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ABSTRACT  Extracellular resistance in series (R,) with excitable membranes can give rise to significant voltage errors
that distort the current records in voltage-clamped membranes. Electrical methods for measurement of and
compensation for such resistances are described and evaluated. Measurement of R, by the conventional voltage jump in
response to a current step is accurate but the measurement of sine-wave admittance under voltage-clamp conditions is
better, having about a fivefold improvement in resolution (= 0.1 Qcm?) over the conventional method. Conventional
feedback of the membrane current signal to correct the R, error signal leads to instability of the voltage clamp when
approximately two-thirds of the error is corrected. We describe an active electronic bridge circuit that subtracts
membrane capacitance from the total membrane current and allows full, yet stable, compensation for the voltage error
due to ionic currents. Furthermore, this method provides not only fast and accurate control of the membrane potential in
response to a command step, but also fast recovery following an abrupt change in the membrane conductance. Marked
changes in the kinetics and amplitude of ionic currents resulting from full compensation for R; are shown for several

typical potential patterns.

INTRODUCTION

The squid giant axon is sheathed by a layer of Schwann
cells (Geren and Schmitt, 1953, 1954; Villegas and Ville-
gas, 1960; Baker et al., 1962; Villegas, 1969; Adelman et
al., 1977). Membrane currents in the axon traverse the
clefts between the cells and produce a voltage drop across
this resistance in series (R,) with the membrane. This
voltage drop plus others to be described causes the mea-
sured internal potential to deviate from that actually
established across the active membrane. With a voltage
clamp, this voltage error gives rise to changes in the shape
of the ionic current (Taylor et al., 1960); these deviations
preclude the development of a precise description of and
model for the ionic conductance systems. For purposes of
precision measurement of kinetics and distinguishing
between models, it is essential that the R; be fully compen-
sated, and therefore, accurately known.

The major problem with previous methods of compensa-
tion for the R*I voltage error in voltage clamping is that
oscillations begin to appear (or increase in amplitude)
throughout the circuit as the error correcting signal is
increased toward full compensation. In their pioneering
work on the voltage clamp, Hodgkin, Huxley, and Katz
(1952) noted this problem and usually settled for ~60% of
full compensation, a compromise between clamp stability
and the desired full compensation for their observed value
of 7 Qcm®. With their peak sodium currents of ~1 mA/
cm?, this residual uncompensated R, of 2.8 Qcm? gave an
error of ~3 mV maximum. However, for the much larger
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peak sodium currents (5-7 mA/cm?*) seen by Cole and
Moore (1960), such an uncompensated residual R, would
have given an intolerable error of 15-20 mV. Noting the
contributions of electrodes, axoplasm, and bathing solution
to the total R,, they placed microelectrodes just inside and
outside the membrane to monitor its potential difference as
closely as possible (see their Figs. 2 and 20). This put much
of the R within the feedback loop and eliminated its effect.
They measured a residual R, of 2 Qcm? (i.e., mainly
Schwann cell layer) and were able to compensate for at
least two-thirds of this, resulting in a net uncompensated
R, of ~0.5 Qcm?.

Nevertheless, today many investigators of squid axons
employ a potential measurement system similar to that of
Hodgkin, Huxley, and Katz and must deal with a residual
R, similar to theirs (~7 Qcm?) with intact axons. When
axons are internally perfused with solutions of low ionic
strength, considerably larger values of R, are encountered
(e.g., 20 Qcm?, Gillespie and Meves, 1980). To avoid large
R; errors, a number of investigators have reduced the
sodium current by bathing the axon in a low sodium
concentration but this may compromise the signal-to-noise
ratio.

