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SUMMARY

1. Asymmetries in the early time course of the displacement current
passing ‘across the membrane after application of equal voltage-clamp
pulses in the two directions have been investigated in the squid giant axon.
Before making the measurements, Na current was blocked by removal of
external Na and treatment with tetrodotoxin. Potassium current was
usually blocked by perfusion with CsF, but some experiments were done
with intact axons. A signal averaging technique was used to eliminate the
symmetrical components of the membrane current.

2. The asymmetrical current had a contribution of appreciable size
attributed to the movement of mobile charges or dipoles in the membrane.
This was manifested as an outward current rising rapidly to a peak on
depolarization of the membrane and then declining exponentially to zero,
followed at the end of the pulse by an inward surge of current with a
similar time course. There was also a sustained flow of current outwards
during the pulse, arising from ionic leakage with a rectifying characteristic.

3. The identification of the exponentially changing current component
with the displacement of charged particles forming an integral part of the
membrane was supported by the demonstration that the total transfer of
charge was equal and opposite at the beginning and end of the pulse, that
it reached saturation when the internal potential was taken to a sufficient
positive value, and that its size was unaffected by temperature, although
its time constant had a large temperature coefficient.

4. The disposition of the mobile charges in the steady state was shown to
obey a Boltzmann distribution. At the midpoint of the distribution curve,
the proportion of the charge displaced underwent an e-fold change for a
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19 mV change in potential. The effective valency of the particles, that is
their actual charge multiplied by the fraction of the electric field acting
on them, was therefore 1-3.

5. The total quantity of mobile charge was estimated as about 1500 x
10~12 Cfor 0-05 cm? of membrane, corresponding to some 1900 charges/um?.

6. The identification of these mobile charges with the gating particles
responsible for controlling Na conductance was supported by the findings
that (@) their time constants were the same as those of Hodgkin & Huxley’s
‘m’ system, both in absolute magnitude and in their dependence on
potential and temperature, (b) the transition potential at which the charges
were evenly distributed on the two sides of the membrane also agreed with
that for the ‘m’ system in intact axons, and its value was similarly shifted
in a positive direction by a reduction in internal ionic strength or by
raising the external Ca concentration, (c) comparison of the steepness of
the curves governing on the one hand the steady-state distribution of
the mobile charges and on the other the Na conductance, suggested that
an effective cooperation of the charges in groups of three was involved,
again in excellent agreement with the ‘m’ system.

7. Displacement of the mobile charges was unaffected by external pH
over the range 5-8, but preliminary observations showed that 19, pro-
caine reduced the total charge transfer to somewhat less than 40 9, of the
initial value, and roughly halved the time constant.

INTRODUCTION

It is implicit in Hodgkin & Huxley’s (1952) description of the changes
in ionic permeability underlying excitation and conduction in nerve that
the mechanism depends fundamentally on the effect of the electric field
on the distribution or orientation of membrane molecules with a charge or
dipole moment. When, therefore, the membrane is depolarized, the passage
of ionic current must be preceded not only by the surge of capacity
current, but also by what has come to be known as the ‘gating current’,
corresponding to the movement of these charged controlling particles in
the membrane. However, Hodgkin & Huxley found no direct evidence for
the existence of the gating current, and concluded that its contribution
amounted to no more than a few per cent of the maximum ionic current,
because many ions cross the membrane through each open channel.

The first attempt to investigate the question experimentally was made
by Chandler & Meves (1965), who also were unable to identify any com-
ponent of the membrane current with the operation of the gating mechan-
ism, even when the ionic current had first been greatly reduced by removal
of external Na and perfusion with a low ionic strength solution. They
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estimated that the total charge carried by the gating particles was less than
108 C/cm?, which fitted with the sparse distribution of tetrodotoxin
binding sites in lobster leg nerve reported by Moore, Narahashi & Shaw
(1967).

Once more using perfused squid axons in a Na-free solution, but blocking
the Na channels with tetrodotoxin and employing a signal averager with
voltage-clamp pulses of alternating polarity to eliminate symmetrical
capacity current, Armstrong & Bezanilla (1973) have recently succeeded
in recording a component of the membrane current with the main charac-
teristics expected for the gating current. Adopting a very similar technique,
we were able to extend their findings in several respects (Keynes & Rojas,
1973) and now present a more detailed account of our experiments.

METHODS

The experiments were performed with giant axons 500-900 um in diameter
dissected from the hindmost stellar nerve in mantles from Loligo forbess or L. vulgaris.
Generally the mantles had been stored for a few hours in ice-cold sea water before
dissection, but sometimes living specimens were available. Most of the axons were
perfused intracellularly and their membrane potential was controlled by the methods
described by Rojas, Taylor, Atwater & Bezanilla (1969). Some of them were mounted
intact in the same chamber, with an axial 100 um Pt wire coated with Pt black
inserted longitudinally through a cut at one end to carry the applied current, and
the electrode bridge to record the internal potential similarly inserted from the
opposite end.

The point control system for voltage-clamping developed by Moore & Cole (1963)
was used in the form described by Bezanilla, Rojas & Taylor (1970). The voltage
electrodes were Ag[AgCl. The internal electrode bridge was the usual glass capillary,
about 200 mm in length and 100 #m in diameter, filled with 500 mM-KCl and con-
taining a floating 50 ym bright Pt wire. The external electrode bridge was a length
of polyethylene tubing filled with 19, agar in 500 mMm-Tris Cl. The external current
electrode consisted of a pair of Pt plates coated with Pt black which were connected
electrically and kept at virtual ground potential by means of the operational amplifier
number 1 in Fig. 1. Two further pairs of Pt plates were used as guards on either side
of the external current electrodes. The width of the external current electrodes was
2-5 mm, so that for a 750 gm axon the area of membrane from which current was
collected was 0-059 cm?.

Averaging technique

A block diagram of the arrangement of amplifiers for recording membrane current
under membrane potential control is given in Fig. 1. The external current electrodes
were kept at virtual ground potential by means of operational amplifier 1, and a
current of 1 #A was thus converted into a voltage of 50 £V. Amplifier 2 had a voltage
gain of 50, and amplifier 3 was the vertical amplifier of a 502 A Tektronix oscilloscope
used with DC coupling and a gain setting of 20 mV/em to give a gain of 100. The
output of amplifier 3 was directly connected via a field effect transistor series-shunt
switching circuit to an analogue signal averager, which was a Princeton Waveform
Eductor Type TDH-9. The output of the signal averager was monitored on one
beam of a 465 Tektronix oscilloscope with a 3A3 plug-in amplifier.
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The mode of operation of this type of signal averager is as follows. A signal
consisting of a repetitive waveform of interest together with unwanted noise is
applied to the input; after amplification, this signal passes through a resistor to a
set of 100 integrators or memory capacitors. Each capacitor has one end electrically
connected to ground, and the other, by way of a series-insulated gate, to the signal.
During each sweep, the gates open consecutively so that each of the memory
capacitors is tied in turn to the signal for an equal interval. If the sweeps are
synchronized with the repetitive wave form, the same portion of the wave form will

Re

Fig. 1. Arrangement of current amplifiers. Amplifiers 1 and 2 were Phil-
brick P-45A, and 3 was the vertical amplifier of a Tektronix 502A oscillo-
scope. The signal averager is represented as 4. R, was 50 Q, R, was
100,000 Q, R, was 2,000 Q. R, determined the characteristic time constant
of the signal averager, and was generally 10,000 Q. At the beginning and end
of the voltage-clamp pulses, 50 usec blanking pulses simultaneously took
the potential at 4 from + 15 to — 15 V, and the potential at B from —15 to
+15 V. Voltage-clamp current was monitored at the point marked I, the
other parts of the voltage-clamp circuit being exactly as shown in Fig. 2 of
Bezanilla et al. (1970).

