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SUMMARY

1. Voltage-clamp experiments were carried out using the three micro-
electrode technique. Using this method membrane current density at V1 is
proportional to AV(= V2- I) where V1 and V2 are voltages' at distances
I and 21 from the end of a fibre. Voltage dependent sodium currents were
blocked by tetrodotoxin, potassium currents by tetraethylammonium ions
and rubidium. Contraction was blocked by adding sucrose, 467 mm.

2. The current A V(control) associated with a positive voltage step from
a hyperpolarized conditioning voltage to the holding potential, -80 mV,
showed two components, a capacitative transient which decayed rapidly
and a maintained steady level. The current AV(test) associated with the
same size positive step from the holding potential showed the same two
components plus a third one, a transient current which usually decayed
more slowly than the capacitative transient. The third component is best
seen by subtracting the first two components, obtained from A V(control),
from A V(test), to give A V(test-control).

3. The difference trace A V(test-control) showed a transient outward
current during pulse 'on', as mentioned above, and a transient inward
current during pulse 'off'. The rates of decay of the 'on' and 'off' tran-
sients were, in general, different. The 'on' rate depended on the voltage
during the pulse, the 'off' rate did not.

4. The total charge which moved during the 'on' transient, evaluated as
the time integral of current, was equal in magnitude but opposite in
direction to that which moved during the 'off'.

5. The amount of charge movement Q bears a sigmoid relationship to
voltage. A simple equation which describes this behaviour is

QmaxQ =_I + exp [-(V-V)/k]
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Data from six fibres gave average values Qmax - 25 nC//uF (normalized by
fibre capacitance), V = -44 mV, k = 8 mV.

6. The simplest interpretation of these results is to suppose that there
are a fixed number of charged groups confined to the membrane but free
to move reversibly between at least two different sites which see different
proportions of the total membrane potential.

7. The average values for Qmax and k give a density of charged groups of
5.1 x 1010 groups//tF. Using 0 9 ,uF/cm2 for capacitance/area there are
459 groups/,um2 averaged over surface and tubular membranes. If the
groups are located only in the tubules the density would be 500-600//tm2.

8. An analysis of the passive electrical properties in terms of the Falk &
Fatt (1964) model gave values for the tubular time constant which ranged
from 1-50 to 3 04 msec. Theoretical reconstructions of charge movement
currents were carried out assuming that the groups are distributed
uniformly according to surface and tubular capacitance. The results indi-
cate that tubular delays would distort the current transients if much of
the charge is located in the T-system.

9. A theoretical analysis was carried out using two simple circuits con-
sisting of a constant capacitance, due to either T-system or sarcoplasmic
reticulum (S-R), in series with a voltage dependent conductance. The
results indicate that changes in the voltage dependent conductance, either
instantaneous or time dependent, cannot account for the observed charge
movement currents.

INTRODUCTION

When a frog skeletal muscle fibre is depolarized for a few tenths of a
second, contraction is activated if the membrane potential is made more
positive than a threshold value, somewhere near -50 mV (Hodgkin &
Horowicz, 1960; Adrian, Chandler & Hodgkin, 1969). The activation is
controlled by the voltage across the membranes of the transverse tubular
or T-system (Huxley & Taylor, 1958; Huxley & Straub, 1958) and it is
this voltage which somehow plays a major role in regulating calcium re-
lease from the sarcoplasmic reticulum (Ebashi, Endo & Ohtsuki, 1969).
Since activation is strongly voltage dependent it is natural to wonder
whether a step in the activation mechanism involves physical movement
of a charged molecule or part of a molecule in response to the change in
electric field produced within the membrane by depolarization. If such a
process were involved in activation, the movement or re-orientation of
charge would contribute to the membrane current, and under favourable
circumstances this component might possibly be detected.
With these ideas in mind Schneider & Chandler (1973) carried out

voltage-clamp experiments on frog sartorius fibres, using the three micro-
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VOLTAGE DEPENDENT CHARGE MOVEMENT
electrode technique, to look for a current fitting the above description. The
strategy of the experiments was (1) to eliminate voltage and time de-
pendent sodium and potassium currents with tetrodotoxin and tetra-
ethylammonium ions (TEA), (2) to suppress mechanical movement with
sucrose hypertonicity, a step which was necessary to allow use of the
micro-electrode method, and (3) to subtract the usual capacitative com-
ponent from the records by taking the difference between a test voltage
step into the region where activation occurs (which would give capacitative
current plus any 'activating' current) and a control step of equal magni-
tude superimposed on a conditioning hyperpolarization (which would give
only the capacitative component).
Under these conditions the difference in currents associated with the

test and the control pulses consistently showed a transient outward com-
ponent on depolarization followed by a transient inward component on
repolarization. The total amount of extra charge which moved during the
'on' transient, obtained as the time integral of the current, was equal to
that observed when the pulse was switched off. This equality held when
the amount of charge which moved was varied, either by changing the
level or the duration of the pulse. These findings suggest that the charges
which move one way on depolarization move back when the fibre is re-
polarized. Furthermore, the relationship between charge movement and
potential saturates, indicating that there is a maximum amount of charge
which is movable.
The simplest interpretation of these results is to suppose that there are

a fixed number of charged groups confined to the membrane but free to
move reversibly between at least two different sites which see different
proportions of the total membrane potential. The aim of this paper is to
provide a more detailed description of the charge movement currents and
of the experimental method used for their measurement. Some of the results
have been described already (Chandler, Schneider, Rakowski & Adrian,
1975).

METHODS

A diagram of the apparatus used for voltage clamp is shown in Fig. 1. The
method is similar. to that used by Adrian, Chandler & Hodgkin (1970 a). Three
micro-electrodes were inserted into a fibre near the pelvic end of the sartorius muscle
of Rana temporaria. Two of the electrodes, filled with 3 M potassium chloride, were
inserted at distances x = I and x = 21 from the end; these were used to measure
potentials V1 and V2 respectively. A third electrode, filled with 2 M potassium
citrate, was used to pass current, I. Electrode resistances ranged from 5 to 10 M0.
Voltage recording electrodes had tip potentials of less than 5 mV. According to the
steady-state theory developed by Adrian et at. (1970 a) im, the current density at
x = 1, is closely approximated by

= 2(-12-K) (1)
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where r, is the internal longitudinal resistance per unit length. A similar theoretical
approach (Schneider & Chandler, 1976) indicates that the time integral of eqn.
(1) can be used to give the amount of charge placed across the fibre capacitance
during a voltage step. It is this application of eqn. (1) which is important for the
charge movement experiments.
The V, and V2 electrodes were surrounded with aluminium foil shields driven by

the outputs of the respective unity gain electrometers. With the electrode tip barely
touching the solution, a voltage step on the bath produced an almost exponential

R2
£1... Ec 3

A3
FBi

VX',V, ~~~V1, X3
Al

1 2+l l'L~~Th ~V3 VI~ V2 ~/~

Fig. 1. Diagram of experimental apparatus. Al, A2 and A3 represent unity
gain FET input electrometer followers. Two internal micro-electrodes (V1
and V2) were inserted into a muscle fibre so that V, was equidistant from
the end of the fibre and from V2. A third internal micro-electrode was used
to pass current. The transmembrane potential at V, was measured as the
difference between the potential recorded by the internal micro-electrode and
an external reference electrode (V3). The recorded membrane potential
was compared with a command signal (En) and was used in a feed-back con-
figuration to drive the current passing electrode. The command potential
steps were not perfectly square but were intentionally rounded with an
exponential time constant of 40 Assec. FBI represents a vertical amplifier in
a Tektronix 502A oscilloscope (gain 500-2000) followed by an operational
amplifier (model 170, Analog Devices) used as an inverter with a gain of 7.
To prevent its going into saturation the 170 amplifier's input signal was
diode limited so that its output voltage remained within + 95 V. The total
electrode current to earth, I, was measured as the potential drop across
resistor R3 which is in the feed-back loop of an operational amplifier (FB2)
(model 149B, Analog Devices). FB2 maintains the bath at earth potential.
The membrane current density at V, is proportional to AV, (= V,),
according to eqn. (1). See text for further details. R1 = 10 ki, R2 = 200 k2,
R3 = 50 kn.
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VOLTAGE DEPENDENT CHARGE MOVEMENT 249
response with a time constant of 5-8 ,usec for 5-7 MC electrodes. The screen for the
current passing electrode was at earth potential.
The amplifier FB2 clamped the periphery of the bath at earth potential. During

the make and break of a voltage step, when the total current was large but transient,
external potentials of 5-30 mV with respect to earth could develop in the vicinity
of the V1 or V2 electrodes. This signal was measured by an external micro-electrode
V3 and 0-95 (= R2f[R1+ R2]) of the signal was applied to the feed-back amplifier
FB1 so that V1- 0-95 V3 was the controlled voltage.

V1- V3 and A V(= V2 - V1) were displayed on a Tektronix 565 oscilloscope and
photographed. In addition, slow changes were followed on a Brush Model 280 two
channel chart recorder.
The solution used contained 117-5 mm tetraethylammonium Cl (TEA Cl), 5 mm-

RbC1, 1-8 mM-CaCl2 and tetrodotoxin 10-6 g/ml.; 467 mm sucrose was added to
prevent mechanical movement. pH was maintained at 7-1 with 1 mm Tris maleate
buffer. The chamber was mounted on a thermoelectric device (Cambion) which was
used to lower the bath temperature to 0-2° C, measured by a small thermistor
placed near the muscle. The chamber, microscope and micromanipulators were
placed on a vibration isolation table (Lansing isolation system 71.402 plus top
72.504) to minimize the effects of mechanical vibrations in the room. .

