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SUMMARY

1. The Vaseline-gap technique was used to record asymmetric charge movement
in small segments of muscle fibres from the white sternomastoid or the soleus muscle
of the rabbit. At 22 0C, non-linear ionic currents (Na+, K+, Cl-, Ca2+) were virtually
eliminated for potential steps to 0 mV or below by specific blocking agents or ion
substitution.

2. A Boltzmann fit of charge movement (Q) vs. potential (V) produced the mean
values Qmax = 15-2 nC/1sF, V = -26-8 mV and k = 15-3 mV for twenty-three
sternomastoid fibres, and 4-8 nC/,uF, -32 mV and 13-7 mV for seven soleus fibres.
Qmax for the sternomastoid fibres was similar to that for other fast-twitch fibres when
normalized by surface area rather than capacitance.

3. Using a 55 ms step, the mean threshold potential (Vth) for contraction in
twenty-eight fibres was -25-9 (±2-9) mV (+S.E. of mean), and the mean amount
of charge moved (qth) at the threshold potential was 8-5 (± 0 4) nC/1sF.

4. In some contracting fibres, a component of charge movement was observed
which was analogous to q, in amphibian muscle in its time course and potential
dependence.

5. Addition of 80 mM-sucrose to the external solution increased the speed of both
the asymmetric charge movement and the charging of the linear capacitance of each
fibre. The effect was reversible. A clear relation between the time course of these two
parameters was established, and this strongly indicated that the majority of the
asymmetric charge was located in the transverse tubular system or beyond. Moreover,
it was shown that at 22 0C nearly all asymmetric charge moved in less than 0 5 ms
after depolarization of the T-system.

6. Sucrose in the external solution affected the Q vs. V relation, steepening
the curve and shifting it to more negative potentials, as well as slightly increasing
Qmax. The actions of sucrose strongly suggest that it effectively dilates and/or
shortens the transverse tubular system, probably by osmotic effects.

INTRODUCTION

It is known that depolarization of the transverse tubular system is normally
necessary to evoke contractions in a muscle, but the succeeding steps leading to
calcium release from the sarcoplasmic reticulum (s.r.) are poorly understood. When



most ionic currents in skeletal muscle have been blocked and the linear capacitive
currents removed, depolarizations from the normal resting potential have been shown
to produce small membrane currrents which have been proposed to underlie or reflect
the process leading to Ca2+ release (Schneider & Chandler, 1973; Adrian & Almers,
1976; Chandler, Rakowski & Schneider, 1976a, b; Kovacs, Rios & Schneider, 1979;
Hollingworth & Marshall, 1981; Dulhunty & Gage, 1983).

For amphibia, the charge movement in response to depolarizing steps from the
resting potential has been subdivided into two components, qfl and qy (Adrian &
Peres, 1979; Huang, 1982; Hui, 1983). The larger component, qf, can be observed
even when depolarizing steps from the resting potential are small and, with larger
depolarizations, the qY component appears as a distinct 'hump' on the q,6 component.
From observations of charge movement in fibres able to contract (Horowicz &
Schneider, 1981 a, b; Huang, 1981), it was found that the time and potential at which
qY appears is closely related to the twitch threshold. However, it is not clear whether
qY causes, is a consequence of, or is unrelated to Ca2+ release and contraction.

In previous investigations ofmammalian charge movement, micro-electrodes have
been used for recording potentials and passing current, and muscle contraction has
been blocked with hypertonic sucrose solutions (Hollingworth & Marshall, 1981;
Simon & Beam, 1985a, b) or tetracaine (Dulhunty & Gage, 1983, 1985). One of the
aims of this study was to examine charge movement in mammalian fibres that are
able to contract, and to investigate the effects of sucrose and tetracaine. This was
achieved by using the Vaseline-gap method (Hille & Campbell, 1976). The fibre was
made sufficiently slack between the Vaseline seals so that it was possible to record
charge movement during contraction with minimal or no electrical artifact and no
damage to the fibre. This enabled the quantification of the charge moved at the
contraction threshold, which had not previously been examined in mammalian
muscle. It was also possible to investigate whether a qY component could be identified
near the contraction threshold. A further advantage of the Vaseline-gap technique
is that it gives access to both internal and external environments of the fibre, making
it possible to reduce ionic currents much more than in micro-electrode experiments,
especially at higher temperatures where such currents substantially affect measure-
ment of charge movement (Simon & Beam, 1985a, b).
The location of asymmetric charge movement, which is crucial for any putative

role it might have in excitation-contraction coupling, is disputed. Experiments
examining the time course ofcharge movement (Simon & Beam, 1985 a, b) or the effect
of detubulating the fibres, at least partially (Chandler et al. 1976b; Dulhunty, Gage
& Barry, 1981; Campbell & Hahin, 1983) have led to the conclusion that charge
movement resides in the tubular system (or beyond, in the adjacent s.r. membrane).
In contrast, Adrian & Huang (1984b), who examined the dependence of q and qY
on fibre diameter, concluded that only the smaller component, qY, was located in the
transverse tubular system.

It is shown in this paper that the charging of linear capacitance and asymmetric
charge movement occur more rapidly in solutions made hypertonic with sucrose than
in isotonic solutions. The differences in the results of some previous studies can be
accounted for by this finding. Furthermore, the relation between the movement of
the linear and asymmetric charge strongly indicates that, in mammalian muscle, the

64 G. D. LAMB



CHARGE MOVEMENT IN RABBIT MUSCLE

majority of charge movement is located in the transverse tubular system (or beyond).
The pharmacological subdivision of charge movement in mammalian muscle, and the
basis of the components, are considered in the following paper (Lamb, 1986). Some
of these results have been reported briefly elsewhere (Lamb, 1985a, b).