be applied to a given capacitor in successive sweeps, and it will gradually build up
in the memory. While the potential accumulated across the memory capacitors is
still rising linearly, the signal-noise ratio is improved by the square root of the
number of sweeps stored. The levels to which the individual capacitors are finally
charged are read off sequentially through a unity gain output channel. The output
voltage (V,,,) of the signal averager is hence a function of the gain (u) of its input
amplifier, the total interval under analysis during each sweep (A7), the number of
sweeps analysed (n), the size of the memory capacitors (C), the charging resistance
(R,), and the input voltage (V). If ¥, is the average input signal over the time
interval 0t = ¢, —¢;_,, where k = 1,2, 3, ..., 99, 100, then for the kth capacitor

during one sweep
1 L
Vo = 5= f . pVy.de
t EC )y, _‘l‘ in
_ oV,
- RC
After n sweeps, provided that n is not too large,
_n.p.0tV,
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and since 6t = AT[100,
Vo - n.p ATV, n.p AT.V,
°*~ {00RC = omr.Cc

The memory capacitors were each 5 uF. For most of the experiments the resistor R,
was chosen to be 10,000 Q, so that the value of the characteristic time constant
(c.T.c.) was 5 sec. In order to avoid overloading the signal input channel, x4 was set
at 2. With these settings, only 60 pulses were needed to achieve an acceptable
signal-noise ratio, and eqn. (1) becomes

Vo = 24.AT.7,. )

o
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]
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Fig. 2. Dummy circuit simulating an axon perfused with a low ionic strength
solution. 4. Beaker containing 55 mM-CsF plus sucrose, into which are
dipped the internal voltage electrode and the axial Pt wire for application
of current. B. Elements representing 0-05 cm? of membrane. C, was 0-05 uF,
and since AI;, was about 3 #A for 120 mV pulses, B; was 40,000 Q. The
Schwann cell series resistance was taken as 4 Q cm?, so that R, was 80 Q.
A time constant of 150 usec could be added in parallel as R, C,. C. Beaker
containing Na- and Mg-free ASW, into which are dipped the external
voltage and current electrodes. The rather large junction potential differ-
ence between the two solutions was backed off in the voltage-clamp
circuit.

16 PHY 239
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Gain and linearity of the recording system

In order to check the gain of the system, voltage-clamp pulses of known size were
applied to a 10,000 Q precision resistor, and the output of the signal averager when
60 pulses were summed was measured. A plot of ¥, against pulse size was linear,
obeying equation (2) with ¥V, = 250,000 x injected current in gA.

In order to test the performance of the system with a symmetrical capacity
transient added to the injected current, the dummy shown in Fig. 2 was constructed.
The resistances and capacitances in this dummy were of the same order of magnitude
as those measured in axons internally perfused with solutions of low ionic strength.
Pulses were applied to the dummy with the electrodes actually used in the experi-
ments dipped into beakers representing the inner and outer sides of the axon
membrane. Fig. 34 shows the transients at the input to the signal averager when,
voltage-clamp pulses of + 100 mV (E) were applied. Record B shows the output
read out after pulses had been applied for 60 sec at 2/sec, their polarity being changed
at intervals of 5 sec; it may be seen that the signals accumulated at four or five of
the individual addresses were out of line at the beginning and end of each pulse,
indicating that there were slight departures from linearity at the peaks of the
capacity transients. This potential source of error in measuring the asymmetrical
components of the membrane current was almost completely eliminated (Fig. 3 D)
by applying the 50 usec blanking pulses shown in Fig. 3F to the transistor switching
circuit connected across the input to the signal averager. A similar switching arrange-
ment was employed by Armstrong & Bezanilla (1973), but their ‘window’ was open
only for a single period delayed 10-30 usec after the beginning or end of the voltage-
clamp pulse, so that records could not be made simultaneously for ‘on’ and for ‘off’.

Solutions and experimental procedures

The composition of the solutions used is given in Table 1. All were prepared with
double-glass-distilled water. Fluoride solutions were stored at 4° C in plastic con-
tainers.

As a normal routine, the axons were first bathed in K-free artificial sea water
(K-free ASW) for a few minutes, and then internally perfused with CsF; but a few
experiments were performed with intact axons that were not perfused. Sometimes
a standard voltage-clamp run was conducted at this stage, and Table 2 gives various
quantities that were then measured. Since internal perfusion with CsF almost com-
pletely blocks the outward membrane current through the K channels (Chandler &
Meves 1970a), the inward currents observed in perfused axons were attributable
exclusively to the Na system. In this connexion, it should be noted that throughout
this paper all potentials will be referred to the external solution as ground, so that
the resting membrane potential is negative. Potential changes in the positive
direction which first reduce and then reverse the membrane potential are referred
to as depolarizations; negative-going changes are hyperpolarizations.

Next, the external solution was replaced by one of the solutions containing neither
Na nor K, but with 300 nM tetrodotoxin or saxitoxin. After 30 min exposure to the

Fig. 3. Controls of the performance of the current amplifiers and the signal
averager. A. Transients at the input to the signal averager for the voltage-
clamp pulses shown in E, with no blanking. B. Output of the signal averager
after 60 pairs of pulses as in A. C. Transients at the input to the signal
averager with the same voltage-clamp pulses but blanking as in F. D. Out-
put of the signal averager after 60 pairs of pulses as in C.

16-2
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TaBLE 1. Composition of the solutions used for internal
perfusion and bathing externally

A. Internal F solutions

A

K+ Cst Tris Cl Sucrose
(mm) (mm) (mn) (mm) pH
High K 550 — 10 —_ 7-3
Low K 275 — 10 500 7-1-7-3
High Cs — 275 10 500 71-7-4
Low Cs — 55 10 1000 7-1-7-3
B. External Cl solutions
r A N
Ise-
K+ Nat+ Ca?t Mg?+ Trist thionate Toxin
(mM) (mM) (mM) (mM) (mM) (mM) (nm) pH
ASW 10 430 10 50 153 —_ —_ 7-3-7-6
K-free ASW —_ 430 10 850 15 —_ —_ 7-3
Naand K-freesaline — — 10 50 445 — — 7-3
Na and K-free — — 10 50 445 — 300 7-3
tetrodotoxin or
saxitoxin saline
Na, K and Mg- —_ —_ 10 — 595 —_ 300 73
free tetrodotoxin
saline
High Ca tetro- — — 110 — 415 — - 300 7-0-7-1
dotoxin saline
Isethionate saline — — 10 50 430 430 300 7-3

toxin at this concentration, the sodium channels could be assumed to be completely
blocked (F. Bezanilla, R. D. Keynes, E. Rojas & R. E. Taylor, in preparation), and
the axon was ready for observation of the gating currents. On completion of the
gating current runs, the K-free ASW was reintroduced into the chamber, and
30-60 min were allowed for recovery before making a final set of voltage-clamp
records from which the data given in Table 2 were derived. If the Na conductance
was not restored to a reasonable value, the results were discarded, but in the majority
of the experiments there was excellent recovery.