Digital processing of data
The signals VI-V3 (which will be written hereafter simply as V,), AV and I were

also recorded by a PDP-8/e computer system on-line for subsequent analysis. The
special interfacing, described below, was designed and constructed in the Instru-
mentation Laboratory in the Department of Physiology, Yale University School of
Medicine. Each of the electrical signals was amplified by an instrumentation
amplifier (Analog Devices AD520J) with an adjustable gain of 25, 50, 100 or 200.
The output was followed by a high frequency operational amplifier filter of con-
ventional design. The high frequency cut-off was set at 1 kHz for V1 and A V and
at 0-1 kHz for I.
The amplified and filtered signal was then applied to a voltage-to-frequency

(V-F) converter (Anadex 1700-5044-00), the output frequency of which varied
linearly with input voltage, 0-1 MHz/V, over the range 0-12 V. The input voltage
was limited by a diode network to prevent overload. The V-F output pulses were
counted during successive 1 msec intervals. Since the number of counts during a
precisely timed interval is directly proportional to the average value of input voltage
during the interval, this method provides a means for converting an analogue signal into
digital form. The method is particularly useful if the time integral of the input signal is
required, as was the case for the experiments reported here. A disadvantage is that tem-
poral resolution is somewhat sacrificed. In order to measure either positiveor negative
signals, a DC bias of 8 V was used and the input voltage was restricted to ± 4 V.
The voltage-clamp command pulses as well as the timing marks for the counters

following each V-F converter were produced by two digital stimulator units, timed
by the same crystal clock. These units were also designed and built in the Instru-
mentation Laboratory of the Department. Fig. 2 is a diagram of the pattern of pulses
used. Trace A shows the initial and final segments of a command pulse. In the
experiments the rising and falling phases of the pulse were lagged by a 40 ,usec time
constant to decrease ringing. Trace B shows two portions of a train of timing pulses,
10 #sec duration, frequency 1 kHz. The train started exactly 50 msec before the
pulse in trace A so that if 0 is used for the first mark number, the leading edge of
mark number 50 coincides with the beginning of the step. Number 150 coincides
with the end of the step in this example.



250 W. K. CHANDLER AND OTHERS
When the counter for a V-F converter receives a timing mark, the following

sequence of events occurs: (1) the input to the counter is disabled, (2) the number
in the counter is transferred to a storage buffer, (3) a 'flag' is set which the computer
can sense, (4) the counter is zeroed and (5) the input to the counter is enabled. These
steps are carried out in about 4 ,usec. During the next 996 flsec, while the next
interval is being counted, the computer transfers the number in the storage buffer
to core memory and clears the 'flag'. In this way a total of 256 sequential points are
sampled during a sweep. Trace C in Fig. 2 is a diagram of the counts from the V-F
converter using trace A as the input. Each point is proportional to the average value
of record A for the preceding 1 msec interval. Points 51 and 151 are about 4% from
the final levels owing to the 40 /sec rounding on trace A.

A
B~ ~~ ~~ EI I I , I I I I I I I

48 50 52 148 150 152

.0000@ / /oeeeee@

C

/0*0.00,@ *..@ ee.@@ / A

Fig. 2. Diagrammatic representation of a pulse sequence used for the
experiment. Trace A shows the command voltage step. The rising and
falling phases of the command step are exponentially rounded with a time
constant of 40 pasec. The rounding has been accentuated in the Figure.
Trace B indicates timing marks, repeated at 1 msec intervals, used to
trigger the counters following the V-F converters. The timing marks are
synchronized with the 'on' and 'off' of the command pulse. Trace C
represents the output of a counter following a V-F converter with
trace A as input. See text for additional information.

In the experiments a separate V-F converter and counter combination was used
for each of the signals V1, A V and I. All counters were triggered simultaneously by
the same timing pulse train. AV was also recorded simultaneously with a con-
ventional sample and hold amplifier (Analogic Model MP270) and high speed 12 bit
A/D converter (Analogic Model MP 2912A).
At the end of each sweep the data points were transferred to an RK8E disk for

storage during the experiment. At the end of an experiment the data were trans-
ferred from the disk to magnetic (DEC) tape for long term storage.
The computer programmes used for data acquisition and preliminary analysis

during the experiment were written in PAL-8 assembly language. Subsequent
analysis was performed using programmes written in a higher level language, usually
OS-8 FORTRAN IV and occasionally BASIC. Permanent records were plotted on a
digital incremental plotter (Calcomp Model 565).
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Analysi of cable parameters
At the beginning of each experiment cable properties were measured in a manner

similar to that described by Adrian et al. (1970 a). The voltage electrode used for
feed-back control was changed for these measurements from V1 to T2 and steps of
± 10 mV lasting 100 msec were applied. The high frequency cut-off for A V and V2
was changed from 1 to 20 kHz. Values of A and ri were calculated from the relations

/312V1 2

A
=J

' (2)

V1cosh [(21 + I')/A] (1 + tanh [(21 +l')/A])
~~*1 = I~Rcosh(1IA)'(3

which follow from eqns. (9) and ( 11) ofAdrian et al. (1970a), using steady-state values
for V1 (taken relative to the holding potential), A V and I. A is the space constant of
the fibre; I and 1' are the spacing of the electrodes as shown in Fig. 1. From the
definition of space constant,

A r=J 9 (4)

it is possible to calculate rm, the fibre membrane resistance times unit length, once A
and r, are determined.
Values of ricm, where cm is the fibre capacitance per unit length, were obtained

from analysing the areas under the VJ and A V curves during the 'on' and 'off'
portions of the step. This method is described in detail in a subsequent paper
(Schneider & Chandler, 1976).

RESULTS
Voltage, VJ during a step
Fig. 3 shows records of VJ(line a) and AV(line b) for control (column A)

and test (column B) conditions. Each point in the records gives the
average value of voltage taken over a 1 msec interval, according to the
procedure outlined in the Methods section.

Fig. 3Aa shows the time course of V1 when a 50 mV depolarizing pulse
was superimposed on a longer duration 50 mV hyperpolarizing con-
ditioning pulse. Since the depolarizing and hyperpolarizing pulses had
equal amplitudes the potential during the positive pulse was equal to the
holding potential; this strategy was usually used for control measurements.
The first fifty points show the base-line voltage before the depolarizing
pulse. The next point (number 51) gives the average voltage during the
first msec of the step, -91-5 mV. This corresponds to a change in voltage
of 38-5 mV from the conditioning level or 0-77 times the final 50 mV step
size. Since the pulses which determine the sampling intervals are syn-
chronized exactly with the command pulse the failure to register the full
50 mV cannot be attributed to the sampling interval beginning prior to the
voltage step. Rather the factor 0-77 represents delays associated with the
measured value of V1 reaching its steady level. The total delay, which is
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comparable to a single time constant of 0-23 msec, is due to several factors:
(1) the 0-04 msec delay imposed on the command pulse, (2) the delay in the
command potential being realized at x = I and (3) the 0X16 msec delay
introduced by the filter network in the recording amplifier. If all the
delays were exponential the individual time constants should add to give

A B

-30 mV -30 mV

-80mV -_80mY a_

-130 mJ.a*
-130 mV

4mV [±b 4 mV b

4mY [ c .:*80 msec

80 msec

Fig. 3. Records of V1 and AV for a control (A) and test (B) voltage step.
Each trace is the average of four records; each point represents the average
value during a 1 msec interval. Aa shows the control potential step re-
corded at V1. A hyperpolarizing prepulse to V1 = - 130 mV, duration
390 msec, was initiated 100 msec before the depolarizing step. Ab shows the
AV record. Ac, which represents only the capacitative current, was ob-
tained from Ab by subtracting sloping base lines as described in the text.
Ba, Bb are records associated with the test pulse. They are similar to Aa,
Ab except that no prepulse was used. In the A V records (Ab, Ac and Bb)
the first three points of the 'make' and 'break' of the step have been
omitted. Trace Ac is shown again in Fig. 7Ad at lower gain. Electrode
spacing I = 191 jam, I' = 19 jam. Cable measurements gave A = 0-0831 cm,
r, = 10 62 MQ/cm, cm = 0-2303 #aF/cm; therefore 1 mV on A V corresponds
to 0-172 #tA/cm (eqn. (1)) or 0-751 uA/luF. Fibre 10.2, 1-4' C. Initial
resting potential, -67 mV; holding potential, -80 mV.

the total, 0-23 msec. Delays (1) and (3) are both exponential and therefore
account for 0-20 msec, leaving an effective delay of 0-03 msec associated
with VJ following the command pulse.
Data points 52-130 show the steady level of V1 during the pulse and

points 131-255 show V1 when the command pulse was turned off.
In Fig. 3 Ba the same magnitude depolarizing pulse was applied from

the holding potential; this constituted the test condition to be compared
with the control pulse configuration illustrated in Fig. 3Aa.
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Control and test A V traces
Fig. 3Ab shows the time course of the A V(control) record corresponding

to the VI record in Fig. 3Aa. On depolarization there was a large outward
current associated with capacitative charging of the membranes. This
rapidly decayed to an almost steady level of ionic current. At this gain it
was necessary to omit the first three data points at the 'on' and 'off' of the
step in the AV traces.

In order to separate capacitative from ionic current components, the
data points from number 55 (the fifth point after the step) to number 130
(the last point of the step) were fitted by a sloping base line plus an
exponential term

AV = cl+c2t+c3exp(-t/r). (5)
The use of this equation is based on the assumption that, the slight
variation in ionic current during the pulse was linear with time. The
exponential term was introduced only as a curve fitting convenience to
allow for the final decay of the capacitative component; it was not used
further in the analysis. The fitting procedure for this and subsequent
analyses was to adjust c1, C2, C3 and T to give a minimum value of the
squared deviations. The calculations were done with a computer pro-
gramme that operated in an interactive mode and that displayed both the
data and the calculated best fit. In this record a value of 2-44 msec for T
gave a best fit. The same procedure applied to the 'off' response gave a
similar value for T, 2-21 msec.
The trace in Fig. 3Ac shows AV with the ionic components removed.