METHODS

Di88ection andfibre mounting
The sternomastoid or the soleus muscle was dissected free from rabbits killed by a bolt shot

through the hind brain. The muscle was pinned out in a shallow dish lined with Sylgard (Dow
Corning, Midland, U.S.A.), and in the case of the sternomastoid muscle, the bundles of white muscle

TABLE 1. Solutions used (mM)
Dissecting solution (pH 7 3)

D

'1
12
13

Na+ K+ Ca2+ Mg2+ Cl- glucose
140 5 2-5 1 152 11

Internal solutions (pH 7 0)

Na+ Cs+ Mg2+ Glutamate ATP
156 0 0 155 0 5
154 0 1 155 0 5
1 153 1 155 0 5

External solutions* (pH 7 3)

I TEAt Mg2+ Ca2+ Br 8042- 2,4DT sucrose
El 150 8 0-2 150 8 2 2-5 0
E2 150 8 0-2 150 8 2 2-5 80

All solutions also contained 2 mM-TES§ buffer and, with the exception of solution E2, were
adjusted to an osmolality of 290 mosM by the addition of the principal salt. Cs+ solutions also
contained 0-1 mM-EDTA to chelate heavy metals.

* Both external solutions contained 10-6 M-tetrodotoxin, pH adjusted with NaOH, H2SO4.
t Tetraethylammonium.
t 2,4 dichlorophenoxyacetic acid.
§ N-tris[hydroxymethyl]methyl-2-aminoethanesulphonic acid.

fibres, which run down both sides of the whole muscle, were cut away from the red muscle bundle.
The muscle bundles, bathed in a Krebs solution (D, Table 1), remained healthy for more than 8 h.
A section (3-4 mm) of a single white sternomastoid or soleus fibre was isolated and transferred to
the perspex 'Vaseline-gap' bath. The Vaseline-gap bath (Hille & Campbell, 1976) consisted of four
distinct compartments, which were normally separated by threads of a special Vaseline (Glisseal,
Borer Chemie AG, Switzerland) (Fig. 1), although they were initially covered and joined by a surplus
of the internal solution (Il. 2 or 13, Table 1). When in position, three seals of Glisseal were made
around the fibre. Additional segments of Glisseal were placed on both sides close to the fibre in
both the A and B pools to ensure that, when the solution level was dropped in the whole bath,
a substantial layer of fluid still bathed the fibre; this decreased any problems with series resistance.
The width of the A pool was decreased by sliding a movable section of the bath which supported
the EA seal, to ensure that the fibre was initially slack in the A pool in the event of contractions.
The length of fibre in the E, A, B and C pools was typically 200, 300, 100 and 200 #um respectively,
and the seals were 200 j#m wide. The total length and average diameter of the fibre in the A pool
were measured under a microscope for use in calculations involving fibre surface area. The fibre

65

3 PH y 376



ends in the E and C pools were cut again longitudinally and the fibre was left for at least 30 min.
All experiments were conducted at 220C.

Voltage clamp and electrical recordings
The voltage-clamp method used was based on that of Hille & Campbell (1976). Five Ag+/AgCl

half-cells were connected to the gap pools by glass bridges filled with1 M-KCl in agar. (In later
experiments the bridges in the end pools were filled with the internal solution in agar to eliminate
a small outward K+ current which affected some records.) Junction potential differences were
eliminated by previous equilibration of the half-cells, and any small remaining differences were
noted before experiments. Changes in junction potentials, produced by subsequent solution
substitutions in pool A, were measured relative to 3M-KCl micro-electrodes, and later compensated
for. Separate current-passing and potential-sensing electrodes,A, and A2, were positioned on
opposite sides of the fibre in the A pool to minimize series resistance artifacts. The voltage clamp
held point D (Fig. 1) at ground potential, and the solution in the A pool was replaced with either
solution E1 or solution E2. The command wave form was generated by a DEC PDP 11/23
microcomputer and blunted by a low-pass filterwith01 ms time constant. The actual transmembrane
potential was ascertained in six cases by inserting a 3M-KCl micro-electrode into the fibre in the
A pool close to the AB seal and measuring the potential difference relative to another micro-
electrode; the transmembrane potential closely resembled the command voltage and had less than
a 2 mV offset in every case. The total current passed by Amplifier 2 was monitored by the potential
difference across a 200 kQ feed-back resistor. A two-time constant capacitive wave form, generated
using the voltage command signal, was subtracted from the current record in order roughly to cancel
linear elements, when necessary. Both the subtracted current record and the record of the potential
of the A2 electrode, Vm, were filtered by a four pole Bessel filter with a corner frequency of1 or
4 kHz and sampled and stored by the microcomputer at 5 or 10 kHz respectively.

Pulse protocol and analysis procedure
The membrane potential of the fibre (the negative of the A2 potential) was clamped at -90 mV

and subjected to a55 ms 'control' step of -20 or +10 mV relative to the holding potential, followed
70 ms later by a depolarizing 'test' step, also 55 ms long (Fig. 2). For each test step, the sequence
of two pulses was reproduced between one and four times, 2 s apart, and the average of the resultant
records was stored for both the voltage and current channels. Remaining linear capacitive and ionic
currents were removed in later analysis by scaling and subtracting the 'synthetized' control
current (see Horowicz & Schneider, 1981 a) from the test current. The amount of asymmetric charge
moved was calculated by fitting and extrapolating base lines to the data and integrating the
transient current (Chandler et al. 1976a; Horowicz & Schneider, 1981 a). Charge movement was
expressed relative to the linear capacitance of the fibre, which was determined using a 10 mV
depolarizing step from the holding potential.