Although any residual junction potential difference between the internal and
external voltage electrodes was always backed off at the beginning of each experi-
ment, the subsequent solution changes and drifts in electrode potential could have
altered the junction potential during the runs by an amount estimated in later tests
as up to 10 mV. Hence there is a similar degree of uncertainty in our figures for the
absolute value of the transition potential ¥”.

RESULTS
Direct measurement of asymmetries in voltage-clamp current records

Fig. 44 shows tracings of a typical pair of membrane current records
obtained for an axon internally perfused with low ionic strength CsF
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solution and bathed in Na- and K-free ASW containing 110 mm-Ca and
300 nM tetrodotoxin, while Fig. 4B illustrates a similar experiment with
high ionic strength perfusion in a medium containing 10 mm-Ca and
1000 nM-tetrodotoxin. The membrane potential was held at respectively
—170 and —100 mV, and voltage-clamp pulses of + 120 mV were applied
in each case. Graphical addition of the records for these pairs of equal
positive and negative pulses revealed, as may be seen in the plots below,
that in neither case were they quite symmetrical, but contained com-
ponents corresponding to an extra outward current during depolarization
and an extra current flowing inwards after the end of the pulses. The
asymmetry during the pulses could be ascribed to the passage of an ionic
leakage current which usually, as shown in Fig. 5 for the experiment of
Fig. 44, increased in size more steeply on depolarization, together with
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Fig. 4 4. For legend see facing page.
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Fig. 4. Asymmetry of the displacement current on application of + 120 mV
voltage-clamp pulses. A. Axon perfused with 55 mM-CsF and bathed in
Na- and K-free saline containing 110 mM-Ca and 300 nM tetrodotoxin;
holding potential —70 mV; temperature 5°C; Expt. 23-J-1. B. Axon
perfused with 300 muM-CsF + 600 mM sucrose and bathed in Na- and K-free
saline containing 10 mm-Ca and 1000 nM tetrodotoxin; holding potential
— 100 mV; temperature 6° C; Expt. 23-N-2, from a later series. The result
of graphical addition of the current records is plotted beneath each pair of
tracings, both on the same scale linearly, and on a logarithmic scale. In 4,
the difference in sustained leakage current for the two pulses was 0-6 yA;
this was subtracted before plotting logarithmically. In B, the leakage
current did not rectify.

403
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an outward current that rose abruptly at the start of the pulse and then
declined exponentially with time. On restoration of the potential to the
holding level there was another surge of current flowing in the opposite
direction with a similar exponential time course. When the sustained ionic
leakage current displayed a rectifying characteristic as in Figs. 44 and 5,
the exponentially declining component of the difference current had a
rectangular pedestal added to it during the pulse. On occasions when the
leakage current did not rectify, as in Fig. 4 B, this pedestal was absent. The
asymmetry was much the same whether the tail of the capacity transient
was fast, as in Fig. 4B, or was slowed down by lowering the internal ionic
strength as in Fig. 44.

2- ° o
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: [
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Fig. 5. Variation with potential of the steady current flowing at the end of
2 msec voltage-clamp pulses. Axon perfused with 55 mM-CsF and bathed
in Na- and K-free saline containing 300 nm tetrodotoxin and 110 mm-Ca.
Experiment 23-J-1. Temperature 5° C. Membrane area 0-071 cm?. Slopes
of lines correspond to membrane resistances of 5050 Q em? for depolarizing
pulses and 8450 Q cm? for hyperpolarizing pulses. Membrane potential
plotted relative to a holding potential of — 100 mV.

This method of investigating the asymmetries was somewhat laborious,
and since the membrane current had to be recorded at a rather high gain,
the difference plots were apt to be excessively noisy. Both these dis-
advantages could be overcome by using a signal averager to do the addi-
tion and at the same time to improve the signal-noise ratio by summing
the differences in the current records for 60 pulses of each polarity. The
remainder of this paper will be devoted to a discussion of the principal
characteristics of the transient membrane currents flowing at the beginning
and end of depolarizing voltage-clamp pulses, recorded with the help of
a Princeton Waveform Eductor in axons in which the Na and K currents
had been abolished.
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Displacement of membrane charges during and after a step
in membrane potential
Fig. 6 shows a family of records obtained in the course of an experiment
using the signal averager. The external solution was Na- and K-free ASW
containing 300 nM saxitoxin, and the axon was perfused internally with
low ionic strength CsF solution. The results confirm the conclusions of the
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Fig. 6. Records of the asymmetrical displacement current obtained by adding
together with the signal averager the membrane currents for 60 depolar-
izing and 60 hyperpolarizing pulses, starting and finishing at the arrows.
Axon perfused with 55 mM-CsF. External solution was Na-, K- and Mg-free
saline containing 300 nM saxitoxin. Pulsefrequency 2 sec—1, polarity changed
every 5sec. Duration of blanking pulses 50 usec. Pulse amplitude, a—h,
40-110 mV. Resting membrane potential — 52 mV, holding potential

—70 mV. Vertical bar 5-56 #A; horizontal bar 2500 usec. Temperature
6-3-7-0° C. Experiment 10-J-1.

preceding section in showing that the difference between the capacity
transients for voltage-clamp pulses equal in size but opposite in sign has
three components: (1) during the application of a depolarizing pulse there
is an extra outward current which rises quickly to a peak and then decays
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exponentially; (2) immediately following the end of the pulse there is a
surge of membrane current in the opposite direction decaying to zero with
a similar time course; (3) the first component is superimposed on an ionic
leakage component denoted as Al which is usually rectangular, that is
to say time-independent, but sometimes has a more complex time course,

After the steady outward current AIj, still flowing at the end of the
pulse had been subtracted from the records, the time course of component
(1) could be examined. When plotted semilogarithmically against time,
the later points (beyond about 200 usec after the start of the pulse)
always lay nicely on a straight line like those in the lower sections of
Fig. 44 and B, so that the current accurately followed an exponential
with a single time constant 7,,. Component (2) similarly had a single time
constant 7., The behaviour of the current during the first 200 usec was
somewhat variable. Thus in Fig. 6a, g and & it reached its peak within the
interval of three memory addresses affected by the 50 usec blanking pulse,
but in b—f the peak apparently occurred with too long a lag after the start
and finish of the pulse to be explained away by the blanking.

There are several possible explanations for the delay: (@) it could be due
to the occurrence of an early asymmetry in the leakage current, for
example a delayed rise on depolarization or an initial overshoot on hyper-
polarization, producing in effect a current component in the opposite
direction to the main one that decays with a time constant of around
60 usec; (b) it could result from a recording artifact such as failure of the
amplifier gain to recover instantaneously after the peak of the capacity
transient, or on termination of the blanking pulse; (c) it could be a genuine
feature of the time course of the displacement current; (d) the tacit
assumption that there is no reverse displacement of mobile charges during
the hyperpolarizing pulse may sometimes be incorrect. Tests made to
explore the origin of the phenomenon gave disconcertingly variable
results, but in later experiments it has become clear both that the leakage
current may behave in a more complicated fashion than was at first
supposed, in line with possibility (a), and that in some axons the mid-
potential V' (see p. 419) of the steady-state distribution curve for the
mobile charges may be somewhat more negative than Fig. 15 suggests.
In such cases, unless the holding potential is very large, there is an appreci-
able backward transfer of charge on hyperpolarization, and in difference
records of the type presented in Fig. 6, the peak of the displacement current
is delayed in precisely the observed manner (see eqn. (15)). Armstrong
(1974, fig. 10) has given the same explanation to account for the time
course of his displacement current recordings. We conclude that (d) is
probably the main cause of the delay in the peak, but (a), (b) and (c) may
on occasion contribute to it. In the present series of experiments the first
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200 usec was routinely ignored when fitting exponentials to the records,
which to some extent cuts out the error from reverse charge displacement.