MEASUREMENT OF R,

We have employed two techniques for the measurement of
R,. The first, following Moore and Cole (1963), measures
the voltage jump in response to a current step. The
requirements for precise measurement with this widely
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used method have been carefully analyzed (Moore, J. W.,
unpublished results; Binstock et al., 1975). We found that
each 1-us lag (time constant) in the current reduced the
measured value of the R, by 1 Qcm” Similar lags in the
voltage measuring system gave rise to additional reduc-
tions in the observed value of R,. Therefore we have made
it standard practice to include a known R, with our passive
RC model for the membrane and to test the ability of the
system to measure this resistance accurately. Using the
circuit shown in Fig. 3 in a current clamp mode, our
current step has a time constant of 0.5 us or less and the
membrane voltage monitor has a similar response time.
The value of the R, is determined by adjusting the potenti-
ometer marked RSM to minimize the voltage jump seen at
10 V.. Fig. 1 A shows the patterns (at 10 V) in response to
a current step applied across the model membrane (R,,C,,)
and R, of 2 Qcm’ for RSM settings of 0, 2, and 4 Qcm?. We
can determine the known resistance with a resolution of
1/2 Qcm?, establishing the validity of our R, measurements
on axons, which range from 1.0 to 3.0 and average 2.0
Qcm?. This is in good agreement with the values of 2 Qcm?
reported by Cole and Moore (1960) and of 3.78 + 0.95
Qcm? (total including Schwann cell layer and axoplasm;
2.57 + 0.80 from Schwann cell layer alone) reported by
Salzberg and Bezanilla (1983) who used optical methods.
Recently we have developed a second and more accu-
rate sine-wave admittance technique to measure R, under
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FIGURE 1 Measurement of a known 2 Qcm? R, by: (4) minimizing the
voltage jump across a 2 Qcm? RC model membrane in response to a
current step at various settings of the RSM potentiometer (see Fig. 3) and
by (B) finding the value of the R, measurement (RSM potentiometer) for
which the measured in-phase or conductive admittance, Y,, is frequency
independent. Each tick mark on the abscissa equals 10 us/mark.
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voltage-clamp conditions and, because of its improved
resolution, it should become the method of choice. The
RSM potentiometer dial is adjusted so that the component
of membrane current, I, in phase with the measured
membrane potential, V,, is independent of frequency' over
a wide range. The value of the R, can then be read from the
RSM potentiometer dial.

This method was also tested on the RC model mem-
brane circuit with a 2 Qcm? value for R,. The two orthogo-
nal components of admittance are determined by a com-
puter program from digitized membrane potential and
current data. Fig. 1 B shows that, when the RSC potenti-
ometer value equals that in the model, the conductive
component of admittance, Y, is flat up to 100 kHz. When
there is too little compensation for R;, the in-phase compo-
nent veers up at high frequencies: for overcompensation, it
veers down at high frequencies. With this method, we are
able to measure R, to better than 0.1 Qcm® With a patch
of squid axon membrane in a sucrose gap, we were able to
measure R; to nearly the same resolution.

R, Compensation

Our technique is based on the idea of separating the
capacitive current from the ionic currents and feeding back
only the latter signal to compensate for voltage errors. The
small price we pay is to forego any compensation during
the few microseconds required for the voltage across the
membrane capacitance to be changed to a new value. With
this technique we can achieve not only stable full compen-
sation for ionic currents, but inadvertent overcompensation
does not drive the system into oscillations.

The rationale for this technique can be viewed from two
perspectives. First, using physical intuition, one can see
that full (100%) compensation for the R, means that (for a
command step) the membrane capacitance must be
charged in an infinitesimal time by an infinite current.
This is not physically possible. Not only do practical
amplifiers have limited bandwidth and current output
capabilities, but the delay between the input and output®
means that the compensating signal is delayed relative to
the time at which it is needed. This delay in the feedback
signal (to compensate for the voltage error in charging the
capacitance) is the source of the oscillations in the control
of the membrane voltage. That is to say, some R, with the
membrane capacitance is necessary (and often sufficient)
for stability against oscillations!

The second perspective is to view the circuit by standard
network analysis. For brevity we refer to Sigworth’s (1980)

'In addition to measuring R,, this frequency independence also establishes
the upper bound on the degree to which the space clamp is violated. A
manuscript is in preparation.