Effects of finite seal resistance
The Vaseline seals were of high resistance, probably 5 Mil or more, but their effect on both

dynamic and steady state current measurements should be considered. Any leak through the AB
seal will not affect either the current or the voltage record, and so can be neglected. Fig. 1 shows
the leak resistance through the EA seal, R1, the longitudinal resistance of the fibre, Ri ( - 200 k),
and the impedance of the membrane in the A pool subdivided into a pure resistive component,
Rm, and the remainder, Zm. At any time t, the total current It(t) is the sum of the leak current
Jj(t) and the membrane current Im(t), the latter of which can be broken into (a) the current through
Rm, Ir(t) which is proportional to Vm(t), and (b) the capacitive current, Ic(t), which flows through
Zm and declines to zero at long times if Vm(t) reaches a steady state. As point D is a virtual ground,
the potential in pool A is Vm(t) and in pool E is:

Ve(t) =-Im(t) Ri =-(Ir(t) +Ic(t))Bi. (1)
The potential difference between the A and E pools is Vm(t) - Ve(t), and Vm(t) = Ir(t) Rm, thus the
leakage current is:

II() - Vm(t)-Ve(t)= VM(t)(Bi +Bm) +IC(t R. (2)
in Rmi RI'
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Thus both I(t) and the recorded current, It(t) can be broken into two parts, one purely resistive
and proportional to Vm(t), and the other related to the capacitive current I,(t)

(RI+ Ri +Rm) (Ri +Ri)

Jf1.. ommandyet - lv~~m ZM<0
R. ~ y F ibre

D

E A A M B C
Fig. 1. Diagram of a cut muscle fibre embedded in three Vaseline seals, shown with a
simplified clamp circuit. The pools of fluid separated by the Vaseline are conventionally
denoted as E, A, B and C, and point D is clamped at ground potential. The dark circles
represent Ag+/AgCl half-cells and agar bridges connecting the circuit to the pools. One
electrode in the A pool passes current and the other monitors potential. The ohmic
resistances RI, Ri and Rm, and the capacitive impedance Zm are described in the text
together with the corresponding currents and potential differences.

To determine the linear and non-linear capacitive membrane currents, I4(t), it is necessary to re-
move the resistive current from the total, and this can be achieved by determining the value
(R1+Ri+Rm)/(Rm R) from Vm(oo)/It(oo) and then subtracting a suitably scaled version of the
voltage record, Vm(t) from the current record, It(t) in a manner analogous of that of Schneider
& Chandler (1976). The remaining current record, Ieff(t) given by

Iceff(t) = IX) (RI+RR)

can be related to I(t) only if RI and Ri are known. However, using Iceff(t) instead of I4(t) in
calculations of fibre capacitance will cause only a small error (< 7 %) when good seals are achieved
(RI > 3 MQ) and a short, well cut, length of fibre connects the A and E pools (Ri < 200 kQ). In
any case, (a) the observed capacitive current will be linearly related to the true current, and (b)
calculations of asymmetric charge movement, which are expressed as the ratio of the observed
non-linear and linear capacitive currents, will not be affected by the error.
A lower limit to the leak resistance, R1, can be obtained from the total resistance, Rt, ofthe current

paths through the fibre and the Vaseline, remembering that Ve and Vm are of opposite polarity:

R1 > Rt =mm( -) Ve( ) > IM(0 )) (5)1 t IhJcn) It
(5)

The mean value of It(0 ) in forty-eight fibres recorded in this study was 2-7 MQ, and so the leak

resistance RB must have been considerably larger than this.

3-2
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RESULTS

Cable properties
Cable properties were calculated for white sternomastoid and soleus fibres from

twenty rabbits using the estimated surface area obtained by visual measurements.
An estimate of the total resistance, Rt, to current flow through both the fibre and the
EA seal (Fig. 1) was made using Vm(oo)/It(oo) (eqn. (5)). The mean values shown
in Table 2 were found using a solution which minimized ionic currents (solution El

TABLE 2. Cable properties of white sternomastoid and soleus fibres in the rabbit (mean+ S.E. of
mean). Rt is an estimate of the total resistance in the Vaseline-gap experiment (see text)

Cm Rm Rt Diameter
n (,uF/cm2) (k0 Cm2) (Ma) (#Zm)

Sternomastoid 41 13-8+0-6 2-2+0 2 2-7 +0-2 77-5+4 7
Soleus 7 8-0+0-8 2-0+0-3 2-7 +04 64-9+448

or E2, Table 1) and thus produced a relatively high mean membrane resistance, Rm.
By having no Na+, K+ or Cl- in the solution and using the chloride channel blocker,
2,4 dichlorophenoxyacetic acid, it could be assumed that the transverse tubular
length constant was relatively long and thus that virtually the whole tubular
capacitance was measured (Dulhunty, Carter & Hinrichsen, 1984). The values
obtained here for the linear capacitance, Cm, and for the membrane resistance, Rm,
in rabbit sternomastoid muscle, assuming that the leak resistance RI was much larger
than the membrane resistance, are very close to those found by a micro-electrode
study which used rat sternomastoid fibres and solutions with low Cl- or containing
2,4 dichlorophenoxyacetic acid (Cm = 13-5,F/cm2; Rm= 2-0 kQ cm2, Dulhunty
et al. 1984). Cm in the soleus fibres was slightly larger than that reported for rat, and
Rm was about half of the value for rat (Dulhunty & Gage, 1983). The membrane
resistance, Rm, was probably underestimated because of (a) underestimation of the
membrane surface area by neglect of wrinkling or invaginations, and (b) appreciable
leakage through the EA seal. However, as the estimate of the total resistance, Rt,
is determined by both Rm and the leak resistance, RI, the leak resistance must have
been considerably greater than 2-7 MCI (Table 2). Consequently, the error in the linear
capacitance measurement (eqn. (4)) owing to leakage through the Vaseline was much
less than 5 %. Some fibres did show a small increase (3-5 %) in capacitance over time
which was accompanied by a substantial decrease in the estimate of RV. It is inferred
that the leak resistance through the Vaseline, RI, had substantially decreased in such
cases.