The theoretical treatment given on p. 428 indicates that on changing
the membrane potential the asymmetrical displacement current should
display a time constant determined exclusively by the new potential level.
Hence 7., should vary systematically with pulse size but should be
independent of the initial holding potential V;;, while 7, should vary with
Vg but not with pulse size. This expectation proved in general to be valid,
as may be seen in Fig. 7, which illustrates the results of an experiment in
which the time constants were first measured with different pulse sizes at

psec
[ 300 -

[ 1 1 — - 1 N |
—120 80 40 0 40 80
mY

Fig. 7. The relationship between the time constant, 7, and absolute mem-
brane potential. Experiment 5-J-2; intact axon in Na- and K-free tetro-
dotoxin saline with 10 mm-Ca; temperature 8:9° C. Either the holding
potential was kept fixed at —100 mV while the pulse size was varied
between 40 and 120 mV, or the holding potential was changed between
—110 and —70 mV with a parallel variation in pulse size so that the
potential during the pulse was always 0 mV. The curve is drawn according
to eqn. (18) with 7, = 250 usec, V' = —40mV, and kT [z’e = —19 mV.
In this and later Figures the abscissa shows absolute membrane poten-
tial, inside minus outside.

one holding potential, and then with pulses that always took the membrane
potential to 0 mV but returned it to different values of V. The precise
form of the relation between 7 and potential will be considered later, and
it need only be noted here that the maximum was usually reached in the
neighbourhood of —30 mV, and that 7, fell steadily as the potential was
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GATING CURRENT IN SQUID AXON 409

driven to increasingly positive levels. One respect in which the behaviour
of the system did not conform with that predicted for the simplest type of
model was that there was a tendency for 7., to be nearly twice as great
for the largest pulses as it was for the smallest ones (see Tables 3 and 6);
and when the duration of a pulse of constant amplitude was varied, 7.,
steadily increased with pulse length. This dependence of 7, on the pre-
vious history of the membrane potential was not investigated in any
detail in the present series of experiments, but is an important point for
further exploration in the future.

2000 ~
1500 |- e
s
,. =
g 1000 |- «
- ':
-
Ll ]
]
500 — L] - *
. ®
™ =
0 1 1 ; 1 1
0 500 1000 1500 2000
pC

Fig. 8. The balance of charge displacement at the beginning and end of the
pulses. Data from Table 3, plotting @, against Q.. The least-squares
regression line had a slope of 0-976 + 0-050 (s.E.).

If the exponentially changing components of the asymmetrical mem-
brane current are to be identified with the displacement of charged
particles that are an integral part of the membrane, then the total
transfer of charge in one direction at the beginning of the pulse should be
exactly balanced by the transfer in the other direction at the end. In order
to test this equality, experiments were chosen in which the pulses were
long enough for the steady leakage current Al to be estimated reliably,
and after subtracting it, exponentials were fitted to the points from
200 usec onwards. The sizes of the time constants and of the extrapolated
value of the displacement current at zero time, I, were determined. The
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total charge transfer during the pulse was calculated from the integral
Qon = Ipg. on- Ton, and that at the end of the pulse from Quy = Ing. o11- Totss
Qon and @,y were then plotted against one another as shown in Fig. 8,
and the slope of the line fitted by the method of least squares was found
not to be significantly different from unity. One source of uncertainty in
thus comparing @Qon and @, was the rather large correction to Iy, ., that
sometimes had to be made for AL;,. However, later experiments in which
AI, was greatly reduced by bathing the axon in a Cl-free solution, and in
which the asymmetry in the charge displacement was measured directly
from single sweep records without recourse to the signal averager, con-
firmed the equality of Qon and Q. It could also be objected that the

1

;I
=] ¥
0-01LL 1 1 1 I
—100 50 0 50 100

myY

Fig. 9. Saturation of the charge displacement on application of sufficiently
large voltage-clamp pulses. Ordinate: @,,/@...., logarithmic scale. Abscissa:
membrane potential during the depolarizing pulse. The records for the
restoration of the charge at the end of the pulse were indistinguishable for
140, 160 and 180 mV pulses, and their area corresponded to a displacement
of 2440 e[um?. Axon perfused with 50 mM-CsF and bathed in Na- and
K-free isethionate saline containing 300 nm tetrodotoxin. Holding potential
— 103 mV. Temperature 6° C. The same data replotted as in Fig. 15 gave
a slope of 18 mV for an e-fold change. From a later series of experiments
conducted with the help of Dr B. Rudy, whose results are not included in
Tables 3 and 5.
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charge transfer calculated by extrapolation to zero time was sometimes as
much as 309, greater than that obtained from the total area of the records;
but this generally applied both to Qon and to @, and so had a lesser effect
on the balance between them. In any case, measurement of the charge
transfer by planimetry in these experiments still revealed no systematic
difference between @Qon and Q.

Another criterion that has to be satisfied is that the charge displacement
should reach a definite limit when large enough pulses are applied to the
membrane. In the present series of experiments we did not make many
observations with pulses greater than 120 mV, and although, as may be
seen in Table 5, @y was generally raised to within 59, of the saturation
level, the existence of a final plateau was not satisfactorily established.
This point was taken up again later, and Fig. 9 shows the result of applying
pulses up to 180 mV in amplitude to the membrane. The values of @, only
are plotted here, because when such large pulses were employed the leakage
current Al;, was embarrassingly large compared with the displacement
current, and tended to lose its time-independence. Although @on thenbecame
difficult to measure with certainty, there was no good reason to doubt that
it did not remain equal to Q. This and several similar experiments there-
fore furnished an adequate demonstration that above about 140 mV there
was no further asymmetrical transfer of charge, so that saturation of the
system of mobile charges with which we are concerned had indeed been
achieved.

The displacement of membrane charges in intact axons

Cole & Moore (1960) demonstrated that at 20° C hyperpolarization of
the membrane to — 110 mV before applying a voltage-clamp pulse delays
the activation of the K system by some 300 usec. As we have verified in
unpublished experiments, the delay is even greater when the external
calcium concentration is raised (Frankenhaeuser & Hodgkin, 1957). This
effect can usefully be exploited to measure the displacement currents in
intact axons without prior perfusion to block the potassium channels, by
recording Iy ., during the interval before any appreciable potassium
current starts to pass across the membrane. The employment of intact
axons has several advantages in addition to being an easier technique.
Thus the peak Na conductaunce is generally greater (see Table 2) and
the survival time of the axon is prolonged. Moreover, undesirable effects
of intracellular perfusion like the partial abolition of Na inactivation
described by Chandler & Meves (1970b) are avoided, together with the
shifts of the curves relating the voltage-dependent parameters to membrane
potential brought about by a reduction in internal ionic strength (Chandler,
Hodgkin & Meves, 1965). Apart from differences related to these shifts
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(see p. 419), the results obtained from intact axons were very similar to
those for perfused axons, as may be judged from Table 3. This disposes
of the possibility that the displacement current is merely an artifact

resulting from replacement of the axoplasm with unphysiological solu-
tions.
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Fig. 10. Variation in charge displacement with pulse duration. Intact axon
from L. vulgaris in Na- and K-free saline with 300 nM tetrodotoxin. Résting
membrane potential — 55 mV ; holding potential — 100 mV. Pulse amplitude
110 mV throughout, pulse duration 100-600 usec, 50 usec blanking. Axon
diameter 625 um. Temperature 8-5° C. Vertical calibration bar 8-35 yA.
Horizontal bar 1000 usec.
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Having established that there is an exact balance between the displace-
ment of charge at the start of the pulse and at its termination, we can
determine 7on from measurements of the integrated transfer of charge on
repolarization, @, after pulses of varying duration, without having to
estimate Al},. Figs. 10 and 11 illustrate the results of an experiment of this
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[ J
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1 —
90 mV
] M |
80 mV
1 A |
70 mV
1 1
60 mV
1 J
05 1
Time (msec)