*This is especially true for the control amplifier where the delay is
exacerbated by the capacitive load of the membrane on the amplifier’s
output resistance.
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analysis of the general case of a voltage clamp with R,
compensation. He shows that the LaPlace transform of the
membrane potential response is given by

vV - YeaZwVemp
" 14 Yea(TvaZy + TyaR, — Zso)’

8))

where Viyp is the transform of the command potential and
Ycar Zys Tya, and Zgc are the transforms of the responses
of the control amplifier (ideally infinite), membrane, volt-
age measuring circuitry (ideally unity), and series compen-
sation network, respectively.

Because the response, Ty,, of the voltage measuring
circuit falls off at high frequencies, it is necessary for Zgc
to fall off at least as rapidly to ensure that the denominator
of Eq. 1 never vanishes (it is assumed that the clamp with
Zsc = 0 is stable). Sigworth met this criterion for the series
compensation network by feeding back the membrane
current through a low-pass filter. Levis (1971) matched
the frequency response of Zg: and Ty, by building special
wideband amplifiers with internal networks that controlled
the frequency response.

Our compensation method (see Fig. 3) employs opera-
tional amplifiers with network responses T,, T,, and T;
(ideally unity) (@) to measure the membrane potential,
T\Va (b) to form a capacitive current, YT,V,,, that (¢)
then is subtracted from the measured membrane current,
T,l,, to generate a potential, RscT5(T>l, — YT\ Vy), as
the compensation feedback signal to the control amplifier.
After some algebraic manipulation of the equations given
by Sigworth, we obtain the R, compensation transform

Zsc = Rsc T(T;, — Zn Y T)). (2

Since Z, = 1/(sC,, + G,,) and Y is manually set to closely
match the membrane capacitive admittance, sC,, then for
frequencies where the responses are close to ideal, Eq. 2
simplifies to

G

Zsc = Rge ——————.
sc SCsCm+Gm

3)
The subtraction of capacitive current method is thus
analagous to a low-pass filter with time constant C,,/G,,

Notice that when the membrane current flows only
through the membrane capacitance (G,, = 0), there is no
compensation. Also, this filter is active in the sense that its
time constant changes with the membrane conductance.
At high frequencies the nonideal response of T, and T,
invalidate the approximation in Eq. 3. In this domain, the
response of T; is adjusted to fall off rapidly enough to
ensure stability.

The above analysis is limited to the condition when the
membrane conductance is constant. To predict the quality
of voltage control (@) in response to a voltage step under
the conditions of active (high) as well as resting (low)
conductance and (b) in response to a step change in
membrane conductance under the condition of a steady
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FIGURE 2 Calculated response of a voltage clamp of a 0.002 cm? patch
of membrane with full compensation for the 2 Qcm? of R,. In each panel,
the membrane potential is plotted in response to a command potential step
at ¢ = 0 and (at 50 us) to a step change in membrane conductance. The
conductance values chosen were 0.5 and 250 mS/cm? to represent resting
(low) and active (high) conductances, respectively. The vertical scale is
arbitrary because the circuits are linear. The upper panel (4) shows
responses using the subtraction of capacitive current from the R, compen-
sation signal. The lower panel (B) shows the response using a two pole
low-pass filter in the compensation network.

command potential, we have used computer simulations of
the circuit. These simulations include realistic amplifiers®
as well as important stray capacitances. Fig. 2 shows
voltage records for a simple voltage clamp controlling an
RC model membrane with 100% compensation (for an R,
of 2 Qcm?) in response to a voltage step at ¢ = 0O for
membrane conductances of 0.5 and 250 mS/cm, repre-
senting resting and active states, respectively. At 50 us, the
membrane conductance is changed abruptly from one of
these values to the other.