Asymmetric charge movement
Fig. 2C shows records of asymmetric charge movement in which the linear

capacitive and ionic currents have been removed (see Methods), but which are
otherwise uncorrected (there has been no smoothing or subtraction of steady or
sloping base lines). It is clear that there is at least a rough equality ofthe charge moved
upon depolarization (ON charge) with that moved upon repolarization (OFF charge),
and that there are virtually no ionic currents activated except by the largest
depolarizations.
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However, under certain circumstances ionic currents can affect the estimation of
charge movement.
Outward current. Fig. 2C shows an outward current which was activated by steps

to potentials greater than 0 mV. Such a current was present in every fibre, although
it was usually considerably smaller than in the example shown. This current was

A C mV

-80
55 70 55 ms

-90mV -60
-1l10mV

Control Test

-40

-20

B

___ _ _ __ 0.

20

20 ms 20

4MA/MF
20 ms

Fig. 2. Uncorrected asymmetric charge movement in a white sternomastoid fibre. The
potential was held at -90 mV and then stepped as shown in A. The similarity of the
control and test steps is illustrated in B, which shows the difference between a 90 mV test
step and a suitably scaled copy of the -20 mV control step; the arrows indicate the start
and end of the 55 ms steps. The charge movement records shown in C were produced when
the fibre was bathed internally in a sodium glutamate solution (I1, Table 1) and externally
in a low Ca2+ TEABr solution (solution E2). Each record is the average of four repetitions.
Cm, 14-2 ,sF/cm2; Rm, 1-9 kfl cm2; diameter, 67 /zm; temperature, 22 'C.

distinctly different from the delayed potassium channel current (Adrian, Chandler
& Hodgkin, 1970; Duval & Leoty, 1978), which was observed in this study when the
fibre was bathed in normal Krebs solution. The delayed potassium current was
usually activated near -40 mV and could be blocked, at least partially, by TEA+
and 4 mM-4-aminopyridine, although neither blocked the current reported here. The
current shown in Fig. 2 was probably not carried by either K+ or Cl- as neither ion
was present in the internal or external bathing solutions and yet the current appeared
to increase rather than diminish with successive stimuli. It was not necessary to have



Ca2+ in the external solution in order to produce the outward current (Fig. 3), nor
was it blocked by 5 mM-Co2+. However, addition of 0-2 mM-Cd2+ to the external
solution substantially reduced this outward current in two fibres, but caused very
rapid deterioration of the fibres. Thus the involvement of Ca2+ in this current is not
clear. Regardless of the ionic basis of the outward current, the presence of an
accompanying tail current might have affected the estimation of the OFF charge for
steps to + 20 mV or greater.

A B

6 mM-Ca2+ No Mg2 No Ca2+ 6 mM-Mg2+
mV
-40

-20

0

20

40

8 pA/LF
20 ms

Fig. 3. Asymmetric charge movement and Ca2+ currents in solutions with and without
external Ca2+. A, the fibre was externally bathed in (mM): TEABr, 150; CaSO4, 6; TES,
2; 2,4 dichlorophenoxyacetic acid, 2-5. B, the charge movement in the same fibre when
the external solution was changed to one in which Mg2+ completely replaced Ca2+, but
which was otherwise identical. The inward Ca2+ current is clearly visible in the records
of steps to 0 mV and above in A and is absent in B. The calcium tail current greatly
exaggerates the OFF charge in A. Cm, 1 -2 #zF/cm2; Rm, 4-2 kQ cm2; diameter, 62 ,um.

Brief inward current. Initially, estimation of asymmetric charge movement was
complicated in many fibres by the apparent presence of a small inward current which
appeared to be activated by depolarizations to potentials more positive than
-80 mV, and which inactivated completely between 5 and 30 ms after depolarization.
Subsequent investigation revealed that, in most cases, this current was an artifact
of the subtraction procedure, owing to the presence of an inward current during the
hyperpolarizing control steps. Use of a synthesized control current (Horowicz &
Schneider, 1981 a) eliminated this problem. The small inward current evoked by the
hyperpolarizing control step was not blocked by 10 mM-Rb+, 10 /sM-tetrodotoxin,
20 mM-Co2+ or 100 /sM-nifedipine in the external solution, or by 150 mM-Cs+ in the
internal solution. (With the exception of nifedipine, these agents also did not affect
the asymmetric charge.) A similar current was observed in rat extensor digitorum
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longus (e.d.l.) and soleus muscles using the three micro-electrode voltage clamp
(A. F. Dulhunty, P. W. Gage & G. D. Lamb, unpublished observations).
Calcium current. An important part of the procedure for the clear identification of

charge movement was the removal of virtually all of the Ca2+ current. All previous
experiments, both with amphibian and mammalian muscle, have used normal or
elevated [Ca2+] in the external solution. Horowicz & Schneider (1981 a) and Dulhunty

TABLE 3. Boltzmann parameters (mean + S.E. of mean) giving the best fit in thirty-two white
sternomastoid and seven soleus fibres

n Qmax (nC/#F) V (mV) k (mV)
All sternomastoid data 32 144+05 -266 + 07 145+ 03
Sternomastoid
(+ 10 mV control step) 9 1246+110 -26-1+1*2 12-1+0-4
Sternomastoid
(-20 mV control step) 23 15-2+0 6 -26-8+0 9 15-3+003
Soleus 7 4-8+06 -32-6+2 1 13-7+009

& Gage (1983) have shown that in both types of muscle the resulting Ca2+ current
can cause an over-estimation of the OFF charge, though this can be blocked by
20 mMCo2+. Fig. 3 shows that a large inward current was activated at 0 mV in
solutions with external Ca2+, and was not present when Ca2+ was totally replaced by
Mg2+. It is clear from the largest potential step in Fig. 3A that ionic currents can
give a very misleading indication of the apparent charge movement; in this case the
Ca2+ current was roughly equal to the outward current during the potential step but
the Ca2+ tail current greatly exaggerated the OFF charge. In the following experiments
Ca2+ currents were virtually eliminated by Mg2+ substitution, and thus there was no
need for any Ca2+ channel blocker. A small amount of Ca2+ was added to the solution
(0-2 mM-CaSO4) to block any non-selective cation conductance of the type reported
for frog muscle (Almers, McCleskey & Palade, 1984).