Fig. 11. Charge displacement plotted as a function of pulse duration for the
pulse size shown against each curve. @, was calculated for each duration
in sets of records like that shown in Fig. 10. For other experimental details

see legend to Fig. 10.
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kind on an intact axon. For each pulse amplitude, several records were
made with pulse durations increasing in steps from 100 to 800 usec, a
typical set being shown in Fig. 10, @,,, was calculated as before for each
record, and the values were plotted against pulse length as in Fig. 11. The
time constants of the exponentials that gave the best fit for each set of
values agreed well with measurements of 7,5 for the longest pulse in each
group of records.

Measurement of displacement current before treatment
with tetrodotoxin

It could be objected that the displacement current measured in this
fashion was an artifact arising in some way from the blocking of the Na
channels with tetrodotoxin or saxitoxin. This proposition was examined
by measuring the asymmetrical membrane currents in an axon perfused
with low ionic strength CsF solution before and after treatment with
saxitoxin. In order to obtain the records in Fig. 12, 90 mV pulses of varying
duration were applied to an axon perfused internally with low ionic
strength CsI' solution and bathed externally in Na- and K-free ASW.
300 nMm saxitoxin was then added to the external solution, and 10 min later
the displacement current records shown in Fig. 13 were made, with the
pulse duration now kept constant at 800 usec and the pulse size varied
between 50 and 130 mV. It is seen that in both sets of records there was
the usual surge of inward current on repolarization, the two traces for
pulses of the same size and duration, d in Fig. 12 and ¢ in Fig. 13, having
Tore's Oof 156 and 136 usec respectively, and amplitudes differing by not
more than 20 9,. Until the Na channels had been blocked, however, there
was clearly an additional source of outward current during the pulse,
whose approximate time course is indicated in Fig. 12(e). This and its
size (see Chandler & Meves, 1965) are consistent with the idea that it arose
from an outward passage of caesium ions through the Na channels. It
inevitably obscured the displacement current flowing at the same time,
but analysis of the size of the inward ‘tails’ of current seen in Fig. 12
when the pulse duration was changed, using the procedure discussed on
p. 414, yielded an estimate for 7o, of 320 usec, which compares reasonably
well with the figure of 290 usec observed for a pulse of the same size after
applying saxitoxin (Fig. 13¢). Hence the only obvious effect of the saxi-
toxin was to abolish the outward caesium current, and there is no reason
to suppose that the displacement currents were affected in any way.

Effect of temperature

If the exponentially declining components of the asymmetrical mem-
brane current do indeed arise from the displacement of charged particles
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that are an integral part of the membrane, a change in temperature would
be expected to alter the time constants Ton and 7., but not the total
transfer of charge Qon and @, since there is no obvious reason why the
total number of particles should be temperature-dependent. In order to
test this point, systematic observations of the effect of temperature were
made on five axons, and the results were more or less in accordance with

¥
b d" .. PSSt e d : :
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4

Fig. 12. Asymmetrical displacement currents recorded in Na- and K-free
saline before treatment with saxitoxin to block the Na channels. Axon
perfused with 55 mm-CsF. Resting membrane potential — 58 mV. Holding
potential ~90 mV. Pulse size 90 mV throughout, duration 200-800 usec,
50 usec blanking. Temperature 8-5° C. Vertical calibration bars 140 xA [em?2.
Horizontal bars 1000 usec. Experiment 9-J-1. e indicates the approximate
time course of the difference between record d in this Figure and c in Fig. 13.
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Fig. 13. Asymmetrical displacement currents recorded in axon of Fig. 12,
10 min after adding 300 nM saxitoxin to the external medium. For this set
of records the pulse duration was kept fixed at 800 usec, and its size was
varied between 50 mV in @ and 130 mV in e. Temperature 7-3° C. Vertical
calibration bar 140 gA cm?. o

expectation. The records reproduced in Fig. 14 illustrate clearly the
marked increase in the time constants when the temperature was lowered,
and the results summarized in Table 4 show that the @,, for 7, ranged
from 1-7 to 3-2, with an average value of 2-5+ 0-3. It turned out that
AIL, increased appreciably on warming, making the values of 7oy and Qon
hard to measure reliably at the higher temperature. Table 4 therefore
contains only data for the displacement current during repolarization.
Within the accuracy of the measurements, @, did not change significantly
with temperature.

Dependence on potential of total charge displaced

An example of the saturation of charge displacement at increasingly
positive membrane potentials has already been given in Fig. 9. The steep-
ness and position of the lower part of the curve relating the total charge
displaced to absolute membrane potential were characteristics of the
system that it was important to investigate, and measurements of the
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dependence of @Qon and @, on pulse size were made for most of the axons,
giving the results listed in Table 5. The charge displacement @y for de-
polarization to a potential V was calculated, generally as } (Qon + @), and

18°C 72°C
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Fig. 14. The effect of temperature on charge displacement. Axon perfused
with 55 mM-CsF. Holding potential — 90 mV, pulse size 90 mV for a and c,
120 mV for b and d. Pulse duration 1000 usec throughout. Left hand records
made at 18° C, right hand at 7-2° C. From recordings with faster sweeps,
T,y Was estimated as 108 or 109 usec at 18° C, and 180 or 190 usec at 7-2° C.
Experiment 9-J-1. Vertical calibration bars 4-2 #A, horizontal bars

2500 psec.
normalized by dividing it by its value at saturation, @,,.. The quantity

_Ov/Ouax was then plotted on a logarithmic scale against potential.
1- QV/ Qmax
As explained on p. 427 the slope of the straight line thus obtained yields

an estimate for the effective valency of the charged particles, that is to
say for their actual charge multiplied by the fraction of the electric field
that acts upon them. The potential at which the ratio equals unity is the
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transition potential at which the mobile charges are equally distributed
in the two energy states.