The linear components (cl+c2t in eqn. 5) were subtracted from the 'on'
and 'off' segments, and the initial base line was also corrected for slope.
The latter correction was necessary since small, slow changes in inward
current occurred for large hyperpolarizations. This may reflect properties
either of ingoing rectifier currents which had not been blocked by TEA and
rubidium outside (Adrian & Freygang, 1962; Adrian, Chandler & Hodgkin,
1970b) or of the chloride currents (Warner, 1972). The trace in Fig. 3Ac,
then, gives the currents associated with capacitative charging alone.

Fig. 3 Bb shows A V(test) when the step was applied from the holding
potential, -80 mV. The 'on' transient shows two components, a rapidly
decaying current plus a more slowly decaying one. The rapid component
resembles the transient seen in record Ab, suggesting that it represents the
usual linear capacitative current. On the other hand, the more slowly de-
caying current in Bb is not present in Ab.
The 'off' responses in Fig. 3Ab and Bb are also not identical, although

the difference is less obvious. In Bb the current is larger than Ab and the
return to the base line is slower.
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Difference traces, test minus control
The difference between traces Bb and Ab in Fig. 3 is best seen by sub-

traction. Firstly, though, it is important to check that the actual magnitudes
of the voltage step V1 in Fig. 3Aa and Ba are the same. This ensures that
the currents associated with changing the voltage across the linear com-
ponents of capacitance subtract exactly. In the experiment in Fig. 3
the average voltage in Ba was 1-0007 times that in Aa, showing that the
voltage steps were essentially equal. In subsequent stages of analysis the
control records for V, an d A V were multiplied by this correction factor.
Correction factors were routinely calculated in all experiments and were
usually within 1% of unity.

Fig. 4A shows V1(test) and 4B shows Vl(test) minus V1(control). The

-30 mV -

LA
-80mV__

2 mV[B

2mV[__C

f

2mV [ D

80 msec

Fig. 4. Difference traces, test minus control. Trace A shows voltage V1
during the test voltage step, same as Fig. 3 Ba. Trace B shows VI(test)
minus V,(control), i.e. trace 3 Ba minus 3Aa. Trace C shows the difference
in AV traces, 3Bb minus 3Ac minus a constant current during the pulse
given by resting conductance times voltage displacement. Records of this
type are referred to as A V(test-control). Trace D was obtained by adding
the first 80 msec of the 'on' and the 'off' currents in 3Ac. This record
shows that the control capacity charging currents were symmetrical. The
subtracted voltage record, trace B, is noisier than C and D because the
gain of the V1 amplifier was one fourth the gain of the A V amplifier. Same
experiment as Fig. 3.
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difference is uniformly zero indicating that the time courses of the test
and control voltage steps at V1 were identical.
The difference A V trace, A V(test-control), is shown in Fig. 4 C. This was

obtained in two stages. Firstly, record Ac in Fig. 3 was subtracted from Bb.
Any capacitative current due to linear capacitative elements should be iden-
tical in both records and thus cancel out. Next, most of the ionic current
accompanying the test step was eliminated by subtracting resting con-
ductance times voltage displacement. The result, Fig 4 C, shows a transient
outward current during the pulse followed by a transient inward current
on repolarization. It is apparent that the inward current decayed more
rapidly than the outward current, making the record asymmetrical. On
the other hand, the control capacitative charging transients for pulse 'on'
and 'off' were symmetrical (Fig. 4D).
The small, steady level of current at the end of the depolarizing pulse

in Fig. 4 C reflects a slight non-linearity in the ionic I-V curve for the
fibre. This would be expected if movements of chloride or potassium ions,
for example, followed a constant field type rectification.

Non-linear capacitative current or charge movement
The record in Fig. 4 C is shown again in Fig. 5A with straight lines

representing the ionic currents drawn as described in the legend. Sub-
traction of the ionic components gives Fig. 5 B. This record shows the
extra transient component of current associated with a 50 mV pulse from
-80 mV, a component not present when the pulse was applied from
-130 mV.
Some of the properties of this current have been described by Schneider

& Chandler (1973) who concluded that it represents the motion of charges
or dipoles, confined to the membrane phase, but free to move between
different locations or angular orientations within the membrane. A strong
argument in favour of this explanation is that the amount of charge, equal
to the time integral of the current, which moves one way during the pulse
'on' is equal to that which moves back during the ' off'. Fig. 5 C shows the
cumulative area ortime integral ofFig. 5 B. The values have been normalized
for total fibre capacitance. Although the units after normalization are most
simply given as mV, we have used nC//tF to emphasize that the units
represent charge divided by capacitance. Since the capacitance of surface
and T-system membrane is about 0-9 /tF/cm2 (Schneider, 1970; Hodgkin
& Nakajima, 1972) the value in units nC/,uF roughly corresponds to
nC/cm2.

In Fig. 5 C the total charge which moved during the pulse 'on' reached
a steady level of 17-5-18-0 nC/4aF, with an average value of 17-8 nC//,tF.
After the pulse the area returned slightly below zero, about - 0 6 nC//tF.
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Since the currents associated with the charge movement are small it
was important for the measurements that relatively high gains in the
instrumentation amplifiers be used. This meant that the A V trace at the
beginning and end of the pulse went out of range during the first part of
the first msec, thereby resulting in an error in the first point. It is not
obvious how to assign a value for the point and we arbitrarily set the value
of the first point equal to the value of the second. In Fig. 4 C the first

2 mV [_A

r

2mV[_

10nC/jF[ C

80 msec
Fig. 5. Determination of charge movement. Trace A gives A V(test-control)
from Fig. 4C with lines showing the ionic currents. The line during the
pulse is given by cl + c2 tin eqn. (5) which was fitted from points 70 to 130.
The line after the pulse was fitted from points 140 to 255. Trace B, which
was obtained by subtracting the ionic currents in A, shows the transient,
non-linear capacitative current or charge movement. Trace C is the time
integral of B beginning with the first point during the pulse. The units
in C have been scaled by fibre capacitance. Same experiment as Fig. 3.

points after the 'on' and 'off' are not shown; in Fig. 5A and B the first
points have been set equal to the second. In terms of area the effects of this
procedure are rather small; in Fig. 5 C the first 'on' value (set equal to the
second value) corresponds to about 6% of the total charge and the first
'off' value to about 12 %.

Charge movement current at different potentials
Fig. 6A shows A V(test-control) records for different test potentials as

indicated at the left. The procedure was similar to that shown in Fig. 3.
The 'test' pulses were superimposed on the holding potential whereas the
'control' pulses were superimposed on hyperpolarizing conditioning pre-
pulses. The potential of the prepulse was chosen so that the voltage during

256



VOLTAGE DEPENDENT CHARGE MOVEMENT 257

the positive pulse was equal to the holding potential. This procedure per-
mitted the subtraction of a control record in which the direction of micro-
electrode current was the same as in the test record.

Control records for the first five traces in Fig. 6A are shown in Fig. 7A.
For the sixth record in Fig. 6 A, V1 = 18 mV, the control record was the
sum of two half size pulses similar to Fig. 7 Ad; for V1 = 67 mV the sum of
three pulses, each one third size, was used. Fig. 7 B shows that the control

A B
aV a-60mV

-50 -b b

C ~~~~~~~~~~C-40 i

-30 d

e \ e
-11 ---/

4mv[ f 4mV4mV
+18 --- d O

8mV[ +67 - 8mV[ g

100 msec

Fig. 6. A V(test-control) for different voltages. A, average of four runs with
test voltages indicated at left. A control pulse followed by a test pulse was
done for -60 mV, then for -50 mV, and progressively more positive to
+ 67 mV. This sequence was then repeated a total of four times. B, first
run of the sequence. Note lower gain of the bottom records. The correction
factors (= V,(test)/V,(control)) ranged from 0-9964 to 1-0012. Fibre 10.2,
same experiment as Fig. 3.

records all scale linearly according to the magnitude of the voltage step.
In addition, for each control record the 'on' and 'off' transients were
symmetrical; i.e. the sum of the two gave a flat trace similar to Fig. 4D.
This behaviour indicates that within the voltage range -80 to - 150 mV
the capacitative properties are approximately linear so that the particular
method used for determining the control record is not critical.

Inspection of the records in Fig. 6A shows that as the internal potential
was made more positive than -40 mV the peak value of transient current
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due to charge movement increased as did its rate of decay. At 18 mV there
was a gradual increase in current throughout the pulse, after the charge
movement transient. Since the control traces have had ionic currents
subtracted, this increase occurred during the test pulse, possibly due to
the slow conductance change described by Adrian et al. (1970b). These
changes in current are more pronounced in the record at 67 mV.

A B
a 20mV

b 30 b

C 40 C

d so d

'- --

e * 69 e
20 mV [. : 2mV -

100 msec 100 msec

Fig. 7. Linearity of control A V transients for different magnitude pulses.
A, currents associated with pulses to -80 mV from conditioning prepulse
voltages -100 mV (trace a), -110 mV (b), -120 mV (c), -130 mV (d)
and - 149 mV (e). The magnitude of the pulse is indicated beside each
record. The first point of the 'on' and 'off' transients has been removed.
Base lines have been subtracted as in Fig. 3Ac. Spaces have been inserted
in traces d and e so that the 'off' transients line up with the records
above. B, difference between trace at left and trace Aa scaled according
to the pulse amplitude. Thus Bb is given by Ab minus (3/2)Aa, Bc = Ac -
(2)Aa, etc. The increase in noise from b to e is due to scaling Aa by pro-
gressively larger amounts. The two arrows mark the 'on' and 'off' of the
pulse. Note change in gain from A to B. Same experiment as Fig. 3,
average of four runs.