Charge movement vs. potential
The relation between the amount of charge moved, Q, and the membrane potential

during the test step, V, was examined by fitting the data from each fibre with a
Boltzmann equation: Q = Qma./[l + exp (V- V)/k], (6)

and determining the values of (a) the maximum charge, Qmax, (b) the potential giving
half maximum charge, V and (c) the slope factor, k, which together produced the
lowest variance (Schneider & Chandler, 1973). The estimate of the OFF charge was
used in the calculations as it was considered more accurate than that ofthe ON charge,
because the OFF charge was usually faster than the ON charge and also because it
was not complicated by the presence of separate subcomponents. One rabbit fibre
had a maximum charge (Qmax = 3 0) that was considerably lower than that of all the
other rabbit sternomastoid fibres, and a value of V (- 34-7 mV) that was 8 mV more
negative than the mean value for the other fibres, so it was not included in the average
data. The mean and S.E. of mean of the Boltzmann parameters for the thirty-two
remaining sternomastoid fibres and seven soleus fibres are shown in Table 3. (The
value Of Qmax in sternomastoid fibres may be slightly in error because the presence
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of an outward current affected the estimation of charge movement above + 20 mV.
However, the rate of increase of Q dropped substantially at potentials above 0 mV,
indicating that the charge was probably approaching saturation. Soleus fibres showed
saturation before + 20 mV.) For the sternomastoid fibres, the means of the data
derived using control steps of +10 and -20 mV (relative to the holding potential)
are also shown separately. The mean value Of Qmax obtained using + 10 mV control
steps was significantly less (P < 0-05, Student's t test) than that produced using
-20 mV control steps, indicating that the + 10 mV control pulse itself moved an
appreciable amount of charge. This amount of charge, determined using a -20 mV
control pulse and a +10 mV test pulse, was typically only about 0-15-02 nC/1F, but
its effect on Qmax was magnified about 14 times when the control pulse was scaled
up and subtracted from the largest test pulses. Thus when a + 10 mV control step
was used, Qmax was underestimated by between 2 and 3 nC/1F (see Table 3).
The one rat e.d.l. fibre examined possessed greater charge movement (Qmax-

24-1 nC/1sF) and a smaller linear capacitance (Cm = 8&7 #sF/cm2) than any rabbit
sternomastoid fibre examined. The data from the rat fibre are very close to those
found in micro-electrode studies (Dulhunty & Gage, 1983, 1985), and serve to show
that the Vaseline-gap technique did not grossly underestimate the charge movement.

Contraction threshold
Eighteen (42 %) ofthe fibres perfused internally with Na+ (solution Ii or I2) showed

no visible contractions as a result of depolarizing steps, despite displaying normal
charge movement and linear cable properties, and six other fibres showed a marked
increase in threshold during the experiment and eventually stopped contracting. All
ten fibres perfused with Cs+ contracted when suitably depolarized. With a 55 ms
pulse, the mean contraction threshold for twenty-eight fibres was - 25-9 (± 2'9) mV,
although this included two fibres with thresholds near 0 mV. The amount of charge
(qth) moved by a 55 ms pulse to the threshold potential ranged between 6-0 and
12-1 nC/,uF (mean, 8-5 + 04 nC/,uF, n = 28). The maximum asymmetric charge that
could be moved, Qmax, was obtained for eighteen of these fibres and had a mean of
16-3 (±0-8) nC/tF.

Components of charge movement
Records ofasymmetric charge movement, especially near the contraction threshold,

were closely examined to determine whether any subdivision ofthe charge movement
could be supported on the grounds of its time course. The charge movement recorded
in two typical cases is shown in Fig. 4. The charge movement recorded in a fibre which
displayed a distinct second component of ON charge is illustrated in Fig. 4A. The
top record, shown at low gain, displays the charge moved at the threshold potential
(-34 mV). The other records, at higher gain, show a small hump occurring after the
(truncated) main peak of the ON charge at potentials near threshold. As the fibre was
subjected to greater depolarizations, the hump (q,) occurred at progressively earlier
times until it merged with the main peak. The fibre in Fig. 4B twitched for every
depolarization up to, or more positive than, -30 mV in the sequence shown and in
two other sequences not shown. The ON charge decayed monotonically in every case.
However, comparison of the records above and below threshold suggested, but did
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mV

-34

-32

-30

Thr

Slow
i component? -28

-26

Fig. 4. Asymmetric charge movement near contraction threshold in two fibres. The
records show the charge moved by a 55 ms depolarizing step to the potential indicated
with each trace. A, one fibre displayed a very small hump immediately after the ON charge
peak, at its contraction threshold (-34 mV). The hump (arrows) is seen clearly at high
gain in the lower traces (truncated); it gradually merged with the majority of the ON
charge for large depolarizations. B, the second fibre had a contraction threshold (Thr) of
-30 mV, and the ON charge decayed monotonically at each potential. However, close
examination of the current records evoked near the threshold suggested the possible
presence of a small slow component of the ON charge. Each record is the result of a single
control and test pulse pair, and has not been corrected for ionic currents. Both fibres were
bathed internally with solution '2 and externally with solution E2. Vertical calibration
bars represent 2 #uA/sF, and the horizontal bar 20 ms. Cm, 12 7 ,uF/cm2; Rm, 1-2 kQ cm2
in A. Cm, 14-1 #uF/cm2; Rm, 2-4 kM cm2 in B. Temperature, 22 'C.

