step of magnitude 22-34 Q in eqn. (2). Thus from
our present measurements we get, in terms of the model of Fig. 14, values
for (RE+R8,), Cc, CT and RST.

Supposing the transient to be in fact eqn. (5) and we determine para-
meters thinking it is eqn. (2), we get

(RE+Rsc) = 22*34Q( Rsc)
CC= 1*77,sF, CT = 4-894uF, R.T = 180 Q

compared to the values used to obtain eqn. (5)
(RE+Rsc) = 35Q (- Rsc)

C8s = 036 UF, CC = 1.5,tF, CT = 4-8/F, R.T = 220Q.
It should be possible to resolve the first exponential with a time constant
of about 10 usec but not with the data we have in hand. We conclude that
the values given in Table 5 are reasonable for the parameters of the model,
as fitted to the muscle fibre data. To the extent that the model is a good
approximation, the values for Cc and CT give an estimate of the relative
surface areas of the cleft and tubular membranes but, as stated above, this
model is only a gross approximation so it should not be concluded that
the capacitances C, and CT are in fact the capacitances of the cleft and
tubular membranes.
The values for low frequency capacitance measured here are somewhat
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smaller than those reported for another crustacean muscle by Fatt & Katz
(1953). We have considered various possibilities that this difference could
be due to the approximations involved in the analysis or that the fibres
used by them were smaller (about 250 ,um diameter). However, further
comparison of the model and the actual values in the fibre is probably not
profitable at this time without more knowledge of the anatomy.

Steady-state current voltage curves
For the model shown in Fig. 14 the current-voltage curves in the steady

state for the patches representing the cleft and tubular membranes will be
distorted in the measurement of total I and V. We shall not present a
detailed analysis of this effect here but it is clear that the qualitative effect
of the resistances RE, R8C and RST is similar to the effect of a series
resistance for a simple system (see e.g. Taylor et al. 1960). Consider

dVl dV2( sTd)
which would be applicable to the current-voltage curve of the tubules as
measured in the cleft (for the model).

if d~~~~t d Ut4If 44 > 0, then, simply <
dV2 dV3L dV2.

if d~~~t I~ dIt 44t dItIf dIt <0 then,for > >V'dV1 dV2'
dV2 I RsT d2) ~ 2

i.e. the negative resistance part of the measured curve is steeper than the
actual. For 1/RST <I dIt/d V21 the measured I-V curve is discontinuous.
For example, if we take It to be the current through RT, V1 the voltage
across C. and V2 the voltage across CT, then, for the model, the current-
voltage curve of the tubules as measured in the clefts would be related by

d4 (1+RS I) -1 dIt

if 44It dIt
dV2 0 dV, dV2'

i.e. the current-voltage curve as measured is less steep than it actually is.
If dIt/d V2 < 0, for a negative resistance region, then we have two
possibilities:

for R > d t| the measured curve is steeper;
1R < dInu

for - < -~ the curve would be discontinuous.
RsT dV2
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