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ABSTRACT A fast (10 usec) voltage-clamp system similar to that used on nerve
axons was applied across the frog skin. An electrical analog is used to obtain the
electrical parameters and to estimate the time (300 usec) required to voltage clamp
the excitable membrane layer in the skin. The speed of the clamp allows observa-
tion of the early development in time of an N-shaped current-potential (I-V)
relation. The isochronal I-V curves constructed from step clamp data show the
beginning of a negative slope in about 250 usec after successively applied step
changes in skin potential (> 200 mv). Subsequently, the negative slope reaches a
quasi-steady state interval (0.4-1.5 msec) and then decays and disappears in the
next 20 msec. The negative slope I-V characteristic is only found in skins which
exhibit spike generation under current clamp.

INTRODUCTION

Electrical excitability in frog skin was discovered by Finkelstein (1961, 1964). In a
subsequent study, Lindemann (1965) indicated that a current-potential (I-V) rela-
tion constructed from step-voltage clamp data had a characteristic N-shape, which
seems to be common to all excitable membranes. This paper describes step voltage-
clamp experiments which measure the kinetic development of the I-V relation. A
separation of the ionic current from the early capacitive transient shortly after an
above-threshold step change in skin potential shows the onset of a negative-resist-
ance process in the skin in about 100 usec. The negative slope I-V characteristic is
found if and only if the skin is capable of spike generation under current clamp.
Because of the many cell layers in frog skin, it has often been difficult to relate
macroscopic measurements to specific structures in the skin. This situation is some-
what improved by recent evidence localizing spike generation to the outermost cell
membranes of the epidermis by micropuncture study (Lindemann and Thorns,
1967) and by a “split” skin preparation in which the calcium-dependent excitable
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process was found to occur at this surface (Fishman and Macey, 1968). Neverthe-
less, spike generation is detected across either the entire skin or the isolated epi-
dermis and it is these preparations which have been voltage clamped.

MATERIALS AND METHODS

Skin Preparation

The abdominal skin from grass frogs! (usually Rana pipiens) of both sexes was used. After
removal from the animal, the skin was placed in Ringer’s solution (115 mm NaCl, 5 mm
KCl, 2 mm CaCl,, 8 mM Tris and 2 g/liter glucose pH = 8.0) for 10-15 min. A “split”
skin preparation (the epidermis with the dermis removed) as described by Fishman and
Macey (1968) was also used. The skin was placed between two Lucite chambers with 1 cm?
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FiGUrRe 1 Schematic diagram of the measurement and control system. See text for de-
scription.

disk of skin exposed to Ringer’s solution on both sides. The solution in contact with the
inside surface of the skin was bubbled with air. The potential difference across the skin
(Fig. 1) was obtained from two calomel electrodes which communicated through 3 M KCI-
agar bridges with Ringer’s-filled polyethylene tubes placed parallel to and against the inside
and ouside surfaces of the skin. The tubes did not block the current path to the skin in the
region of the skin where the potential was being monitored. Two platinized-silver (planar
spiral) electrodes (Cole and Kishimoto, 1962) were placed about 2 cm from the surface of
the skin on each side and used to pass current through the solutions and the skin.

1 Experiments were not confined to a particular species of grass frog since the excitable property
was found in many different species.
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Current Clamp

Rectangular pulses of current were passed through the skin from a Tektronix type 161 pulse
generator (Tektronix, Inc., Beaverton, Ore.) in series with 100 k2. The skin potential re-
sponses were recorded using the skin potential sensing portion of the voltage-clamp system
described below.

Volitage Clamp

A schematic diagram of the complete voltage-clamp system is shown in Fig. 1. The potential
developed at the calomel electrodes (80 kQ resistance) was passed through two identical
impedance converters (unity gain, field effect-transistor input amplifiers— # 1) which pre-
sented a high input resistance (104Q) to the calomel electrodes and a low output impedance
to a difference operational amplifier (# 2, a Zeltex (Zeltex, Inc., Concord, Calif.) 132) also
of unity gain. The potential difference across the skin obtained from the difference amplifier
(# 2) output was observed on a cathode-ray oscilloscope and also compared at the summing
junction (input) of the control amplifier (# 3) with a bc holding potential? and a step com-
mand pulse from the Tektronix type 161 pulse generator. The output of the control amplifier
(% 3, a Zeltex 147) supplied a current through the skin so that the difference between the
sum of the holding and command potentials as compared to the skin potential was negligible
(<0.19). The current through the skin was detected by an operational amplifier (%4, a
Burr Brown 1506, Burr-Brown Research Corp., Tucson, Ariz.). The input to the operational
amplifier was connected to the inside platinized-silver electrode providing a virtual ground at
this point. The current through the skin was collected at this current electrode and provided
an input to the amplifier (# 4). The voltage output of the amplifier (% 4) was thus proportional
to this current. The skin potential and current were recorded on a Tektronix type 564 storage
oscilloscope.