not convincingly prove, the existence of a small slow component of the ON charge
following the main peak, for potential steps to near threshold. The presence of such
an unmeasured slow component was also suggested by the fact that the ON charge
peak had an area that was approximately 20% smaller than that of the OFF charge
peak at all potentials near threshold. Although a q, component was not identified
in every contracting fibre, it was never seen in fibres which failed to contract.
An example of a large qY component is illustrated in Fig. 5. The traces show a clear

hump following and merging with the majority of the ON charge near the threshold
potential. This was the most distinct hump in charge movement seen in any fibre,
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Fig. 5. Charge movement in a sternomastoid fibre displaying a distinct hump (arrows)
in the ON charge. The fibre was initially examined by a sequence of depolarizing steps
each 10 mV larger than the previous one; some of the resulting traces are shown in A.
The procedure was repeated (not shown) and then repeated again using 5 mV increments
(B) and once more using 2 mV increments (not shown). In A the fibre contracted at
potentials of -30 mV and above, but in all subsequent examinations the contraction
threshold lay between -44 and -40 mV. A clear hump during the ON charge was always
observed somewhere between -45 and -30 mV. However, note that the hump occurred
over a different potential range in A than in B and appeared quite similar at the potential
at which contraction was first observed for each (-30 and -40 mV respectively). The
outward current was probably carried by K+ from the KCI bridges (see Methods). The
OFF charge in suprathreshold records in B was affected by a twitch artifact which
disappeared when contraction was subsequently blocked. Cm, 13-6 ,UF/cm2; Qmax,
21-1 nC//zF; diameter, 110 /Lm.

and was observed in each of four sequences of depolarizing steps, parts of two
sequences being shown in the Figure. It is interesting to note that in Fig. 5A and
B the amount and position of the charge movement hump (q,) appears to be more
closely related to the contraction threshold than it does to the test step potential.
In contrast the main peak of the ON charge (qf) appeared to be determined by the
potential. This suggests that there may not be a fixed relation between qfl and qy,
and that qf may not be related to the initiation of contraction. The charge movement
associated with the fibre in Fig. 5 was the largest observed in any rabbit fibre
(Qmax = 21-1 nC/1F), and the fibre itselfhad the largest diameter (110 ,um) ofany fibre
studied.
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Relation between the linear capacitive current and charge movement
An investigation was made of the effect of hypertonic solutions on the time course

of both the linear capacitive current and asymmetric charge movement. Fig. 6 shows
the records obtained from one fibre when 80 mM-sucrose was added to the external
solution, and then when that solution was replaced with the original solution. Making

A B C

No sucrose 80 mM-sucrose No sucrose

cm 142 C 5 Cm= 144

012-1 Q=12*6 0 =12-0

110 ms

Fig. 6. Linear capacitive currents and asymmetric charge movement in a rabbit sterno-
mastoid fibre in the presence and absence of sucrose. The linear capacitive current was
produced by a + 10 mV step from the holding potential, and the charge movement was
produced by repolarization from 0 mV to the holding potential (OFF charge). A, the
external solution contained no sucrose (E1, Table 1). B, addition of 80 mM-sucrose clearly
produced faster charging of both the linear and non-linear capacitances. C, replacement
with the original solution slowed both wave forms. The linear capacitance (Cm) in /ZF/cm2,
and the amount of charge movement (Q) in nC/1sF is indicated in each case. Filter
frequencies: 1 kHz (asymmetric charge), 4 kHz (linear capacitance).

the external solution hypertonic by the addition of the sucrose resulted in both faster
charging ofthe linear capacitance and faster asymmetric charge movement, the latter
being shown in the Figure by the OFF charge for a step from 0 mV back to the holding
potential (a situation where the speed ofthe charge movement is near maximal (Simon
& Beam, 1985 a)). The measured linear capacitance and the amount of charge moved
were only slightly increased. This concentration of sucrose did not noticeably affect
muscle contraction. The effects were reversed when a solution without sucrose was
used. Fig. 6C clearly shows that the linear capacitive current consisted of at least
two distinct components; these are related to the charging of the surface membrane
(fast component) and the transverse tubular membrane (slow component) (Hille &
Campbell, 1976.) (The relation between the capacitive current components and the
anatomical structures, however, is not totally straightforward as the capacitive and
resistive elements are distributed.) After the addition of the sucrose the charging of
the tubular capacitance was so fast that the time courses of the two components after
filtering (4 kHz, see Methods) were inseparable (Fig. 6B). The effects detailed above
were seen in all eight fibres examined both before and after the addition of sucrose.
Fig. 7 illustrates the relation between the time taken to charge 90% of the linear
capacitance (including the surface capacitance) and the time taken to move 90% of
the asymmetric charge. The Figure includes data from fibres bathed in solutions with
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or without sucrose. There is a significant linear correlation of the two parameters
(r = 0-883, P < 0 01) and the intercept of the best-fit line indicates that the charge
movement lagged behind the linear capacitive current by 1-2 ms. A similar relation
prevailed when a smaller percentage, e.g. 60%, of the charges was chosen as the
criterion. (Fig. 7 shows some fibres in which 90% ofthe asymmetric charge had moved
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Fig. 7. Relation between the time taken to charge the linear capacitance of a fibre to 90%
of its maximum (tiinear capac.) and the time taken to move 90% of the asymmetric charge
chargeg) for the OFF step from 0 mV to -90 mV. Data were obtained from twenty-five
fibres; values recorded in solutions containing 80 mM-sucrose are shown by circles, those
recorded in solutions without sucrose by triangles. The best-fit line is indicated, and it
intercepts the ordinate at 1-2 ms. The difference in filtering frequency would be expected
to account for about 0-75 ms of the delay between the asymmetric charge (1 kHz filter)
and the linear capacitive transient (4 kHz). Thus the asymmetric charge moved within
about 0-5 ms after the charging of the T-system.

before a similar proportion of the linear capacitive charge, but this is possibly due
to the presence of a third, even slower, capacitive component which was observed
in some fibres, and small inaccuracies involved in fitting the sloping base lines needed
to identify and integrate the asymmetric charge.) The relation shown in Fig. 7 is most
easily explained if the time course of the asymmetric charge movement is largely
determined by the charging of the tubular system.
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Qmax V k

No sucrose 13-2 -24-1 16-4
Sucrose 13-7 -28-0 15-0

-80 -60 -40 -20 0 20

Potential (mV)