The performance of our method of subtraction of
capacitive currents is shown in Fig. 2 4. For both low and
high conductances, the clamp not only settles quickly and
quietly following a command potential step, but it also
recovers control of the membrane potential very quickly
following a membrane conductance change. The time
constant of the membrane potential control is, of course,
the time constant in the absence of R, compensation and is
almost independent of the membrane conductance.

The response for a double pole low-pass filter used as
the compensation network is shown in Fig. 2 B. The time

3We used the specified gain and two time constants for the model 48
operational amplifier (Analog Devices, Norwood, MA).
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constants of the filter were chosen to be slightly under-
damped.* Although this response is satisfactory for a step
voltage applied to a resting (low conductance) membrane,
it loses control of the voltage for a relatively long time when
the conductance of the membrane is high. If the time
constants are reduced in order to speed the sluggish
response (and reduce the error) to the voltage step for the
high membrane conductance condition, the clamp would
ring (become more underdamped) for a voltage command
step to a resting (low conductance) membrane. If, on the
other hand, the time constants are made large enough, 250
us to produce critical damping for a voltage step applied to
a resting membrane, upon the change to high membrane
conductance, the clamp would stay out of control for an
even longer time.

Active Bridge and Voltage-Clamp Circuits

The method was convenient for us to implement because
we normally use an active (electronic) bridge circuit to
balance out the leakage current and multiple linear compo-
nents of the capacitive currents. In squid axons, the latter
contain not a single, but an infinite series of time constants
(as shown by Cole and Cole, 1942). This infinite series can

47 and 20 ps had the same ratio as chosen by Sigworth but were about
twice as great in order to achieve a stability approaching critical damping
for a resting membrane conductance.

be represented and balanced out reasonably well by sum-
ming of three exponential decays of different time con-
stants and amplitudes. Note that, for stability, only the
main capacitive current needs to be subtracted from the
feedback compensation current because the other capaci-
tances in the equivalent circuit have large effective Rs.

Our voltage-clamp and active bridge circuits are shown
in the schematic diagram (Fig. 3). The controlled voltage,
V., is that across the membrane plus R; in series. The value
of the R, is measured, as noted earlier, by applying a fast
current step at point C and adjusting the potentiometer
marked RSM to minimize the voltage jump as observed at
10 V,. Under this condition, we read the true voltage
across the membrane, V,, under any current patterns
applied at point C, including those under voltage clamp.

A signal, I, proportional to the current density is
obtained by automatically setting’ the feedback resistance
labeled AREA to be proportional to the area from which
the current is measured. We apply the 10 ¥V, signal to the
bridge circuit, which generates, and subtracts from I,

*In our sucrose gap voltage clamp, the capacitive current of the artificial
node is continuously monitored (except for the few milliseconds per
second during which data is taken) with a 15-kHz sine wave applied to
one of the voltage command inputs. A feedback circuit steps the
resistance of a digital-to-analog multiplier (labeled AREA) so that the I,
signal remains proportional to current density in spite of any changes in
the nodal area.
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FIGURE 3 Schematic diagram of voltage-clamp circuit showing methods of measuring and full compensation for the R, with the membrane.
The active bridge circuit (right) develops signals to balance (subtract) the currents through normal 1 uF/cm? capacitance (C,,), the leakage
resistance (G,,), and the nonideal Cole-Cole capacitance with three time constants. The amplifier circuits for 7, and 7, are identical to that for

7, and are not shown.
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FIGURE 4 Test of voltage clamp and active bridge on a passive RC
model. A shows that, without compensation for R,, there is 2.5-us lag of
the voltage across the membrane, V,, behind the control voltage, V.. B
shows that the membrane current density, I, decays with the time
constant of V.

currents proportional to both the ideal and the Cole-Cole
capacitors. This pattern, I, (I, minus the capacitative
currents), is fed back through a compensation pot, RSC,
set at the same value as RSM.® This provides full, yet quiet,
compensation for the R; throughout the time that ionic
currents flow. This signal, I, is then further processed to
subtract the membrane leakage current proportional to G,,.
This condition is achieved by balancing the residual steady
current seen at /, to 0 when a hyperpolarizing voltage pulse
is applied to the membrane.