Stability Considerations

There are three essential stability requirements in a voltage-clamp system. The first concerns
the closed-loop stability of the measurement system. The degree of system stability can be
determined from the amount of overshoot in the step response of the system closed around
a substitute preparation (a lumped electrical model of the resting frog skin). As in other
voltage-clamp systems, a lead (high frequency accentuation) network was placed in the loop
(at the summing junction in Fig. 1) and the bandwidth of the control amplifier (% 3) adjusted
so that the closed-loop step response gave an overshoot < 5%, (59 overshoot gives mini-
mum response time and adequate stability, [Cole, 1968, 83]). The rise time (time to clamp
the voltage across the entire skin) of the system in Fig. 1 was measured to be 10 usec with
a skin in the chamber. Most of the rise time limitation resulted from the reduction in loop
bandwidth associated with the stray capacity to ground in the paths from the skin surfaces
to the impedance converters.

The second stability criterion concerns system control of the active property of the prep-
aration. (Cole and Moore, 1960, Appendix D). The clamp system output impedance (in-
cluding the current electrode resistances and solution resistances up to the potential sensing

2 In the experiments described in this paper the holding potential was zero volts. Thus, in the quiescent
voltage-clamp state the current through the skin was the short-circuit current, which has been shown
to be a measure of Na pump activity (Ussing and Zerahn, 1951).
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electrodes) must be smaller than the absolute magnitude of the lowest negative resistance
which the excitable preparation attains when it becomes active. The “quasi-steady state”
negative resistance obtained from voltage-clamp measurements is used as an approximation
for the actual negative resistance in the preparation. The lowest value found in frog skin in
these experiments was —150 Q.cm? The output impedance of the system in Fig. 1 was
measured by introducing a constant current at the outside current electrode and measuring
the resulting perturbation in skin potential. The system output impedance measured in this
manner was < 3 -cm? which is well below the skin negative resistance mentioned above.

Finally, there is a stability requirement which limits uniform potential control over an
excitable preparation to a definite area. To determine the potential distribution experi-
mentally, a three-electrode measurement must be made. Since we could not make this meas-
urement conveniently in our experimental chamber, we use Cole’s (1968, 348) formulation
for a voltage-clamped axon. This analysis is done for a circular flat membrane backed by
one planar-disk current electrode and by another at a distance, 8, on its opposite side. The
radius, @, for the largest possible area of uniform potential distribution is

a-= 3.83/ /‘/rz(gs - gl)/8

where g: (mho/cm?) is the distal current electrode conductance, g; (mho/cm?) is the absolute
magnitude of the membrane negative conductance, and r, (-cm) is the resistivity of the
solution between the membrane and the distal current electrode. Since our arrangement
(Fig. 1) of skin disk and planar-spiral current electrodes is different from the analyzed con-
figuration, the expression for ¢ may not be accurate for our experiments. Nevertheless, we
use it as the best guide available. To compute @, we assume a uniform current distribution
from the current electrodes to the skin surfaces. Then the solution resistance (128 £-cm?)
between each current electrode and the skin can be lumped together with each electrode
resistance (7 Q-cm? to give g, (3.7 X 107® mho/cm?. r; (64 2-cm) then represents the
resistivity of the path from one skin surface to the excitable membrane on the opposite skin
surface. é becomes the skin thickness which is about 0.1 mm and g; is the reciprocal of the
lowest measured negative resistance (150 Q-cm?). Using these values, which were chosen to
give a conservative estimate of the maximum radius, a is 0.89 cm, whereas the actual disk
of skin exposed to experimental solution had a radius of 0.56 cm.