B

Outside

I nside

Fig. 8. A, best-fit Boltzmann curves for data from the same fibre sequentially exposed
to solution E1 (no sucrose) (V)) and solution E2 (80 mM-sucrose (@)). The Boltzmann
parameters for each curve are indicated. Sucrose shifted the charge vs. potential relation
to more negative potentials as well as increasing its steepness (lower k) and the maximum
charge (Qmax). B, a circuit superimposed on a schematic diagram of a section of a muscle
fibre, illustrating a simple lumped model of the resistive and capacitive elements of the
surface membrane (R., C0) and the transverse tubular membrane (Rt, Cj) as well as the
resistance (Ra) at the mouth of and along the tubular system.
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Effect of sucrose on the charge vs. potential relation
The effect of sucrose on the relation between charge movement and membrane

potential is illustrated in Fig. 8A. The data obtained before and after the addition
of 80 mM-sucrose to the external solution were fitted by Boltzmann curves (eqn. (6)).
The addition of sucrose produced a steeper curve which was shifted to more negative
potentials and had a slightly (4 Go) higher maximum. An increase of 5 O in the linear
capacitance was also observed. These effects of sucrose addition, together with the
increase in the speed of both the linear capacitive charging and the asymmetric charge
movement, can be adequately explained with reference to a simple lumped model of
a section of a muscle fibre (Fig. 8B) (see Discussion).

DISCUSSION

Asymmetric charge movement in mammalian muscle has previously been inves-
tigated in the rat using micro-electrodes with contractions blocked by hypertonic
sucrose solutions (Hollingworth & Marshall, 1981; Simon & Beam 1985a, b) or by
tetracaine (Dulhunty & Gage, 1983). The use of the Vaseline-gap technique in this
study allowed the quantification of charge movement in contracting mammalian
fibres and enabled the examination of the effects of hypertonic sucrose solutions (and
tetracaine in the following paper). Furthermore, it has been possible to relate the
charging of the T-system and movement of asymmetric charge, and hence show that
most of the asymmetric charge movement occurs in the T-system.

Comparison with previous results
As asymmetric charge movement can be inactivated by prolonged depolarization

(Chandler et al. 1976b), and linear capacitive current cannot, any contribution of the
membrane under the EA and AB seals (Fig. 1) (where the potential is depolarized
relative to pool A), will result in an underestimation of the normalized charge
movement. Horowicz & Schneider (1981 a) used both the single Vaseline-gap and
micro-electrode techniques simultaneously with frog muscle fibres and found that the
gap technique indicated about 140 less charge than did the micro-electrodes. They
suggested that the difference may be attributable to the contribution of membrane
under the single seal. Though there are a number of differences between single-
gap technique and that used here, the question arises as to whether a similar effect
underlies the difference between the mean value Of Qmax in fast-twitch sternomastoid
fibres obtained in this study (15-2 nC//tF) and that found in rat fast-twitch muscles
with micro-electrodes (48-9, 23-4, 28-3 nC//tF: Hollingworth & Marshall, 1981;
Dulhunty & Gage, 1983; Simon & Beam, 1985a). This is almost certainly not the case
as the rat e.d.l. fibre examined in this study had a considerably higher Qmax
(24-1 nC/1mF) than any of the rabbit sternomastoid fibres, and this value was very
close to that found in micro-electrode experiments using the same muscle type, step
protocol and similar solutions (23-4 nC/,#F, Dulhunty & Gage, 1983). Hence, the
smaller amount of charge found in sternomastoid fibres is probably not due to the
use of the Vaseline-gap technique. The difference in the charge between rabbit
sternomastoid and rat e.d.l. muscles is probably not due to a species difference, but
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to a difference between the two types of fast-twitch muscle. The difference in the
values might merely be a reflection of the charge movement being normalized by the
fibre capacitance. White sternomastoid fibres have capacitances (rat, 135 /,F/cm2;
rabbit, 13-8,sF/cm2) that are 70-100% greater than those of e.d.l. fibres (rat,
7 9 #uF/cm2; 6'6 gF/cm2) (Dulhunty et al. 1984; A. F. Dulhunty, P. W. Gage &
G. D. Lamb, unpublished observations). Consequently, the two type of fast-twitch
muscle possess a similar amount of asymmetric charge per unit of visualized surface
area (about 0-2 ,uC/cm2).

Charge movement near threshold
The charge movement data from mammalian muscle reported in this paper bear

many similarities to results from amphibian muscle. In the rabbit sternomastoid
fibres, the amount of charge moved at contraction threshold was roughly half of the
maximum charge (qth = 8-5, Qmax = 16-3 nC/1sF), which is similar to results reported
for frog muscle by Horowicz & Schneider (1981 a, b) (qth = 11-5, Qmax = 26-7 nC/1ctF).
Horowicz & Schneider (1981 a,b) used a Vaseline-gap technique and, on finding that
qthwas higher than that in intact fibres (Adrian, Chandler & Rakowski, 1976; Huang,
1981), proposed that the difference may have resulted from the solutions they used
to bathe the cut fibres. Similarly, the cut-fibre technique used in this study may have
influenced the potential and charge thresholds found (see Lamb, 1986).

Close examination of the time course of charge movement in rabbit muscle
(Figs. 4 and 5) revealed, under some conditions, the presence of a small hump
associated with the ON charge. As reported for amphibian muscle, this hump is
evident near the threshold potential and as the size of the depolarizing step is
increased, it occurs at progressively earlier times until it merges with the main peak
of the ON charge. Because of similarities to amphibian muscle it seems appropriate
to denote the hump in mammalian charge movement, qr. The qY component was less
apparent in this study than in studies with amphibian muscle, though this may be
due to the different temperatures used (22 and 2 °C). Alternatively, considering the
prominent qY component seen in the largest fibre in this study (Fig. 5), the structural
dimensions ofa fibre may affect the relative size ofthe charge movement components.
The data shown in Fig. 5 also suggested that there may not be a fixed relation between
the amount ofqY and that ofthe main component of charge, q,6. A more thorough study
of mammalian fibres showing a prominent qY component is needed to investigate the
relation properly. A distinct qY component could not be identified, in many contracting
rabbit fibres, although it may have occurred as a small slow component following the
ON charge rather than as a distinct hump; this was supported by the observation
that in these fibres the area of the main ON charge peak was unaccountably smaller
than that of the OFF charge peak. The occurrence of such a slow component would
not be surprising in view of the observation that in frog muscle qY near threshold has
a very long time course (Adrian & Huang, 1984a).