RESULTS

Performance of Clamp and Active Bridge

Passive Model. In tests of a passive RC model
with an R; of 2 Qcm? the voltage control pattern, V,,
responds to a step command with a rise time of ~1us, as
can be seen in Fig. 4 A. However, the voltage across the
membrane, V,, actually lags behind V, with a time
constant equal to the product of the membrane capacity
and the R, (R,C,, = 2 us). The measured time constant for
V., was slightly greater, 2.5 us, because V, lags slightly
behind the command step as noted above. The membrane’s
capacitive current decays (Fig. 4 B) with the time constant
of V.

Squid Axon. When a squid axon membrane is

voltage clamped, V, and V,, patterns similar to those seen

%The RSM and RSC pots are calibrated directly in ohms per centimeter
squared because our current signals are proportional to the current
density.
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in Fig. 4 are seen. However, the decay of the membrane
capacitive current is quite different. Fig. 5 shows that I,
for a hyperpolarizing step to -180 mV, has not only the
rapid decay of an ideal capacitance (e.g., as in Fig. 4 B),
but also the long slow setting phase of the Cole-Cole
nonideal capacitor, which outlasts the trace shown. With
the active bridge one is able to achieve and, after a 25-us
transient, maintain a good balance (I, in Fig. 5).

This balancing out of the linear capacitance allows the
asymmetric nonlinear capacitance or gating current to be
revealed for each depolarizing pulse, without averaging.

Effect of R, Compensation on Ionic
Currents

Having measured the value of the resistance in series,
RSM, we can observe the deviation of the true membrane
potential, V,,, from the controlled value, V.. Fig. 6 A shows
records from an experiment in which the membrane was
held at —100 mV and pulsed to —25 mV near where the
maximum peak sodium current flowed. The 11-mV peak
error in V,, caused by a 4.3 mA/cm’ peak in the inward
sodium current can be seen in Fig. 6 4 where no compensa-
tion has been introduced for the measured 2.5 Qcm? of R,.
Full compensation for this resistance can be introduced
(see Fig. 6 B where RSC = 2.5 Qcm?) without ringing, and
the membrane potential follows the step command rather
well. For this to occur, V,, the voltage applied to the
membrane and R, together must deviate as shown. In this
case the observed current density is increased by 16% to 5
mA /cm’. Because this method of compensation for R, is so
stable (one can overcompensate by 75 to 100% before
ringing becomes serious), one can set full compensation
with complete confidence that the system will not ring.
Lack of compensation for R, introduces both amplitude
and dynamic distortions in the ionic current measure-
ments, which depend on the membrane conductance, the
ionic equilibrium potentials, and the command levels. Fig.
7 A shows patterns at three levels of depolarization selected

2mA/cm?

FIGURE 5 The membrane current density from a patch of squid axon
membrane, I,,, for a hyperpolarizing voltage step of 80 mV. The output of
the active capacitive subtraction bridge, I, is in excellent balance after 25
ps.
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FIGURE 6 The effect of R, compensation on the control voltage, V., the
membrane voltage, V,,, and the early transient sodium current, I, for a
75-mV depolarization from a holding potential of 100 mV is shown.

to demonstrate this variability. At +70 mV (where the
membrane is depolarized beyond Ey,), the presence of
uncompensated resistance reduces the measured values of
both outward sodium (early transient) and potassium (late
steady) currents. At an intermediate depolarization (below
E\, but in the positive slope conductance region) to +10
mV, the presence of R, also reduces the value observed for
inward sodium currents and the time-to-peak. However, at
a weak depolarization (in the region of negative slope
conductance), the presence of R, increased the peak cur-
rent significantly and slightly changes the time-to-peak.