As may be seen in Fig. 15 and Table 5, the slope of the plots was roughly
the same for all the axons, its average value being 19-4 mV for an e-fold
change, which corresponds to an effective valency of —1-3. The negative
sign here is simply a consequence of the definitions adopted in writing
eqn. (3); we have, of course, no way of distinguishing between negative
charges moving inwards on depolarization of the membrane, and positive

10 \'4 A

L L
%0
v
v
v o
°
e 0.1

Fig. 15. The steepness of the steady-state relationship between charge dis-
placement and membrane potential. Ordinate: g/(1 —g) where ¢ is Q/Q,

max?

values from Table 5, logarithmic scale. Abscissa : membrane potential during
the depolarizing voltage-clamp pulse. The lines are drawn by eye to fit the
averages of kT[z’¢ and V¥’ from Table 5 for the individual experiments
grouped thus: (1) 1-J-3 (), 4-J-3 (A), 5-J-1 (O) and 5-J-2 (V); (2) 9-J-1
(@), 10-T-1 (A), 22-J-1 (V) and 24-J-1 (@); (3) 23-J-1 (@).

charges moving outwards. The plots did not, however, all occupy the same
position laterally. For three intact axons and one perfused with high,
ionic strength (275 mm) CsF, the mean transition potential V' was —21-5 +
3-5mV, while for four others perfused with low ionic strength (55 mm)
CsF it was —8-:0+4-9mV. A single axon also perfused with low ionic
strength CsF but with 110 mmM-Ca?* in the external medium instead of
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10 mMm had a transition potential of + 19 mV. Although the variability of
V'’ from one axon to the next was too great for hard and fast conclusions
to be drawn about the size of these lateral shifts of the plots along the
voltage axis, they were satisfactorily consistent with the observations of
Chandler et al. (1965) on the effect of a reduction in internal ionic strength,
and of Frankenhaeuser & Hodgkin (1957) on the effect of external Ca.

L1 1 1 1 1 . | 1 1 1 | 1 ]

—60 40 20 0 20 40 60
mY
Fig. 16. The effect of external Ca concentration on 7. Ordinate: time con-
stant at beginning of pulse. Abscissa: membrane potential during the pulse.
O, first run, in 110 mm-Ca. A, second run, in 10 mmM-Ca. @, third run, in
110 mm-Ca again. Axon perfused with 55 mm-CsF. Temperature 5°C.
Holding potential —70 mV. Experiment 23-J-1. The curve is drawn
according to eqn. (18) with 7, = 500 usec, V' = +5mV, and £T/z'e =
—18 mV.

The action of Ca was further examined in an experiment in which sets of
displacement current records were made for an axon exposed to 110, 10
and again 110 mm-Ca. As may be seen in Fig. 16, the time constant
reached its maximum at a membrane potential between +5 and +10 mV
in 110 mm-Ca, whereas in 10 mM-Ca the peak fell at about —10 mV. Its
absolute magnitude was, however, unaffected by the change in Ca con-
centration. This reversible shift of the curve relating 7on to potential in a
positive direction on raising the external Ca again fits well with the effect
of Ca on the gy, — V relation in Loligo axons (Frankenhaeuser & Hodgkin
1957; R. D. Keynes & E. Rojas, unpublished observations).

In other experiments, records were made with the external pH varied
between 5 and 8. Neither 7o, nor @y was significantly altered, suggesting
that over this pH range the degree of ionization of the charged particles
under observation is constant.

Effect of local anaesthetics

It has been shown by Taylor (1959) that local anaesthetics like procaine
act on the squid giant axon by depressing the Na conductance. It was
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therefore of interest to examine their action on the displacement current.
A 0-19, solution of procaine in ASW at pH 8, which should have reduced
gne by about half (Taylor, 1959), was first tried, but did not seem to have
any marked effect on the displacement current, although subsequent
analysis of the records showed a slight reduction. The concentration of
procaine was therefore raised to 19, at which level the Na conductance
in an intact axon was cut down to one-tenth of its unanaesthetized value,
with excellent recovery afterwards (Fig. 17). The displacement current

A B C

5 mA/em?

'l

1 msec

Fig. 17. Effect of 1 9, procaine on Na and K currents. 4. Membrane currents
recorded in K-free ASW before treatment with procaine. Intact axon. pH
of the external solution adjusted to 8 with Tris-Cl. Temperature 5:5° C.
Voltage-clamp pulses of 40, 60, 80, 100, 120 and 140 mV. B. Membrane
currents recorded in K-free ASW 15min after adding 19, procaine.
External pH kept at 8. Voltage-clamp pulses as in 4. C. Membrane currents
recorded 25 min after removing the procaine. Voltage-clamp pulses asin 4.
Vertical calibration bars 5 mA/em?. Horizontal bars 1 msec. Experiment
16-J-2.

records shown in Fig. 18 were made during the same experiment, and
exhibit a clear reduction in @y when 19, procaine was present, with
recovery which would presumably have gone to completion had more
time been allowed. From the results for this and a similar experiment
given in Table 6, it may be seen that @y was on average reduced to just
under 40 9, of its control value. In the experiment of Figs. 17 and 18 both
Ton and 7, fell appreciably when the axon was treated with procaine, and
declined still further during the recovery period. There was also some
indication of a Ca-like shift in the curve relating 7on to potential. These
effects on the time constant seem consistent with the view (Seeman, 1972)
that anaesthetics increase the fluidity of the lipid matrix of the membrane,
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and indicate that the lipid must normally exercise some constraint on the
ease with which conformational changes can take place in the protein
molecules that constitute the Na channels. We cannot yet say exactly
why the procaine decreases the amplitude of movement of the mobile
charges, but these preliminary observations suggest that a more detailed
investigation of the mechanism of interaction between local anaesthetics
and the gating particles should prove rather profitable.

A B c
70 I >—¥ 70 -~ ¥ 70 ~.. . _*%
e o 1 A~ 7% P
90 ~—¥F 90 "~ ¥ 90 . e ¥
S T e
T n v
—Y . o, - Y
L N
+ - T LT
R _ i R 3
130 - 130 | S 130
: A o
3 | |
«~ o~ ~
e — | S—— —]
0 600 usec 0 600 usec 0 600 usec

Fig. 18. Effect of 19, procaine on charge displacement in axon of Fig. 17.
The external solution was Na- and K-free ASW containing 300 nM tetrodo-
toxin at pH 8 throughout. 4. Initial control. B. 10 min after application
of 19, procaine. C. 10 min after removing procaine. Holding potential
—90 mV for all runs; size of voltage-clamp pulses in mV shown against
each record. Temperature 5:3-5-5°C. Vertical calibration bars 2 yA;
horizontal bars 600 usec. Note that since the axon was intact and not per-
fused with CsF, outward K current became apparent towards the end of the
130 mV pulses. Experiment 16-J-2.

DISCUSSION

An essential criterion for regarding the sharply rising and exponentially
declining components of the asymmetrical membrane current as due to
the displacement of mobile charged particles or dipoles that form an in-
tegral part of the membrane is that the total transfer of charge in one
direction at the start of the pulse should exactly balance that in the oppo-
site direction at the finish. This point has been sufficiently well established
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in Fig. 8 not to require further discussion. Before proceeding further with
an analysis of the other features of our results, it is necesssary to consider
some of the properties to be expected in a simple system of N identical and
independent charged particles which are free to undergo a first-order
transition between two states whose energy levels are determined by the
electric field across the membrane. Suppose that in a steady state the
average number of particles at or close to the inside of the membrane is
N,, and the average number at the outside is N,. Application of Boltz-
mann’s principle leads immediately to

¥ - e [T -], (3)

where 2’ is the effective valency of each particle, i.e. the number of positive
electronic charges that it carries multiplied by the fraction of the total
field across the membrane that acts upon it; e is the absolute value of the
charge on an electron; k is Boltzmann’s constant; 7' is absolute tempera-
ture; V is the membrane potential, inside minus outside; ¥’ is the potential
at which N; = N,. If then p is the fraction of the total particles on the
inside, and 1 —p the fraction on the outside,

" __ M
PomaE, M TP
P _ —2e ., o,
whence T-p = exp[ T (V-v )], | 4)
exp [_k—;,e(V— V')]
or p = (5)

1+exp [_k—;,e(V— V’)]