The magnitude of the 'off' currents in Fig. 6A also increased as the
pulse was made more positive but the rate constants remained unchanged
as might be expected since the 'off' step returned to the same holding
potential in each case.
The records in Fig. 6A represent the average of four runs. Fig. 6B
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shows the results of the first run. Apart from being noisier these traces
resemble those in Fig. 6A except for the last one, + 67 mV. Fig. 6 Bg shows
a rapid conductance change, probably due to delayed rectification, which is
considerably more marked than the early change in Fig. 6Ag. This con-
ductance change diminished in size during the experiment and by run 4
it was totally absent. Concomitantly, the charge movement at each
voltage increased somewhat during the experiment (see column 4 of Table
1, fibre 10.2).

-40

-30 0

.0
LLJ~~~~~~~Z~~
Ur_ -20 cv

0~~~~~~
0

0

-10 0
AA

0 2'o0

0 10 20 30 40

Qo0 (nC/pF)
Fig. 8. Equality of 'on' and 'off' areas at different test potentials. The
time integral of the transient component of A V(test-control) for the 'off'
of a pulse is plotted against that measured for the 'on'. Areas determined
from the average of four runs, Fig. 6A, are shown as filled symbols. Each
individual run, such as Fig. 6 B, is shown as an open symbol. 1, *,
-60 mV; A, A, -50 mV; 0, 0, -40 mV; V, 7, -30 mV; O. +,
-11 mV; C, *, 18 mV. The line is drawn at an angle of 450 and represents
Qoff = -Q... Same experiment as Fig. 3.

Comparison of 'on' and 'off' areas
Schneider & Chandler (1973) showed that the amount of charge which

moves during the pulse 'on' (Q..) is equal to the absolute amount which
moves during the pulse 'off' (Qorr). Fig. 8, which is similar to their Fig. 3A,
supports this conclusion. The open symbols were obtained from analyses
of single A V(test-control) records as shown in Fig. 6 B, whereas the filled
symbols were obtained using four averaged AV runs (Fig. 6A). There are
no data points for +67 mV since the 'on' area could not be accurately
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determined. The conductance change in the first three runs prevented a
clear resolution of the charge movement.
To a good first approximation Fig. 8 supports the notion that Q0f =

-Qon. One must bear in mind, however, that the first point of each
transient is somewhat arbitrary as discussed in connexion with Fig. 5.
At 18 mV the first two points of each transient were out of range and so
were set equal to the third, thereby introducing more uncertainty into the
estimates of area. The general conclusion is that Qon and QOf are very
nearly the same value although it is impossible to rule out a small difference.

A 14 B

12
b

10_

C _. _' 8 -

U
C

d 6

lmV[ 4 /e

0~~~~

-140 -120 -100 -80 -60 -40
100 msec V(mV)

Fig. 9. Charge movement at negative potentials. A, AV(test-control)
records where the test was a 29 mV pulse superimposed on a conditioning
prepulse to -149 mV (a), -130 (b), -110 (c), -90 (d) or -80 (e). The
control pulse was the same magnitude with a prepulse to - 169 mY.
Average of eight traces. B, average value of 'on' and 'off' areas from
traces in A, plotted as a function of voltage V1 during the positive pulse
of the test. The continuous curve, drawn proportional to exp (V/12 mY),
represents the best fit for an exponential function. Electrode spacing
I = 191 jtm, 1' = 19 jm. Cable measurements gave A = 0-0852 cm,
r, = 10-51 MC/cm, cm = 0-2303 #uF/cm so that 1 mV on AV represents
0 174 ,#A/cm (eqn. (1)) or 0 758 /uA//uF. Fibre 18.13, 1.40 C. Initial resting
potential -91 mV, holding potential -90 mV.

Charge movement at highly negative potentials
The experiments thus far suggest that charge movements of the type

shown in the traces in Fig. 6 are not seen if the potential is restricted to
values more negative than -80 mV. In Fig. 7 it was shown that between
- 150 and -80 mV the capacitative component behaved in an essentially
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linear fashion, so that A V(test-control) would be small if both test and
control voltages were in the range - 150 to -80 mV.

This point was examined more carefully in another experiment using
higher gain and more records for signal averaging. The relative absence
of charge movement for V < -80 mV and its marked appearance at
more positive voltages is shown in Fig. 9. The traces in part A show
AV(test-control). The test was superimposed on a conditioning prepulse
which varied from - 149 (trace a) to -80 mV (trace e); the control was
superimposed on a prepulse to - 169 mV. The amplitude of the positive
pulse was always 29 mV. Trace a shows essentially no charge movement,
b and c show small amounts, and d and e show progressively larger amounts.

Fig. 9B shows the amount of charge as a function of membrane
potential during the positive test pulse. The continuous curve, rather
arbitrarily chosen, is proportional to exp(V/12 mV). It provides a good
fit except for the data points -80 and - 100 mV (see p. 280). Since the
deviations are small, about 1 nC//ttF, little harm is done by assuming that
the charge movement is absent for V < - 100 mV.

A C

I my[ B D

100 msec

Fig. 10. Traces used to estimate charge distribution at the holding potential.
Each trace is the average of four runs. In trace A, test = (- 80, - 60)
and control = (-100, -80); B, test = (-100, -60) and control = (-140,
-100); C, test = (-80, -50) and control = (- 110, -80); D, test =
(-100, -50) and control = (-150, -100). The notation (V., Vb) means
that the membrane potential was V. during the conditioning prepulse
and Vb during the positive pulse. Trace A is the same as Fig. 6Aa, C the
same as Fig. 6Ab. Same experiment as Fig. 3.

Charge distribution at the holding potential
The finding that the 'on' and 'off' areas of the charge movement are

approximately equal (Fig. 8) and that the magnitude depends on potential
suggests that there is an underlying relationship between charge distri-
bution and membrane voltage, Q(V). Since there is practically no charge
movement for V < - 100 mV, Q( V) for V < - 100 mV is approximately
constant and may be taken arbitrarily as zero. In most experiments the
holding potential (HP) was -80 mV with a corresponding value of
approximately 1 nC//,tF for Q(HP) (Fig. 9).

Fig. 10 illustrates the method usually used to determine Q(HP). Trace A
12 -2
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shows A V(test-control) where the test AV corresponds to VI changing
from -80 to -60 mV during the positive pulse. This can be abbre-
viated (- 80, -60). The control record corresponds to (- 100, - 80).
The difference record Fig. 10A, AV(test-control), should yield [Q( -60)-
Q(- 80)] - [Q(- 80)-Q(- 100)] as charge moved during pulse 'on'. Since
Q(- 100) . 0, the difference is equal to Q( - 60)- 2Q( - 80).

So

40

30

c' 20

10

0

-100 -80 -60 -40 -20 0 20 40 60 80
Test potential (mV)

Fig. 11. Voltage dependence of charge movement. Data points represent
measurements of the time integral of charge movement from the experiment
in Fig. 6, corrected for Q(- 80) = 1-07 nC/#F as determined from Fig. 10.
*, mean of 'on' and 'off' determinations of the average of four runs,
Fig. 6A. 0, mean ofthe four 'on' and four 'off' determinations ofindividual
differences from each run. The first run is shown in Fig. 6B. The vertical
bars indicate + 1 S.E. of mean for the analysis of the individual runs. The
rightmost points, V = +67 mV, are based on the 'off' areas alone. The
curve was drawn according to eqn. (9) which was fitted to the open circles
more negative than 0 mV. The best fit parameters were V - -41-0 mV,
k = 10-4 mV, Qmax = 27-4 nC//tF. Same experiment as Fig. 3.

Trace lOB shows AV(test-control) where test = (-100, -60) and
control = .(-140, -100). In this case the 'on' area is simply Q(-60).
The average area of 'on' and 'off' in B is 3-35 nC//uF and in A is
1 96 nC//zF. The difference, 1-39 nC/,uF, represents twice Q(- 80).
Traces 10 C and D show the procedure repeated using a pulse to

-50 mV. In this case the area associated with C, Q(-50) - 2Q(- 80), was
4-58 nC/,uF; from D, Q(-50) = 7.45 nC/jtF. The difference of 2-87 nC/ftF
gives 2Q(- 80). The average value for Q(- 80) from the two estimates is
1 07 nC/,uF. In experiments on four other fibres values for Q(- 80) ranged
from 0 to 1-62 nC/pF.
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Charge distribution vs. voltage
Fig. 11 shows Q( V) vs. V analysed from the experiment in Fig. 6. The

open circles, except for the rightmost point, are the average of eight
numbers, the 'on' and 'off' areas determined from the single differences
in each of the four runs. The rightmost point is based on 'off' area alone;
the fast time course of the charge movement and the large conductance
change during the pulse prevented an accurate estimate of the 'on' area.
The vertical lines indicate + 1 s.F. of mean.
The filled circles were obtained in a manner similar to the open ones

except that traces of the average of four runs were used. As expected, the
filled and open circles are in good agreement.
The theoretical curve was drawn according to a relatively simple scheme

which describes the main properties of the charge distribution (Schneider
& Chandler, 1973). It is assumed that a charged molecule or part of a
molecule, confined to the membrane, is free to move between two locations
which sense different proportions of the membrane potential. At rest most
of the particles would be in position 1; on depolarization they would tend
to move into position 2. There would be some intermediate voltage, call
it V, at which the steady-state distribution for positions 1 and 2 would
be equal. An essential feature of the model is that when the voltage across
the membrane changes from V to V, the potential difference between 1
and 2 changes by A (V - V); A is a constant factor independent of
potential.

Iff1 is the probability that position 1 is occupied, f2 is the probability
for position 2, and z is the valence, the Boltzmann relation gives in the
steady state

fll2 = exp [-(V-V)/k], (6)
where k is the absolute value of RT/AzF. R is the gas constant, T is
temperature and F is Faraday's constant. The requirement thatf +f2 = 1
allows eqn. (6) to be solved for f2 to give

f2 = 1/[1+ exp-( V-V)/k]. (7)
If the total amount of observable charge is denoted by Qm. then Q( V), the
amount in position 2, is given by

Q(V) = f2QMax (8)
or Q(V) = Qmax/[1 +exp-(V- V)/k]. (9)

The continuous curve in Fig. 11 is drawn according to eqn. (9) and
values of Qmax, V and k which give a best fit to the open circles.