The T-system and asymmetric charge movement
The slower of the two components apparent in the linear capacitive current

produced by a step change in potential (Fig. 6) closely reflects the charging of the
transverse tubular (T-) system (Hille & Campbell, 1976). Hence the relation between
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the charging of the linear capacitance and the speed of charge movement (Fig. 7)
strongly suggests that the asymmetric charge is located in the T-system (or beyond).
A similar conclusion was reached in a recent micro-electrode study (Simon & Beam,
1985a). This conclusion differs from that of Adrian & Huang (1984b), who suggested
that qfl is located at the fibre surface because only the total charge (qfl+qy), and not
qfl alone, was greater in larger fibres. However, no such relation between fibre
diameter and the total charge moved by a 10 mV step was observed in this study,
although this may be the result of errors in the measurement of linear capacitance
(see earlier) affecting this type of analysis.

Purely because of the heavier filtering used, it was to be expected that the
asymmetric charge would lag behind the linear capacitive transient by about 0 75 ms.
Hence the intercept of the best-fit line with the ordinate in Fig. 7 (1P2 ms) indicates
that, at 22 0C, the asymmetric charge must have moved very soon (about 0-5 ms) after
depolarization of the T-system, which is essential if charge movement, or some
subdivision, plays a role in excitation-contraction coupling.

The effects of hypertonic sucrose solutions
The effect of sucrose on (a) the speed of charge movement and (b) the Q vs. V

relation (Fig. 8A) can be understood by consideration of the principal resistive and
capacitive elements in a muscle fibre. If a potential difference (p.d.) of magnitude E
is imposed at time t = 0 between the inside and outside of the cell shown in Fig. 8B,
then the p.d. across the tubular membrane, Vt, is given by:

Vt = E +t -(1-eReqCt) (7)

where R R= R (8)

In Fig. 8B asymmetric charge movement is assumed to be affected by the potential
difference across the tubular membrane. If the addition of sucrose to the external
solution dilates the transverse tubules or their mouths, whether by osmotic effects
or otherwise, a number of events will follow. (1) The resistance, Ra, in series with the
tubular membrane will decrease. (2) As a consequence, a larger fraction of any
potential difference between the inside of the cell and the external solution, will be
seen across the tubular membrane (eqn. 7). (3) This will result in an increase in the
apparent linear capacitance. Furthermore, any potential step (smaller than that
producing maximum charge movement) will move a larger amount of asymmetric
charge than it would in the absence of sucrose, leading to a steepening and negative
shift of the charge vs. potential relation (Fig. 8A). (4) The rate at which a step in
potential across the surface membrane appears across the tubular membrane is
inversely related to the resistance down the tubule, Ra (eqns. 7 and 8), and
consequently addition of sucrose will increase the speed of charging of the tubular
capacitance and, hence, the speed of the asymmetric charge movement as well
(Fig. 6).
The magnitude of these effects will depend on the values of Ra and RV. A rough

estimate of the relative resistances in the lumped circuit shown in Fig. 8B can be
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obtained in the following way. Table 2 suggests that the mean tubular capacitance,
Ct. was at least 12 ,sF/cm2, and the value of the time constant ReqCt is approximately
half of the time taken for 90% charging of the linear capacitance (Fig. 7), and ranged
between 1 and 5 ms. Hence Req ranged between 80 and 400 Q cm2. The total
resistance of the parallel current paths R. and (Ra+R) is at least 2-2 kQ cm2
(Table 2), so the resistance (Ra+Rt) must be at least as great. Thus if (Ra+Rt) is
much lower than R., from eqn. (8) the ratio of Ra to Rt is between 1: 21 and 1: 3-2.
Alternatively, if (R + Rt) is considerably greater than R., say 10 ku cm2, the ratio
is between 1: 100 and 1:24.
As Ra is probably far smaller than Rt, moderate changes in Ra will cause only

relatively small effects on the Q vs. V relation and on the measured capacitance, but
will still produce considerable changes in the time course of the linear capacitive
current.
Thus all the results observed upon the addition of sucrose can be readily explained

if it causes a simple dilation of part of the T-system. (The small increase in Qmax can
be accounted for by a more general distributed model of resistive and capacitive
elements in the tubular system, together with charge saturation.) Such swelling of
the T-system in hypertonic sucrose solutions has been observed in two morphological
studies (Davey & O'Brien, 1978; Franzini-Armstrong, Heuser, Reese, Somlyo &
Somlyo, 1978). (Shortening of the T-system, owing to a decrease in fibre diameter,
could also contribute to a decrease in Ra.) This simple effect of sucrose provides an
explanation for the more negative V and smaller k found in previous charge
movement experiments using sucrose compared to those without it, in both mammals
(Hollingworth & Marshall, 1981; Dulhunty & Gage, 1983; Simon & Beam, 1985a, b)
and amphibia (Adrian & Almers, 1976; Almers & Best, 1976; Chandler et al. 1976a;
Campbell, 1983; Hui, 1983). Similarly, it can account for the slower time course of
the potassium tail currents observed in rat skeletal muscle by Duval & Leoty (1980)
using a Ringer solution, compared to that seen by Beam & Donaldson (1983) using
a hypertonic sucrose solution. The magnitude of the sucrose effects depended on the
concentration added; in this study 290 mM-sucrose produced greater effects than
80 mM-sucrose. It also depended on the length of time that the fibres were bathed
in particular solutions; fibres were seen to swell slowly in the A pool when surrounded
by an 'isotonic' TEABr solution, and this was accompanied by a progressive slowing
of the linear capacitance. In summary, it is clear that better potential control of the
T-system could be achieved with sucrose in the external solution.
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