If at the holding potential Vi, » = p,; and if on depolarization to poten-
tial V the total charge displacement is @y, whose saturation value is Q_,
then writing

Qumax = Ze(N;+1V,), (6)
we have Qv = Qumax (P —10) (7)
and Qw = Qmax (1 —2y). (8)

Putting ¢ = Qy/Q,, it follows that

9 __ P _ Do
1-¢ 1-p 1-p
Hence if Vy is sufficiently large and negative for p, to be negligibly small,
g/(1—g) can be equated with p/(1 —p), and from eqn. (4) a semi-logarithmic

(9)
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plot of ¢/(1 —g) against potential should give a straight line whose slope is
—2'e[kT and which crosses the axisat ¥ = V’. In cases where V; — V' was
less than —45 mV, p, was 0-1 or more, and eqn. (9) had to be applied to
obtain corrected values for p/(1 —p). As has been seen in Fig. 15, the results
gave plausible values for V' and the slope when plotted in this fashion, but

1 (=

Fig. 19. The fraction of total charge transferred, Qy/Q,.,, plotted linearly
as a function of membrane potential V,. Experiment 23-J-1; axon perfused
with low ionie strength CsF solution, in Na- and K-free tetrodotoxin saline
with 110 mm-Ca; temperature 5° C; holding potential — 70 mV throughout.
Q.. estimated as 2400 e/um?. The curve represents the value of

o (5 - o(332)

in rather few of the experiments were enough measurements made for the
applicability of eqn. (4) to be tested at all severely. However, Fig. 19
shows that on the occasion when the most extensive set of values was
obtained for the steady-state distribution of the mobile charges as a
function of membrane potential, they fitted reasonably well with eqn. (5)
when V'’ was taken as +19 mV and k7'[2’e as — 18 mV. This provides some
justification for the assumption made in writing eqn. (3) that when the
charges make the transition from one side of the membrane to the other,
their energy changes linearly with the potential difference.

Accepting that this treatment provides a satisfactory description of the
steady-state properties of the system, its kinetics must next be considered.
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If « is the forward rate constant or the probability of a transition from
outside (‘closed’ condition of gate) to inside (‘open’), and f is the prob-
ability of a transition back again, the differential equation governing the
movement of the charges is

o an,—pm,
o X a(1-p)-p; (10)
writing T
then %t@ = a—f. )

Ifp =pyatt =0, and p = py at ¢ = oo, the solution is
P = ar+(py—oar) et
or P =Pvt+(@—pv) e (12)

The displacement current Iy, is simply Q... .dp/df, so that its time course
is given by

1
Ip = Quax-; @Bv—p0) €™ (13)
Thus from large holding potentials where p, is negligibly small
Iy = Qpay-c.e7tm. (14)

Note that if p, cannot be neglected, there will be a reverse flow of dis-
placement current during the hyperpolarizing pulse with a very short
time constant 7/, and the difference current actually recorded will be

1 1 ,
Iy = Qmax{'; (py —po)etIT— 77+ Po- et } (15)

Now in the steady state, the rates of transition forwards and backwards
must always be equal, so that from (10)

a(l=py) = By, (16)
and from (4) % = lf‘;)v = exp [;—;f (V- V’)]. (17)

For a single energy barrier (Rice, 1967), the rate constants « and g should
vary exponentially with the energy difference, that is to say with mem-
brane potential. Assuming in the first instance that a simple symmetry
applies, eqn. (17) can best be satisfied by writing

a =4 exp [—2——];,2,‘—3(17—17')]
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and B = Aexp [;k‘;,(v— V’)],

where 4 is an unknown function of temperature and perhaps other vari-
ables. The time constant 7 will then follow a symmetrical bell-shaped curve
whose maximum, reached when V = V', will be

1
Tmax = ﬂ.
T = 2 e (18)

Hence -2z

exp [—2-]0—; (V- V')] +exp[% (V- V')]

As may be seen in Figs. 7, 16 and 20, eqn. (18) agreed only tolerably well
with the experimental data for the dependence of 7 on potential, but there
is too much scatter of the individual values for the goodness of fit to be
tested very critically. An important point to decide is whether, as has
been assumed in deriving eqn. (18), the rate constants o and £ are truly
symmetrical functions of V. One way of examining this question is to
calculate from the data in Table 3 the potential at which 744 equals 7,
and hence, knowing the holding potential, to estimate the position of the
midpoint of a symmetrical curve passing through these two points, for
comparison with the transition potential V' determined from the steady-
state distribution of the charges. A difficulty is immediately introduced by
the tendency of 7, to increase with pulse size and duration. Taking only
the values of 7, for the smallest pulses, the estimated mid points agree to
within a few mV with V', but in every case but one are more negative.
If instead the largest values of 7, are used for the calculation, the dis-
crepancy is greater, the mid point being on average displaced 12 mV to
the negative side of V'. It therefore seems that 7 actually decreases more
steeply with ¥ on the positive side of ¥’ than it does on the negative side,
as is confirmed by an inspection of Fig. 20. It is not hard to think of
reasons to explain such behaviour, among them being the probability that
the charged particles encounter more than one energy barrier in making
their transition across the membrane, and that they do not, as has tacitly
been assumed, move independently of one another, but interact in some way.

In Fig. 20 we have assembled all the values of 7 listed in Table 3, and
have normalized them so that they are directly comparable with Hodgkin
& Huxley’s (1952) figures for 7,,. For this purpose we have taken the same
standard temperature (= 6-3° C) and @,, (= 3) as they did, and have
allowed for an 18 mV shift along the voltage axis for the three axons
perfused with 55 mM-CsF, since from the steady-state distribution of
charges they had ¥’ = —4 mV as compared with an average of —21-5 mV

17 PHY 239
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for the four intact axons. Chandler et al. (1965) found a shift of 22 mV in
axons perfused with 50 mmM-KCl. Except at large negative potentials
beyond the normal resting potential, the agreement in magnitude between
our data and the empirical curve (Hodgkin & Huxley, 1952, eqns. (20) and
(21)) describing theirs is remarkably good; and the range where it is not
is in fact that for which they had very few experimental results. Assuming
that the average resting potential of their axons was close to —60 mV,

4 100 |-

—_l 1 1 1 1 1 1 1 1 1 1 1 o I |
—100 80 60 40 20 0 20 40
mV

Fig. 20. Figures for the time constant taken from Table 3 and plotted against
membrane potential after scaling to a standard temperature of 6-3° C and
allowing for the voltage shift due to low internal ionic strength. The @Q,,
was taken as 3. Values of potentials for axons perfused with 55 mM-CsF
were altered by —18 mV. The continuous line is drawn according to
eqn. (18) with 7, = 500 usec, kT'[z’e = 19 mV and V' = —21-5 mV. The
dashed line is the value of 7, at 6-:3° C calculated from Hodgkin & Huxley
(1952, eqns. (20) and (21), resting potential taken as — 62 mV).

there is apparently a discrepancy between the mid point of their curve
relating m,, to potential, which fell at —60+25 = —35 mV, and our tran-
sition potential (V') of —21-5 mV. But in view of the small number of
observations that we made, and some residual uncertainty over the exact
corrections to be applied for junction potentials, the difference may not
be significant. The equality over an appreciable range of potentials be-
tween the time constant of the asymmetrical displacement current and
that of the ‘m’ system, and between the shifts of the curves induced by
low internal ionic strength and high external Ca, seems too good to be
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merely a coincidence, and may be regarded as strong evidence that the
bulk of the mobile charges whose movements we are recording are indeed
the Na gating particles.