In doing the fit only data points to the left of V = 0 were used. The
main reason for not using the most positive two points was the presence
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of conductance changes during the pulse (Fig. 6), so that for large de-
polarizations the early transient currents which we associate with charge
movement might include an ionic component. An inward ionic current
tail present on the 'off', for example, could explain why the 'off' area for
18 mV is larger than the 'on' area by about 20% (see Fig. 8). The data'
points at V = 67 mV, associated with a larger conductance change and
based entirely on the 'off', may be in substantial error.

Fig. 12 shows data from another experiment on a fibre from the same
muscle, with a plateau more pronounced than in the previous Figure.

30

0

~-0
20

U.

U

10 _

_0

-100 -80 -60 -40 -20 0 20 40 60 80
Test potential (mV)

Fig. 12. Voltage dependence of charge movement. Symbols represent the
mean of 'on' and 'off' areas, corrected for Q( - 80), signal average of two
runs. The curve was fitted to data points more negative than 0 mV using
eqn. (9); V = -47'7 mV, k = 8 0 mV, Qmax = 21 5 nC/,uF. The point at
65 mV represents the 'off' transient only. Electrode spacing I = 186 jZm,
1' = 19 jum. From cable analysis A = 0-0920 cm, ri = 7-69 MC/cm, cm =
0-258 HF/cm. Fibre 10.5 (from same muscle as 10.2), 0.90 C. Initial resting
potential -70 mV, holding potential -80 mV.

Table 1 gives the values of V, k and Qmax for six fibres. Areas were
measured on signal averaged traces and for fibre 10.2 on individual traces
as well. There is considerable variability in these parameters. The average
value of V was -44 1 mV. The average of 7 8 mV for k gives a value of 3
for lAzi. If A were unity, i.e. if the charged particle traversed the entire
membrane potential in moving from one position to the other, the valence
z would have magnitude 3.
The average value of 24-5 nC/,tF for Qmax corresponds to 15-3 x 1010

electronic charges per ,sF or, using the value of 3 for jAz!, 5-1 x 1010
charged groups per #F. If one takes the value of specific membrane
capacitance to be 0 9 #sF/cm2 (Schneider, 1970; Hodgkin & Nakajima,
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TABLE 1. Best fit parameters for charge V8. voltage

(1)

Fibre

10.2 (4)

10.5 (2)
11.1 (4)
11.2 (1)
18.13 (4)
18.14 (2)

(2)
V

(mV)

- 41*0
(-43.6)
(- 39-5)
(-40.7)
(-38 7)
-47.7
-38-0
- 32 4
- 54.5
- 51-2

(3)
k

(mv)

10-4
(9.4)
(8.1)
(9.1)
(9.7)
8-0
7-2
5-2
8-1
7.7

(4)
QM&X

(nC/faF)
27-4
(19-1)
(23.1)
(28-1)
(32.9)
21-5
22-1
22-0
31-9
22-1

Average ± s.E. of mean - 44-1 + 3-4 7X8+ 0-7 24-5 + 1-7

Column (1) gives fibre reference and in parentheses the number of runs signal
averaged. Columns (2)-(4) give values of parameters in eqn. (9) determined by a

least-squares fit. The numbers in parentheses following fibre 10.2 were determined
from the four individual runs and are listed in order. These values were not included
in calculating the average values from the six fibres. The holding potential was

-80 mV except for fibre 18.13 which was held at -90 mV. The value of k for this
fibre, 8-1 mV, should be compared with the value of 12 mV for an e-fold change
used in Fig. 9 B, same fibre but different experimental protocol. Electrode spacing
I varied from 186 to 195 #m, temperature 0.3-1.4o C.
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Fig. 13. Rate constants as a function of voltage. 0O average values ob-
tained from 'off' measurements. The seven values at -80 mV had an

average value of 0-208 msec-1 (range 0-173-0-249). The two values at
- 100 mV were 0-309 and 0-261 msec-1. *, values obtained from 'on'
measurements. The curve shows the rate constant (a + ,6) calculated
according to eqns. (11) and (12). Same experiment as Fig. 3.
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1972) the density of charged groups is about 459/, m2 averaged over
surface and tubular membranes. If the groups are present only in the
T-system the density would be 500-600//Zm2.
Kinetics of charge movement

Values for rate constants in the experiment in Figs. 6 and 11 are plotted
in Fig. 13. Each rate constant was determined by fitting eqn. (5) to a
record of AV(test-control) beginning 4-10 msec after the 'on' or 'off' of
the voltage pulse. The first point used for the fit, individually selected for
each trace, was chosen after the initial delay so that the fitted portion of
the A V(test-control) trace was essentially exponential.

In order to find a theoretical fit to the data in Fig. 13, it was assumed
thatf2 acts like a Hodgkin-Huxley (1952) variable, namely

df2/dt =x(l-f2)-/f2, (10)

where ox and , are functions only of voltage. The over-all rate constant is
given by a + /. The individual rate constants ac and /3 were chosen to be
symmetrical about V and to follow constant-field (Goldman, 1943) type
voltage dependence. On this basis

0.053(V - V)/k
1-exp-( V-V)/k' (11

0.053(- V + V)/lk
= 1-ep(V-V)/k(12)

The values for V and k were taken from Table 1. The only adjusted para-
meter, the factor 0 053 msec-', was obtained by a least-squares fit. The
curve in Fig. 13 gives a plot of the over-all rate constant (ax +,/).
The open circles at -80 and - 100 mV lie on the curve as do the filled

circles at -11 and + 18 mV. The middle four points do not fall on the
curve. The two left-most ones, -60 and -50 mV, were obtained from
traces Aa and Ab in Fig. 6. The charge movement transients were ex-

tremely small so that the determinations of the rate constants are con-

sidered unreliable. The two points at -40 and - 30, from traces Ac and
Ad in Fig. 6, are considered to be more reliable and indicate that eqns. (11)
and (12) should be taken as only initial approximations. The point which
does seem clear is that the curve of rate constant vs. voltage is U-shaped
and approximately symmetrical about V. Similar behaviour was shown
in five other experiments.

Deviations from the simple model
The model used for fitting data assumes that the charge can occupy only

one of two positions (eqns. 6-9) and that transitions obey first order
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kinetics (eqn. 10). Although this simple scheme provides an adequate
description of many of the results it fails in some respects. For example,
Adrian and Almers (Almers, 1975) have shown that the rate constant for
an intermediate depolarization can be changed by applying a strong
conditioning depolarization. Eqn. (10), on the other hand, predicts that
the rate constant should be independent of the initial voltage.

There are also indications in our experiments that simple first order
behaviour is not observed. For example, many of the traces in Fig. 6A
show a delay in the 'on' and 'off' responses so that the transients depart
from a single exponential as required by eqn. (10).

If the charge movement process obeys first order kinetics, but is located
in the tubules, delays comparable to those in Fig. 6A might be attributed
to the time required to charge the tubular membranes. If this explanation
were correct and if, in addition, a and / were symmetrical about V,
changes in potential symmetrical about V should give symmetrical AV
responses. In Fig. 6Ae the test potential (- 11 mV) and the holding
potential (-80 mV) are almost equally spaced about V (-41 mV). The
rate constants, plotted in Fig. 13, are nearly equal so that the 'on' and
'off' responses should be almost symmetrical in appearance. This is true
to a first approximation.

In one experiment, however, this symmetry was markedly absent.
Fig. 14 A shows AV(test-control) records for different test potentials.
Traces c to f show relatively large delays for the 'on' with smaller de-
lays for the 'off' transients. Records of Vl(test-control) gave zero differ-
ence as illustrated in Fig. 14 B. Thus the delays in the AV transients cannot
be attributed to failure of the clamp to provide equally square test and
control pulses.

In this experiment the holding potential was -90 mV and V was
- 54-5 mV so that the pulse to - 13 mV, record f, satisfies the criterion
that the voltage swing is approximately symmetrical about V. The AV
trace is clearly asymmetrical, there being considerable delay for the 'on'
and very little delay for the 'off'. The rate constants of the final exponen-
tial decay were nearly equal, as expected, with values of 0 099 msec-
for -13 mV and 0-088 msec-' for -90 mV.

Determination of passive properties of the T-system
It seems clear that the simple notion, namely that charge movements

obey first order kinetics with a fixed tubular delay, cannot provide a
complete description of the data. None the less, there remains the possi-
bility that passive tubular properties account for part of the delay, making
it of interest to analyse the passive electrical properties of the T-system.
For this purpose pulses of + 10 mV were applied from the holding
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potential using voltage V2 for feed-back control, as described in Methods.
The space constant A and product ricm were determined as outlined in
Methods. Using these values the time course of A V was fitted according
to a Falk & Fatt (1964) equivalent circuit for the surface and tubular
membranes (Fig. 18 and eqn. (13A)). Two parameters, the tubular time
constant (= r8 CT) and the ratio of surface to total capacitance (= cm'/cm
where cm = Cm'+CT) were adjusted to give a best least-squares fit.

A
a -71lmV

b -61

C -51

d -42

e ,,, -32

f -13_

g \ +6

- h +26

B
a 4 4

c 4 -4

d 4 4

e 4 4

f* 4 4

g 4 4

2mV[ _e,*1msec

100 msec

100 msec

Fig. 14. A V(test-control) and V,(test-control) at different voltages. A,
A V(test-control) at different test potentials as indicated beside each record.
B, V,(test-control) associated with the records in A. Arrows mark pulse
'on' and 'off'. Average of four runs carried out in the same manner as the
experiment in Fig. 6. Fibre 18.13, same as Fig. 9.