RESULTS
Correlation of Current-Clamp and Voltage-Clamp Data

A few qualitative observations may be made by comparing the current-clamp data
with voltage-clamp data from the same skin. Fig. 2 shows these data for three dif-
ferent skins. Fig. 2 A4 is an inexcitable skin characterized by its slight overshoot po-
tential response. This response was shown by 25 out of 205 skins. The current re-
sponses for this skin under voltage clamp increase monotonically with increasing
voltage-clamp steps. The skin in Fig. 2 B is also inexcitable but the overshoot
responses (41 of 205 skins) are of a different character than those of Fig. 2 4. The
voltage-clamp data show a noticeable clustering of the current responses indicating
a prominent nonlinearity 2.5 msec after steps above 200 mv. Finally, in Fig. 2 C,
we have an excitable skin (141 of 205 skins) with characteristic all-or-none spikes.
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FiGure 2 Comparison of current-clamp data (left) and voltageclamp data (right) in
three frog skins. (4) An inexcitable skin (slight overshoot response). (B) An inexcitable
skin (large overshoot responses). (C) An excitable skin (all-or-none spike responses). In the
currentclamp data, V. denotes the resting potential difference across the skin (outside
surface negative). The rectangular-current pulses result in current flow from the outside skin
surface inward so that the resting skin potential polarity is reversed. The time interval
between successively increasing current pulses is 30 sec. In the voltage-clamp data, the
voltage step for each current response appears at the right in millivolts. The clamp system
holds the skin at zero potential in the quiescent state; then the voltage steps make the out-
side skin surface positive with respect to the inside surface. This is also the case for voltage-
clamp data in subsequent figures in which these steps are called “positive.”

—_—

The significant difference between the voltage-clamp data of Fig. 2 C and Fig. 2 4
or 2 B is the crossing of current response curves for steps above 200 mv. The transi-
tory dipping of the current curves below previous step responses for increasing steps
is indicative of a negative slope current-potential relation during the time interval
in which the crossing occurs. The outstanding single observation of these experiments
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(205 skins) has been that whenever spike generation occurred, it was accompanied
by a crossing of current response curves in the voltage-clamp data. In cases where
the above-threshold potential response was ambiguous (i.e. it was neither clearly
all-or-none nor overshoot) the voltage-clamp data above 200 mv gave either a
slight crossing of the current response curves or responses which were contiguous
during a portion of their time course.

Electrical Parameters

Previous impedance measurements in frog skin (Cole, 1932; Teorell, 1946; Brown
and Kastella, 1965) have been interpreted in terms of the incremental (dV/dl)
equivalent circuit shown in Fig. 3 4. The resistance R’, corresponds to nebulous
conducting paths in the skin which are in series with the lumped parallel resistance-
capacitance of cell membranes. The terminals of this circuit correspond to the loca-
tion of the potential sensing electrodes (at the outside and inside skin surfaces) in
the clamp system. If this circuit is assumed to be passive, linear, and time-invariant,

0 50 100 150 200 250 300 350 400

FIGURE 3 (A4) Linear, time-invariant, equivalent circuit for the frog skin (subthreshold
behavior) based upon previous impedance measurements. (8) The X’s are points on a de-
caying exponential curve which is the current response, 1, , of the circuit in (4) to an applied
step voltage, V. . The filled circles are points on the actual current response of frog skin for
a positive subthreshold voltageclamp step of 50 mv. The capacitive current, I¢,, , is not
over and the ionic current, Ig,, , does not reach steady state until 300 usec after the applica-
tion of the step. This is the time required to achieve a voltage clamp of the element R,, .
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the current through the circuit in response to an applied step of potential from a
voltage source (Fig. 3 B) is

Vs R”&
i,(t) = R LR I:l + R &Xp (—t/r)],

38

where

R'.R,
T = 5
R, + R,

m e

Intuitively, for the first instant after the step, a current V,/R’, flows through R’ into
the capacitor supplying it with charge which raises its potential. As the capacitor
becomes charged toward the potential [R,/(R’s + R.)]V,, its current ic,, decreases
while the current flow i, through the path R’, and R, increases. Eventually the
current flow in the circuit is through R’; and R, , and is given by V,/(R’; + Rn).
Note that the parameters R’; and R,, can be obtained from the initial V,/R’; and
long term V,/(R’; + R,,) current values in response to the step. The time constant
7, from which C, can be determined, is obtained from the current response curve
(decay of current through the capacitor).