If this identification is correct, we have next to consider why the curve
relating peak Na conductance to membrane potential should be so much
steeper than our steady-state distribution curve. The most obvious
explanation would be that a cooperative phenomenon is somehow in-
volved, or following the suggestion of Hodgkin & Huxley (1952), that
several particles have to make the transition before an ionic gate is opened.
To put this argument on a quantitative basis, we shall take the change in
potential that gives rise to an e-fold increase in gy, as just over 6 mV
(see Table 2). This is greater than the 4 mV of Hodgkin & Huxley (1952),
perhaps because we succeeded in compensating more completely for the
Schwann cell series resistance than they did. Subsequent checks of the
slope of the Na conductance curve in which the error from incomplete
compensation was minimized by reducing Iy,, either by working in low
external Na or by partially blocking the Na channels with tetrodotoxin,
confirmed that 6 mV was close to the right value. Since the steady-state
distribution curves for the mobile charges had a mean slope of 19 mV for
an e-fold change, the effective cooperation number was 19/6 = 3. It
again seems unlikely to be a pure coincidence that Hodgkin & Huxley
(1952) found that their data for the kinetics of the Na conductance change
were fitted better by m? than by m2 or m® The most straightforward
interpretation of this result would be that each channel actually incor-
porates three gating particles as part of its structure, but it should not be
forgotten that there may be more subtle ways in which the same degree
of cooperativity might be achieved without invoking a strictly stoicheio-
metric relation between the channels and the mobile charges. Another
reason for wondering whether the cooperative mechanism is quite as
simple as has been supposed is that our measurements suggest that the
time constant for switching off the Na conductance at the end of a
depolarizing voltage-clamp pulse is roughly equal to 7, for the displace-
ment current, instead of being the predicted one-third of it. Thus an
examination of Fig. 1 of Keynes & Rojas (1973) shows that the average
value of 7o, in the four runs was 117+ 10 usec for the displacement
current as compared with 110 + 16 usec for the Na conductance. The
membrane was being repolarized to —100 mV, well beyond the range
covered by Hodgkin & Huxley (1952), so that there is no real experimental
conflict with their observations. Yet another unexplained feature of our
results that may be relevant here is the dependence of 7., on pulse size.
Both these questions have interesting implications for the molecular mech-
anism of the Na conductance change, and deserve further exploration.

17-2
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From Table 5, the average value of the total charge displacement at
saturation, @, ., was 1882 e/[um?2. If at every sodium channel there were
three controlling particles each carrying an effective charge of 1-3 ¢, the total
number of channels would be 1882/3-9 = 483/um?2. This may seem a rather
large figure when compared with recent estimates of the density of tetrodo-
toxin binding sites in small fibres, which are respectively 2-5, 16 and 27/um?
in gar olfactory nerve, lobster leg nerve and rabbit vagus (Colquhoun,
Henderson & Ritchie, 1972). However, it is consistent in order of magnitude
with estimates of the high-affinity specific binding sites in squid axons
based on studies of tetrodotoxin kinetics (Keynes & Rojas 1973; and in
preparation). Taking the Na conductance as‘'120 mmho/cm?, since this
estimate of Hodgkin & Huxley (1952) agrees well with our usual figures
for fresh axons, the conductance of a single channel would be 2-5 pmho.
This is a lower value than that worked out by Hille (1970), but his calcula-
tions were based on the tacit assumption that the density of tetrodotoxin
binding sites observed in small lobster fibres was also valid for their giant
axons. If the evolution of nerves specialized for rapid conduction involves
an increase in the packing of Na channels as well as an increase in fibre
diameter, then the possession of a high density of Na channels might be a
general characteristic of all giant axons.

As might be suspected from a visual estimate of the areas of the records
traced in Fig. 4, the total displacement of mobile charges turns out to be
a respectable fraction of the displacement of charge across the regular
1 uF[em? capacitance of the membrane. The effective capacitance of the
mobile charge system is of course @,,..dp/dV. By differentiating eqn. (5)
and putting ¥V = V’, it can readily be shown that at the steepest point on
the steady-state distribution curve dp/dV = —z'e[4kT. Taking @, as
1882 efum? = 3 x 108 C/em?, and —kT'[z’e as 19 mV, the effective capaci-
tance at the transition potential ¥’ isfound to be 0-4 #F/cm?2. Remembering
that at 6° C the peak time constant for displacement of mobile charge is
about 500 usec, this means that the membrane should behave as though it
has a large frequency and potential-dependent anomalous capacity ex-
hibiting its maximum at a steady membrane potential in the neighbour-
hood of —20 mV and a frequency of 2 ke/s.

An obvious question is whether any of the asymmetrical displacement
current can be attributed to the movements of Na-inactivating ‘h’ par-
ticles or K-inactivating ‘n’ particles. From eqn. (14) the initial current is
seen to be proportional both to the forward rate constant and to the total
charge displacement. The latter might well be much the same for ‘A’ and
‘m’, since the steepness of the &, curve (Hodgkin & Huxley, 1952) suggests
that the extra charge carried by the ‘A’ particles should just about com-
pensate for their smaller number. For ‘n’ there is as yet no way of counting
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the K channels, and it can only be assumed that they are roughly as
numerous as the Na channels. The argument hinges, then, on the esti-
mated sizes of the rate constants. According to Hodgkin & Huxley (1952),
the forward rate constant for the ‘A’ process, fn in their notation, reaches
a plateau value of 1 msec—? for large depolarizations, while «, is around
4 msec~! when the membrane potential is taken to 0 mV. At this potential
the initial value of I, ,, would accordingly be about quarter of Iy, ;. Such
a substantial contribution from ‘%’ has not so far been seen in any of our
experiments, but measurements have not been made under conditions
specifically chosen to unmask I, , if it is present. This is a most important
point for further examination, which may help to establish whether the
concept of the ‘h’ particles as separate entities is correct, or whether
inactivation must rather be regarded as involving a second stage of
interaction of the ‘m’ particles after they have reached their activating
positions and opened the gates. Similarly, no contribution to the displace-
ment current from the ‘n’ particles has yet been identified unequivocally,
perhaps because a, is always appreciably smaller than « . It may also be
that the delayed rise in gz seen at large holding potentials (see p. 411)
means that the value of dn/df at £ = 0 is less than would be calculated
from Hodgkin & Huxley’s (1952) eqn. (7).

Another likely source of asymmetry in the displacement current that
deserves consideration is the electrostriction effect. If there were a com-
pression of the membrane by the electric field, and hence an increase in
its capacity, that was symmetrical about zero membrane potential, then
under the conditions of our measurements the capacity transient for the
hyperpolarizing pulse would be slightly larger than that for the depolar-
izing pulse, and the difference would appear as an inward current. The
electrostriction signal would therefore be in the opposite direction to those
that we actually observe. Even if the electrostriction effect were increased
in size by displacement of the potential for maximum thickness of the
membrane towards a more positive value as in Fig. 8 of Cohen, Hille,
Keynes, Landowne & Rojas (1971) for the fast retardation change, with
which it may possibly be identified, it would still be relatively insignificant
in absolute magnitude. As Cohen ef al. (1971) pointed out, the fractional
change in membrane thickness for a 50 mV pulse is probably of the order
of 0-19%,. The electrostriction effect will not be easy to detect under any
circumstances.
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