Although a distributed model for the T-systern is probably more realistic
than the lumped model (Schneider, 1970; Valdiosera, Clausen & Eisen-
berg, 1974), the lumped model is easier to handle mathematically and
provides a description which is adequate for the present purposes.

Table 2 gives the results of the analysis carried out on the six fibres
listed in Table 1. Columns (2), (4), (5) and (6) give values for four inde-
pendent parameters which describe the Falk and Fatt equivalent circuit.
The average value for A, 0-0914 cm, is in close agreement with the value
of 0 090 cm given by Adrian et al. (1970 a) for Ringer + 350 mm sucrose at

2mV
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30 C. Column (6) gives values for the proportion of fibre capacitance
ascribed to the surface, cm/cm. The average value, 0-33, is exactly equal
to the value reported by Valdiosera et al. (1974) who used a slightly less
hypertonic solution (350 mm added sucrose) and worked at 220 C. The
average value of tubular time constant, 2-28 msec, is also similar to their
value of 2-77 msec. Values in isosmotic Ringer solution are smaller,
1-35 msec (Falk & Fatt, 1964), 0-72 msec (Schneider, 1970) and 0-60 msec
(Valdiosera et al. 1974).

TABLE 2. Parameters for the Falk and Fatt equivalent circuit

(1) (2) (3) (4) (5) (6)
Fibre A r ricm rCT Cm/cm

(cm) (Mn/cm) (sec/cm2) (msec)
10.2 0-0831 10-62 2-44 1-50 0-36
10.5 0-0920 7-69 1-98 2-20 0-40
11.1 0-0956 16-61 2-72 1-96 0-29
11.2 0-0749 20-54 2-44 2-03 0-26
18.13 0.0852 10-51 2-42 3-04 0-37
18.14 0-1178 4-45 2-24 2-95 0-31

Average ± s.E. of mean 0-0914 + 0-0060 2-37 + 0-10 2-28 + 0-25 0-33 + 0-02

Values in columns (2)-(4) were obtained from cable analysis as described in
Methods. Columns (5) and (6) give parameters obtained by fitting eqn. (13A) in
the Appendix to the 'on' part of the transient associated with steps of + 10 mV,
using values in columns (2) and (4) as constraints. Since each experimental point
represents an average value over a 1 msec interval, eqn. (13A) was evaluated at
successive points 50 /usec apart and the integral over 1 msec was obtained using a
trapezoidal approximation. A 50 #sec delay was introduced to compensate for the
40 gsec delay on the command pulse and the 8 #sec delay introduced by the high
frequency filter. These account for most of the delays when V2 is used for voltage
control, since there is practically no delay in V2 following a + 10 mV command
pulse rounded with a 40 ptsec time constant. In any event the effect of introducing
the 50 ptsec delay was small; it increased the average values of r. CT by 0-1 msec and
of Cm/cm by 0-04 over the values with no delay.

In the present study the smallest value of tubular time constant,
1-50 msec, was associated with fibre 10.2. Records of charge movement
transients from this fibre (Fig. 6) showed less delay than records from the
other fibres in Table 1. The greatest delay was seen in fibre 18.13 (Fig. 14)
which gave the largest value for the time constant, 3-04 msec. The other
four fibres in Table 2 showed delays of intermediate magnitude. Although
the results to date are suggestive of a correlation between the delay in the
charge movement transient and the tubular time constant, more experi-
ments are needed to establish whether a definite relationship does, in fact,
exist.
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Fig. 15. Effect of tubular delay on the shape of calculated membrane
current (test-control) records. The calculations were based on the equiva-
lent circuit shown in Fig. 18 using cJ (c' +CT) = 0-36 and r. T 1-5 msec
(A) or 3-04 msec (B). The density of charged groups was considered to be
uniform with respect to c' and CT with a value of 27-4 nCf/#F. The kinetics
of charge movement are described by eqns. (8) and (10)-(12) with V =
- 41 0 mY, ic = 10*4 mV. For the calculations a step of potential was
considered to be applied across the circuit in Fig. 18 with an additional
charge movement element in parallel with each capacitance. The tubular
currents were calculated using a conventional fourth-order Runge-Kutta
method, the surface currents from the exponential solution of eqn. (10).
The test and control calculations were based on the same pulse/prepulse
arrangement as used in the experiments. Each point is the average value
over a 1 msec interval: the first point of each 'on' and 'off' transient has
been omitted.

Effect of tubular delay on calculated charge movement currents
In order to assess the effect that a tubular delay would impose on the

shape of the charge movement transient, calculations were carried out
using a lumped Falk & Fatt (1964) model for the surface plus tubular
membranes (Fig. 18). The charged groups were assumed to be uniformly
distributed according to membrane capacitance and to be electrically in
parallel with the capacitative elements c', and CT. The kinetics of charge
movement were assumed to be first order so that eqns. (8), (10), (11) and
(12) apply. Values of V, ic and Qmax were taken from fibre 10.2 (Table 1).
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Fig. 1SA shows theoretical calculations of membrane current, analogous

to l\ V(test-control), using the value for the tubular time constant rS CT
which was measured on fibre 10.2 (Fig. 6), 1P5 msec. Delays of a few msec
are present in every record. Fig. 15 B shows more pronounced delays,
calculated using r8 CT-= 304 msec as obtained from fibre 18.13 (Fig. 14).
In addition, the larger value of r8 CT has produced an apparent increase in
the time constant associated with the final decline of the transient current.

In comparing the transient currents in the experimental records in
Fig. 6 A with the calculations in Fig. 15A several discrepancies are
apparent. The calculated 'on' and 'off' records for moderate depolariza-
tions tend to be more symmetrical than the experimentally observed
currents. Thus the amplitude of the peak transient current during pulse
'on' in trace c of Fig. 6A is about 0 4 times the peak during pulse 'off'
whereas in trace b of Fig. 15A the ratio is 0-6. This difference is related to
the fact that the constant field functions used to describe a and /? (see
Fig. 13) give a higher value for the rate constant than was observed around
-40 mV. Another difference is that the calculated delays in Fig. 15A are
somewhat more pronounced than the experimental ones in Fig. 6A.
The traces in Fig. 15B show more delay than those in 15A and in some

respects resemble records in Fig. 14A. The main difference of concern
between the two sets of records is the relative lack of a delay in the
experimental 'off' transient following a strong depolarization.
The theoretical curves in Fig. 15 should be considered as rough approxi-

mations to the actual situation. In a proper analysis a distributed model
for the tubular system would be used and any difference in density of
charged groups between surface and tubular membranes would be taken
into account. One would expect, for example, that the rather clear tem-
poral separation of surface and tubular current components, indicated in
Fig. 15 Bd and Be as an early dip in the records, would give way to a
smoother response using a distributed model for the T-system. The main
conclusion from the calculations is that if the charge is located in the
T-system then the time course of the current transients will be distorted,
thereby making a quantitative analysis of the kinetics of charge movement
difficult.
As mentioned earlier, asymmetries of the type seen in trace f of Fig.

14A, when V is midway between the holding and the test potentials,
cannot be explained by first order kinetics for Q and a fixed tubular delay.
To do that one needs to assume a more complicated kinetic scheme for
charge or possibly to invoke an effect of voltage or current flow on rs.
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DISCUSSION

The three most important electrical properties of the charge movement
currents are (1) that the total charge which moves during pulse 'on' is
equal but opposite to that which moves during pulse 'off', (2) that the
steady-state curve relating charge to membrane potential is a saturating
sigmoid function and (3) that the rate constants for both 'on' and 'off'
transients are strongly voltage dependent. The first property, the equality
of charge, holds when the amount of charge is varied by changing either
the duration (Schneider & Chandler, 1973) or magnitude (Schneider &
Chandler, 1973; this paper) of the pulse, or by slow inactivation during
maintained depolarization (Chandler, Rakowski & Schneider, 1976). These
properties, as well as certain kinetic features (Schneider & Chandler, 1973),
make it unlikely that the currents are carried by intra- or extracellular
ions passing through channels in the membrane. Rather, the currents
most likely represent the movement of particles which are confined to the
membrane itself, either dipoles which reorient or charged groups which
move in response to changes in the membrane electric field. Alternative
explanations should be considered, however, and some of these will be
discussed below.

A. Non-linear properties of r,
Since with the three micro-electrode technique the measured signal used

to estimate current, A V, is proportional to the product r1 im (eqn. (1)), it is
natural to wonder whether the small transients in AV are due to non-ohmic
behaviour of r1 rather than non-linearities in membrane properties. This
seems unlikely since r, is independent both of frequency, up to 10 kHz
(Mobley, Leung & Eisenberg, 1974), and of d.c. membrane potential
(Schneider & Chandler, 1976).

B. Changes in membrane thickness with voltage
When a potential difference is imposed across a capacitance a coulombic

force attracts the oppositely charged plates, tending to decrease the
distance of separation and thereby to increase the value of the capacitance.
This effect, known as electrostriction, results in a capacitance vs. voltage
curve that is U-shaped and symmetrical about V = 0. In the simplest
case the curve is a parabola.
The muscle membrane also shows a voltage dependent capacitance

owing to the non-linearities associated with the charge movement. At low
frequencies this component is given simply by dQ/dV which, from eqn. (9),
is seen to be bell-shaped, reaching a maximum of Q.X/4k at V = V and
approaching zero as V tends to + Ao. Thus the shape of the capacitance
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vs. voltage curve associated with the charge movement is inconsistent
with the mechanism being a change in membrane thickness due to
electrostriction.
The time course of the AV transient is also inconsistent with electro-

striction. To a very rough approximation on that basis the test AV trace
in Fig. 3Bb should resemble trace 3Ab but scaled with respect to time by
a constant factor. Instead, the fast components of the 'on' and 'off'

A B

G ~~~~~~~G

C D

1-0~~ ~ ~ ~ ~~o4

0-5 Y, ~~~~~~~~~~(Msec)-l

-100 -50 0 -100 -50 0

(mV) (mV)
Fig. 16. A and B, electrical circuits in which G is a voltage dependent con-
ductance; G', C and E are constant. C, curve for yj[ = a/(a + ,8)] and D,
curves for a and f8; these were calculated from eqns. (11) and (12) using
V = -44 mV, k = 8 mV (Table 1).

transients in Fig. 3Ab and Bb are about the same; the difference is the ap-
pearance in Fig. 3Bb of a separate slow component. This behaviour
strongly suggests that the charge movement process lies electrically in
parallel with the usual linear membrane capacitance, and it is processes
of this type which will be considered in the following sections.