Fig. 3 B shows the skin response for a subthreshold 50 mv step change in skin
potential. The response resembles that based upon the equivalent circuit and com-
pares very well with the superposed exponential decay. The computed values of
R’; and R,, for this skin are 58 @-cm? and 192 @-cm?. The time constant r associated
with the decay is 60 usec. In ten other skins R’, ranged from 40-80 Q-cm?; R, ,
150-1250 @-cm?; 7, 50-120 usec; and C,., 1.3-5 pF/cm? In split skins, R’; and the
other parameters were not significantly different from intact skins. Note that the
capacitive transient, which obscures direct observation of the ionic current shortly
after the step is applied, cannot be reduced to less than the time constant
(R';R./R's + R,)C, (neglecting the source resistance of the clamp system output,
which includes the current electrode resistances and the solution resistances up to
the potential sensing electrodes). The capacitance C,, thus charges as though driven
from a source resistance of R,, in parallel with R’, . Unfortunately, the value of R,
for the skin is sizeable (about 50 @-cm?). Consequently, although the system clamps
the potential difference across the skin (between the terminals of the circuit of
Fig. 3 A) rapidly (10 usec), the potential across the parallel combination or R,, and
C.. is not clamped until 300 usec after the subthreshold step (Fig. 3 B). It is at this
time after the subthreshold step that the capacitor’s voltage is constant and the
ionic current through R,, reaches steady state. An early observation (10-300 usec)
of ionic current under voltage clamp in frog skin is therefore hindered by the long
(300 usec) capacitive transient due to the large skin R’,, and by the fact that the
excitable membrane, as represented by R, , is not potential clamped during this
capacitive transient.
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Composite Step Voltage-Clamp Data

A detailed picture of the voltage-clamp data for an excitable skin (intact) is pre-
sented in Fig. 4. (Split skin gives similar data.) Part 4 of the figure shows the early
character of the current responses after the applied steps (1.6 msec duration). Part
B shows the data for long-term (42 msec duration) clamp steps. To display the time
development of the negative slope, a family of I-V curves was obtained from the
clamp data of Fig. 4. For a particular time after each step, the skin current I, was
plotted vs. the clamped-skin potential V.. Fig. 5 shows these isochronal I-V curves
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FIGURE 4 A composite set of current response curves for successive positive voltage-clamp
steps across the same skin. (4) Short term (1.7 msec duration) clamp steps. (B) long term
(42 msec duration) clamp steps. The time interval between successive clamp steps in both
A and B is 15 sec. The magnitude of each clamp step appears at the right in millivolts.
L. is the skin short-circuit current obtained when the skin potential is clamped at zero in
the quiescent state.

For negative polarity clamp steps the current responses are similar but of opposite
polarity, i.e., transepithelial current is directed from the inside toward the outside surface.
However, the crossing of the curves occurs much less frequently corresponding to the
observation that negative polarity spikes in frog skin under current clamp occur less often
than positive spikes (Finkelstein, 1964).
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FiGure 5 Isochronal I-V curves. These curves are produced from the voltage-clamp data
of Fig. 4. The current value is plotted vs. each voltage-clamp step at constant time after
the application of the clamp steps. Each curve is constructed from 10 data points.

with time as a parameter. Fig. 6 is a plot of the maximum negative resistance as
represented by the reciprocal of the negative slope of the isochronal curves with
time. The negative resistance apparently develops about 250 usec after an above
threshold step (> 200 mv), reaches a ‘“quasi-steady state’’ rapidly (0.4 — 1.5
msec), moves slowly from this state for about 10 msec, and then disappears in the
next 10 msec. Variation in the onset of the negative resistance process in 10 skins
ranged from 100-360 usec (mean + s = 256 o 26 usec). The quasi-negative
resistance in 6 skins ranged from —150 to —430 Q-cm? (mean = SE = 289 + 46
Q-cm?).

The isochronal I-V curves in Fig. 5 for 100, 150, and 200 usec are in error since
the capacitive component of current was not subtracted from the clamp data for
these times. In addition, as mentioned previously, the excitable membrane is not
clamped in this time interval. Furthermore, although the isochronal curves are a
convenient way of presenting voltage-clamp data, they are merely an expression of
these data collected arbitrarily (at constant time) after a succession of different
potential steps. It is important, therefore, to realize that even though these curves
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FiGURe 6 The time development of negative resistance under voltage-clamp conditions.
The negative resistance at each time is obtained from the reciprocal of the maximum nega-
tive slope of the isochronal I-V curves of Fig. 5.
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Ficure 7 The early ionic current responses for successively increasing voltage-clamp
steps (the quiescent DC current at zero clamp has been removed). The capacitive transient
has been removed by the procedure described in the text. The dashed lines indicate un-
certainty in this procedure. The step values refer to the change in potential across the entire
skin.



show the development of a quasi-steady state negative resistance, it would be co-
incidental if this negative resistance and the negative resistance during current clamp
excitation were the same.