Compensation for R; is perhaps most important when
one is trying to discriminate between possible models on
the basis of absolute conductances, kinetic patterns, and
changes brought about by weak conditioning depolariza-
tions. For example, when a brief strong depolarization is
terminated near the peak of the inward sodium current, the
slope of the tail current, which follows the repolarization,
changes character in the presence of uncompensated R, as
can be seen in Fig. 7 B.
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DISCUSSION

This paper details the need for careful measurement of and
compensation for the R, with excitable membranes in
which voltage-clamp measurements are made. It describes
a new method of subtracting of capacitive currents from
the total membrane current to achieve full compensation
for the R, while maintaining fast, yet stable, control of the
membrane potential. Independently, Oxford (1981)
arrived at this method and was able to “achieve satisfac-
tory compensation.”

Both this method of subtracting the capacitive current
(from the total membrane current) and the method of
inserting a low-pass filter in the compensation feedback
give similar voltage-clamp responses (at full compensa-
tions) to a command voltage step for a resting membrane.
However, the method of subtraction of capacitive current
gives superior accuracy and speed of control for high as
well as low membrane conductances or changes in conduc-
tance. The changes in the ionic current patterns caused by
uncompensated R,, which we report here, are consistent

RSC=RSM=2.5

+70mV
AmA/emE

/ 10w

-30mV

1 | —t

RSC=RSM=25

-

10mA/cm2 -

FIGURE 7 A shows the effect of R, compensation on the membrane
current density at three levels of potential, B shows kinetic changes in the
sodium current tail with R, compensation.
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with previous observations (e.g., Taylor et al., 1960) and
computer simulations (e.g., Ramon et al., 1975).

Reported Values of R,

The 5 Qcm? difference in the values of R, reported (7 Qcm?
by Hodgkin et al. [1952] and the 2 Qcm? reported here and
by Cole and Moore [1960]) arises from differences in
elements outside the voltage control feedback loop. For
Hodgkin and co-workers, the resistance of the axoplasm
from the axial electrode out to the membrane and part of
the external sea water resistance were (as shown by Cole
and Moore, 1960, Fig. 2) “outside the feedback loop.” Cole
and Moore (1960) having measured the value of these two
elements in series as 3.6 Qcm? (using axial electrodes that
were carefully plated to minimize their surface resis-
tances), put them “inside the feedback loop” and thus
effectively eliminated their contribution. In the sucrose gap
method of voltage clamp (Moore et al., 1964) employed in
the present work, the electrode supplying current to the
inside of the membrane is so large that its resistance is
negligible and the longitudinal resistance through the
axoplasm is ~4 kQ. Again, because they are within the
feedback loop, the resistance of these elements is also in
effect eliminated in our sucrose gap voltage clamp.

Thus the value of 2.0 Qcm? reported for the R, in this
paper and by Cole and Moore (1960) was dominated by
the Schwann cell layer. It is in good agreement with the
optical measurement of 2.6 Qcm? by Salzberg and Bezan-
illa (1983). Other electrical measurements of R, vary from
0.8 Qcm? for the Schwann cell layer (Binstock et al., 1975)
to 20 Qcm?, including axoplasmic resistance (Gillespie and
Meves, 1980).

Problems Resulting from Lack of
Compensation

The necessity for full compensation for R, errors becomes
obvious in experiments that employ the time course of ionic
currents to choose between possible models for conduc-
tance and where the measured value of R, is high (e.g., 20
Qcm?, Gillespie and Meves, 1980). Their statement “we
think that at least 70% of that was compensated” implies a
residual uncompensated resistance of 6 Qcm?. This, with a
normal sodium current of ~5 mA/cm® (e.g., Cole and
Moore, 1960, Hoyt and Adelman, 1970, and Fig. 6 B in
this paper), would cause an error of ~30 mV. Reduction of
the external sodium to one-third the normal concentration
should reduce this error to ~10 mV but this is still
unacceptable for purposes of discrimination between mod-
els. We are unable to understand why their (Gillespie and
Meves, 1980) reported peak sodium currents are 10-fold
smaller than the usual 5 mA/cm? for intact axons in a
normal external sodium concentration.