C. Voltage dependent resistance in series with a portion of the T-system
One might imagine that the electrical circuit shown in Fig. 16A, placed

in parallel with the linear electrical properties of the membrane, might be
able to reproduce the charge movement currents. G would be zero at
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highly negative voltages and would increase at positive voltages.
Physically this might correspond to a fraction of the tubular system being
electrically closed off from the extracellular fluid at the resting potential
but able to open up on depolarization. Three general types of voltage
dependent properties will be considered for G.

(i) U depends instantaneously on membrane potential. In this case G is an
instantaneous function of V, the total potential across the resistive and
capacitative elements (Fig. 16A). The scheme, however, fails in two
respects. First, if the voltage is taken from the holding potential VHP to a
value V sufficiently positive that charge movement currents are observed,
the amount of charge associated with the 'on' transient, Q0n, would be

Qon = C[V (c)-V (0)] (13)
= C[V-VHPI. (14)

V' refers to the voltage across the capacitance (Fig. 16A) with 0 and co
denoting initial and final values. Accordingly Q0n would increase in pro-
portion to (V-VHP) rather than saturating at positive potentials (Figs.
11, 12).
The second difficulty concerns 'off' areas. Once V is brought back to

VHP, G would immediately return to a near zero value so that the time
constant for current flow would become extremely long. The small, slowly
changing currents would be taken for a slow drift in either the ionic
currents or the base line, leaving zero for the estimate of 'off' area.
Experimentally the 'off' area is as large as the 'on' (Fig. 8), with a relatively
small time constant for the decay of the current (Fig. 13).

(ii) G depends on membrane potential but with a delay. In this case Qon is still
given by eqn. (14) so that the difficulty encountered in case (i) with explain-
ing the saturating experimental curve for Q0n vs. voltage would remain.
The values of 'off' areas are increased considerably over those in case (i)
although not enough to bring the magnitudes of Q011 and Q0n into agree-
ment. The linear relationship between Qon vs. (V - VHp) could be dealt
with by assuming a voltage dependence for C, as well as G, but it is
difficult to make the 'on' and 'off' areas agree and also to preserve the
observed voltage dependence of the 'off' rate constant.

The basis for the statements concerning the discrepancy Q~ff < Qn is an analysis
of 'off' areas in which definite assumptions were made concerning the way in which
G can change with V. G was assumed to be regulated by a Hodgkin-Huxley (1952)
variable y,

G = yGmax, (15)
dy/dt = ((1-y)-fly. (16)

The curves relating y., a and f, to voltage V across the network, taken from eqns.
(11) and (12), are shown in Fig. 16C and D. Current was calculated according to

I = G(V- V'). (17)
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For a step change in voltage from V to VHP eqns. (15) and (16) can be solved to

give
G = Gmax[yro+ (yo-yyc)exp-(c+/3)t], (18)

where yo and y. are initial and final values of y. The time course of V', obtained by
integrating

d V'/dt = G(VHP-V')fC, (19)
is given by

17 = VHp-(Vrp- V) exp - C-[ t+( +)(I-exp-(a+#)t)] (20)

Since y. at the holding potential is nearly zero eqn. (20) becomes for large times

V'(oo) = VHiP-(VHP- V) exp (-y Gmax)} (21)

The charge associated with the 'off' transient, Qff, is given by

Qoff = C[V'( 00)- V], (22)

= C[JHp - V [1-exp (o-(+A) * (23)
The consequences of eqns. (21) and (23) depend on the relative magnitudes of

(a+,/) and yoGmaxIC. If (a+ /) were very small compared with YoGmax/C, the ex-
ponential term in the equations would be zero. V'(oo) would equal VHP and the
magnitude of Q0f (eqn. 23) would be the same as Q0, (eqn. 14), in agreement with ex-
periment. The time course of decay of V', determined from eqn. (20), would follow
a single exponential with rate constant yo0GmaxI. Since G would remain essentially
constant during the transient, the current according to eqn. (17) would also follow a
single exponential with the same rate constant yo GJ/C. Thus the time constant of
the 'off' transient calculated using these assumptions would be a function of the
'on' voltage and would be independent of the 'off' voltage, in conflict with experi-
mental observations.
To explain the voltage dependence of the 'off ' rate constant (Fig. 13) it is necessary

to make yOGmaxIC and (cc +/3) the same order of magnitude; at increasingly negative
potentials the decline of y would become progressively more rapid and tend to
dominate the yoG./C rate constant. In the extreme case in which (a +,8) > yo Gmax/C,
V' would remain at V during the period when G shuts off so that eqn. (17) would
reduce to a single exponential with rate constant (cc +p/).

Sample calculations using the curves in Fig. 16 D for a and /8 and a value of
0-2 msec-1 for Gmax/C gave approximately the correct voltage dependence for the
decay of the 'off' current. At -80 mV the value of the exponential term in eqn. (23)
is 0 44 and at - 100 mV it is 0-58, indicating that Qoff would be 0-56 and 0-42 times
Qon in magnitude at these respective voltages. Thus, if this case is adjusted to give
reasonable 'off' time constants it fails to reproduce the experimentally observed
equality of 'on' and 'off' areas.

In the actual situation for the 'off' current, yOO would not be exactly zero, just
very small. The current would consist of two components, a rapidly decaying one
which would be similar to the case yO0 = 0 and a more slowly decaying one which
would eventually restore V' to VHP. Experimentally, the second component would
be relatively inconspicuous and therefore ignored in the determination to Qoff.

(iii) G depends on the potential difference developed across itself. Another
possibility for the circuit in Fig. 16A is to assume that G depends not on
total membrane potential V but on the potential developed across itself
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(V - V'). This case is easy to dispense with. In the steady state the voltage
across G is zero, independent of the value of V, so that the initial con-
ditions for the control and test records would be identical. For experiments
in which the same size voltage step was used for the control and the test,
i.e. for depolarizations of up to 70 mV from the holding potential, the
current records would be identical and / V(test-control) would equal zero
at all times.

D. Partial electrical shunt into the sarcoplasmic reticulum (S-R)
Some of the difficulties encountered with the circuit in Fig. 16A are

removed by the changes shown in Fig. 16 B. Physically, G' and C could
represent the conductance and capacitance of the S-R membrane, E its
resting potential, and C a voltage dependent conductance connecting the
T-system to the S-R. In this case G is determined by eqn. (15) and current
by eqn. (17), where V' again denotes the voltage across C. In the steady
state,

VI = (G/G') V +E (24)

The maximum amount of charge movement, Qmax, corresponds to 0-2-
0-4 times the charge associated with a 100 mV change in voltage across
the capacitance of the tubular membranes, or 0-013-0-027 times the
charge necessary to produce the same change in voltage across the S-R
membranes, assuming the same specific capacitance for both tubular and
S-R membranes and a value of 15 for the ratio of S-R: T-system membrane
area (Peachey, 1965; Peachey & Schild, 1968). This indicates that the
ratio G/G' is restricted to small values.

In the simplest scheme G and G' would be constants and the 'effective'
capacitance of the circuit in Fig. 16B would be given by CG2/(G'+ G)2
(cf. eqn. 15 in Adrian & Almers, 1974) which according to eqn. (15) equals
CG2 ax1(G' + Gmax)2 for y = 1. The range 0-013-0-027 for G2 ax/(G'+Gmax)2
corresponds to GmaxfG' = 0-13-0-20. The situation becomes complicated
if G/G' is voltage dependent so that it is necessary to explore several
specific cases, similar to those discussed for the circuit in Fig. 16A.

(i) G depends instantaneously on membrane potential. For a voltage step
from V0 to V, V' changes exponentially according to

V' = V'(oo) + [V'(0) - V'(oo)] exp [ - (G + G')t/C] (25)

and from eqn. (17), the current also changes exponentially,

-= (V - E)GG' + G[ V'(r) - V(0)] exp [-(C + G')t/C]. (26)G+I+G'
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Some examples of currents calculated from this equation are shown in
Fig. 17, thin lines. The 'on' transients can be as large as those observed
experimentally but the direction is influenced by the value of E (compare
A, B and C). The 'off' transients are negligible regardless of the value of
E, showing clearly that this model will not work.

A B C

-60 mV

-40

-20

[2jA/#F

,100 msec,

Fig. 17. Theoretical curves for current flow across circuit in Fig. 16B for
different values of E. The currents have been normalized by dividing by C.
The thin curves were calculated from eqn. (26) which assumes that G is an
instantaneous function of V; the thick curves were calculated using a delay
in G, eqns. (11), (12), (16), (27), (15), and (17). The circuit parameters were
GmaxiG' = 02; G'IC = 02 msec-1; E = -100 mV (A), 0 mV (B), 100 mV
(C). The holding potential was taken as -80 mV; pulse voltages were - 60,
- 40, -20 and 0 mV as indicated. The holding current . capacitance was
0 009 /sA/fzF in A, -0 035 ,uA/fF in B, -0-079 1tA/#F in C.