Questions have been raised about whether or not several
reports of experimental observations at variance with the
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Hodgkin and Huxley (HH) description might be caused by
uncompensated R, with the membrane. For example, Hoyt
and Adelman (1970) reported a shift of the position of the
h.. curve along the voltage axis when the test potential was
changed.

Computer simulations of such voltage-clamp experi-
ments using a patch of HH membrane with a R, have been
carried out. A shift of 4 mV was found for a R, of 7 Qcm?
whereas a resistance of 14 Qcm® gave a 10-mV shift. The
HH membrane gives a maximum sodium current of ~2.5
mA /Qcm?, only about one-half of that shown in Figs. 6 and
7 (and also in Hoyt and Adelman, 1970). Thus the lack of
compensation for R, may well be the cause of at least part
of the observed shift.

“Gating” or asymmetric capacitive currents are small
fractions of the large linear and symmetric capacitive
currents that flow as a result of high rates of change in
membrane potential in response to a command step (or a
rapid conductance change). Such large cutrents flowing
through any uncompensated R, will introduce serious
deviations of V,, from the controlled voltage, V., especially
at early times following the change in command level. Thus
accurate measurement of and compensation for R, is
necessary to achieve accurate gating current measure-
ments.

Other Methods For R, Measurement and
Correction

Hodgkin et al. (1952) estimated R, from the time constant
of the decay in membrane’s capacitative current following
a step change in potential under voltage-clamp control.
This is a reliable method but its resolution is limited by (a)
the nonideality of the membrane capacitance; i.e., the
phase angle is not 90° (Cole and Cole, 1942) and thus the
decay of the capacitive current is not exponential (see Fig.
5), and (b) the asymmetric or gating currents; decays
associated with hyperpolarizing pulses are relatively free of
the extraneous gating current, which flows during a depo-
larizing pulse.

They (Hodgkin et al., 1952) also estimated R, under
current control from the voltage response to a current step,
correcting for the limitations of bandwidth in both the
current step and voltage measurement circuit. Their cor-
rection was obtained by fitting records to an equation
involving the integral of the current. Cole and Lecar
(1975) showed a graphic method of achieving this correc-
tion. Binstock et al. (1975) developed a simplified expres-
sion for the correction of bandwidth limitations by assum-
ing a first-order lag in the current step, but they neglected
any bandwidth limitation on the voltage measuring circuit.
Simulations of realistic circuit responses (Moore, J. W_,
unpublished results) show that for each microsecond lag in
the response of either the current drive or the potentiomet-
ric circuit, a 1 Qcm? error (reduction in the measured value
of R,) is caused.
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Eisenberg et al. (1982) have described how the R, may
be measured by integrating the current response to a
voltage step. They also noticed a great improvement in the
resolution of the R, measurement when using a voltage
clamp rather than a current clamp. With their method it is
also possible to measure the R, for other voltage wave-
forms. With on-line electronic integration, this might be a
powerful and accurate method.

Compensation for R,

As noted earlier, Sigworth (1980) used a low-pass filter
with a sharp two-pole cutoff in the feedback signal to
compensate for R; in his voltage clamp of the node of
Ranvier. Our analysis showed that, although this stabilized
the voltage-clamp response, it introduced a loss of control
at high membrane conductance and for a rapid change of
membrane conductance as shown in Fig. 2 B. The time
taken for the clamp to recover control is related to the time
constants of the filter.

An off-line method for correction of current records at
the data analysis stage has been described by Palti and
Cohen-Aarmon (1982). This method requires many addi-
tional current records from closely spaced voltage steps
about each level for which analysis correction is to be
carried out. Not only is such an experimental protocol
inconvenient, but also the time required to obtain the
records will risk maintenance of stationarity in the biologi-
cal preparation.
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