(ii) G depends on membrane potential but with a delay. In this section G
is assumed to be governed by eqn. (15), changes in y by eqn. (16). The
curves in Fig. 16D show the rate constants a and fi. In this situation
it is necessary to use numerical methods to solve the equation for V',

d V'/dt = [yGmax ( V -V')-G'(V'-E)]/C. (27)
Eqns. (16) and (27) were solved using a fourth order Runge-Kutta method
(Romanelli, 1960) and currents were calculated using eqn. (17). The thick
curves in Fig. 17 show some of the results. The currents have been
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normalized by dividing by C referred to S-R membrane; current densities
with respect to T-system membrane, using the assumptions given earlier,
would be 15 times larger.

Fig. 17A shows the effects of the delay in G using E = -100 mV. The
'on' and 'off' transients are in the wrong direction, i.e. the transient
component of the 'on' current is inward and the transient component of
the 'off' is outward, and the areas are not in agreement.
As long as G/G' is small the properties of the transient currents are

determined by G and E. For the smallest voltage, -60 mV, V' barely
deviates from the value of E, - 100 mV; at the holding potential
V' = -99 96 mV and during the pulse it changes to -99 07 mV. The
(V - V') term is almost constant at the value (V -E), changing from
39 96 to 39-07 mV, a deviation of at most 2 3 %0 from (V-E) = 40 mV.
Thus, eqn. (17) can be replaced by the approximation

I CG(V-E) (28)
so that the area of the transient becomes

Q G(O)G( )(V-E). (29)

The values of G' and C do not enter at all.
At more positive potentials V' undergoes a greater change during the

pulse. At V = 0 it becomes -83-39 mV so that (V- V') = 83-39 mV
instead of (V -E) = 100 mV. The deviation is sufficiently small, however,
that eqn. (28) may still be used to provide a rough estimate of the currents.

These arguments hold for other values of E so that eqns. (28) and (29)
may be used as a qualitative guide in understanding parts B and C of
Fig. 17. For E = 0 (Fig. 17B) the value of (V-E) is negative for V < 0
so that the direction of the transients is correct. At V = 0, however,
(V-E) = 0 so that the 'on' transient disappears although the 'off'
transient is large. These records show that the value E = 0 does not work
for two reasons: the area of the 'on' transient does not plateau with
voltage and the 'on' and 'off' areas do not agree. The presence of an
inward steady-state current during the pulse for V < 0 might also be
considered an objection; this could in theory be balanced by an outward
rectification of leakage current in the surface or tubular membrane.
The traces in Fig. 17C, E = 100 mV, also fail to duplicate the experi-

mental results. The 'on' transients are outward but the areas do not
produce a plateau; they reach a maximum between -40 and -20 mV
and then tend towards zero as V approaches E. The reason is that for
V > -20 mV the difference G( oo) - G(0) is essentially maximal and con-
stant. According to eqn. (29) the area of the transient is then proportional
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to (E - V)/(a + /), which decreases as V is made more positive. In addition,
the 'on' and 'off' areas are not in agreement.
The defect with the plateau could probably be remedied by adjusting

a and p3 so that ye,, (Fig. 16 C), and therefore G( o) - G(O), would increase
with voltage and would thereby offset the decrease in (E - V)f(o + /3).
If this were done to provide a plateau for Qon vs. V, Qoff vs. V would
not show a plateau. According to eqn. (29) the magnitude of Qoff
would increase in proportion to G(oo)-G(O), since at VHP the relation
(V-E)/(a+±) would not vary.
The general conclusion from the calculations in Fig. 17 is that the areas

on' and 'off' do not agree. This is not surprising since the areas are
determined primarily by E, V and the properties of G. The process of
charging and of discharging the capacitance C, which would demand
equality of charge, plays a minor role in determining the transient current
which flows through the entire circuit.

(iii) G depends on the potential difference developed across itself. Since the
voltage across the capacitance C in Fig. 16B is roughly fixed at E, the
potential across G is approximately (V - E), the total voltage shifted by
a constant amount. Therefore, the same objections given under (i) and
(ii) apply.

E. Rearrangements of dipoles or charges confined to the membrane phase
The properties of the charge movement currents tend to rule out

mechanisms (A) to (D) and leave (E) as the most likely possibility. In
terms of function, a charge rearrangement of this type could play a role
in giving a steep voltage dependence to some physiological process. In the
original description of the charge movement (Schneider & Chandler, 1973)
the suggestion was made that it might play a role in excitation-contraction
coupling. A second possibility is that the currents gate potassium channels.
These two possibilities seem to be the most plausible ones and they will be
discussed further in the succeeding paper (Chandler et al. 1976). It is
clear, however, that the currents do not gate sodium channels because the
kinetics are too slow (Armstrong & Bezanilla, 1973, 1974; Keynes &
Rojas, 1973, 1974).
A third possibility would be to suppose that the charged groups serve

as a carrier for ions. For example, a membrane-confined carrier might
combine with ions and be able to cross the membrane as a carrier-ion
complex. The equality of 'on' and 'off' areas would place certain re-
strictions on the scheme, such as requiring that the valence state of the
carrier or carrier-ion complex remain constant during a 100 msec pulse.
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Additional complicatioWns
Several difficulties have already been mentioned. If the charge move-

ment occurs in the T-system, then the delay in tubular potential following
a voltage step at the surface will introduce a delay in the charge movement
currents. A delay of this type would make a kinetic analysis of the charge
transients difficult. In addition, the results of Adrian and Almers (Almers,
1975) and the asymmetry in record f, Fig. 14A, indicate that the kinetics
of the charge movement process itself are neither first order nor sym-
metrical about V. The rather simple relationship for Q vs. V (eqn. (9)),
symmetrical about V, is also most likely incorrect although our data are
not sufficiently accurate to distinguish this model from a more complex one.

Finally, there is a second charge movement process in muscle, which we
will call Charge 2, best seen with maintained depolarization which in-
activates the first charge process (Chandler et al. 1976). The kinetics of
Charge 2 were first studied by Adrian and Almers (Almers, 1975) who used
fibres in hypertonic solution which were depolarized electrically. In other
experiments fibres have been depolarized by isosmotic solutions con-
taining high rubidium. These fibres show a capacitance which, is weakly
voltage dependent (Schneider & Chandler, 1976) and Charge 2 currents
similar to those found by Adrian and Almers (Adrian, Chandler & Rakow-
ski, 1976). The main difference between Charge 1 and 2, besides the fact
that Charge 2 does not inactivate with maintained depolarization, is
that Q vs. V for Charge 2 is 5-10 times broader than the curve for Charge
1. Since the curve for Charge 2 is roughly symmetrical about the holding
potential, -80 mV, a 'control' and a 'test' AV trace in the present
experiments would contain similar amounts of Charge 2 which would
approximately cancel when subtracted. The only indication of Charge 2
in this paper is possibly the slight deviation of the points in Fig. 9 B,
obtained from traces 9Ab and 9Ac, from the exponential curve.
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and Dr R. W. Tsien for helpful discussion. Financial support was provided by the
U.S. National Institutes of Health, grant NB-07474, and by the Muscular Dystrophy
Associations of America, research fellowship to R.F.R.

APPENDIX

The aim of this section is to derive the time course of potential spread
along a muscle fibre following a step in potential V2 at x = 21, using a
lumped equivalent circuit for the surface and T-system membranes as
shown in Fig. 18 (Falk & Fatt, 1964). The mathematical treatment is
similar to the theory for chemical fluxes presented by Harris & Burn
(1949).
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The two partial differential equations which must be solved simul-

taneously are
82V V c Va aVT

ax2 A~+rl cm-j-+riCT-, (1A)

rSCT--= V-VT, (2A)
where V and VT are the potentials across cm and CT respectively.
For mathematical simplicity the time course for the 'off' response will

be given first and then superposition will be used to evaluate the 'on'
response. The boundary and initial conditions for the 'off' response are

(a) aV/ax = 0 at x = 0 for t > 0,
(b) V = 0 at x = 21 for t > 0,

(c) V and VT = V2 cosh (x1A))for O< x < 21 and t O.2cosh (21/A)

Fig. 18. Falk and Fatt lumped equivalent circuit for a 1 cm length of fibre.
rn = surface resistance; c'm = surface capacitance; r. = tubular resistance
in series with CT; CT = tubular capacitance. The total membrane capaci-
tance cm is given by Cm = Cm + CT.

The general solution for eqns. (1A) and (2A) with conditions (a) to (c)
is given by

V = E An COs (,n X)n (t), (3A)
n=O

0O

VT = Z An COS (unx)Vfn (t), (4A)n=o
where /tn = (n+ T)7 On(0) = 3!n (0) = 1, SOn(OO) = inn(a) = 0 TheA

satisfy
cosh(x/lA) cCo

V2cosh (21/A) - An COS (,nAX), (5A)n=O
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which gives An=( 2 (1/A2)+2n (6A)

The functions on and Vrn are determined by substituting eqns. (3A) and
(4A) into (1A) and (2A). The result is

On
(1 -r. CT qn)rnepqn(1 -r5 CTPn)qn

X n ,(A¢5 (- ~ ~ npexp(-qnt)-( P) exp (-pt), (7A)
Pn-qn Pn-qn

n= p exp(-qnt)- exp(-Pn t), (8A)
Pn-qn Pn-qn

where Pn = 2[Fn +J(F2-G1n)], (9A)

Un= V(F2-Gn)], (1OA)
1 1 11/k2Fn = , +-+(4 n+ 1/A) ,,cm (H1A)r.CM r cT rim

4
Gn = r C T (1na2+ 1/A2). (12A)

ri 8s Cm CT

The 'on' response following a step to V2 at x = 21 is given by the
steady-state solution minus the 'off' response

cosh (x/A) -0V = V2cosh (2//A)-E AnCOS(AnaX)qnS(t), (13A)

where An, 4un and On (t) have the same values as above.
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