Another set of voltage-clamp curves were corrected for the capacitive transient
assuming that it remains constant with changes in skin potential (Teorell, 1949).
The capacitance was determined from a subthreshold step as described previously.
The ionic current curves are presented in Fig. 7. Although there is uncertainty in
the graphical procedure for removing the capacitive transient up to 50 usec after
the step, the essential features of the isochronal I-V curves of Fig. 5 remain un-
changed. -

Compensated Feedback

Voltage clamp experiments were also performed using the compensated feedback
scheme described by Hodgkin, Huxley, and Katz (1952). The use of an additional
feedback loop in the voltage-clamp system allows reduction of R’, (Fig. 3 4) to zero.
Thus the early ionic current can be observed since the capacitive transient and time
required to clamp the skin are also reduced when R’, is eliminated. However, with
the added compensated-feedback loop, system stability problems can occur from
overcompensation for R’,. Therefore, the magnitude of R’, was determined from a
subthreshold step measurement (uncompensated) and this parameter was used in
the compensation scheme. The capacitive transient and clamping speed were thus
reduced to 50 usec with compensated feedback. The ionic current responses re-
sembled those obtained graphically (Fig. 7) except for the superposed initial ca-
pacitive spikes which were over after the first 50 usec.

DISCUSSION

Spike generation in frog skin under current-clamp conditions was interpreted by
Finkelstein (1964) to be the result of a threshold time-variation in the resistance
state of the skin. We have found under step voltage clamp that frog skin has an
N-shaped I-V characteristic only if all-or-none voltage transitions can be ellicited
under current clamp. A time-varying resistance may display voltage instability but
only under a very specific circumstance, viz., the steady-state I-V relation charac-
terizing the resistance must have a negative slope. Our results thus suggest that
excitability in frog skin is the manifestation of a very specific type of time-varying
resistance i.e., a negative resistance.

A strict definition of the term “negative resistance” requires that the stationary
(V/I) and incremental (dV/dI) relation between current and potential be negative
in the steady state, i.e., the relation between current and potential must have only
a negative slope and can only exist in the second or fourth quadrant of the I-V
plane. Usually electrical devices and excitable biological preparations do not possess
this characteristic. More commonly, there exists a limited negative-slope region in
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the first or third quadrant of the I-V plane. Although the stationary relation be-
tween current and potential in these quadrants is always positive, the slope may be
negative. The device, when biased to operate in the negative-slope region of the I-V
plane, is characterized by a negative “incremental’”’ resistance. For most purposes,
the kinetic behavior is of primary interest and the term “incremental” is assumed.

The isochronal I-V data of Fig. 5 and the negative-resistance development curve
of Fig. 6 show that a quasi-steady state first quadrant negative slope occurs in frog
skin.? Thus the range of phenomena associated with negative-resistance devices is
to be expected. For example, under current-clamp sufficient current must be passed
through the skin to bias it to a point (Fig. 5, 1 msec curve) between the subthreshold
positive-incremental resistance region and the negative resistance region. This point
corresponds to current threshold. Furthermore, the spikes on frog skin range from
200-400 mv. These large spikes occur because the negative resistance makes use of
the biasing source of energy which, in the case of the skin, is the threshold current
passed through it. In the resting state, nerve and muscle are already biased close to
the threshold point by the ionic concentration gradients which exist, and it is the
energy derived from these gradients which yields the spike.

The early clamp data indicate that the negative resistance develops after the ap-
plication of a threshold skin potential. It would therefore appear that the excitable
process develops in response to a sufficiently intense stimulus and that at rest the
skin does not have a negative resistance. Since the negative resistance under voltage
clamp only exists for 20 msec subsequent to applied step changes in skin potential,
it also appears that a process occurs during excitation which results in the tempo-
rary loss of the skin’s negative-resistance property. The time that the skin remains
without this characteristic would thus correspond to the absolute refractory period.
Notice that in the curves of Fig. 5, the low incremental resistance which exists at
high skin potentials appears to move in on the negative-resistance region which
eventually disappears with time. Further characterization of the N-shaped I-V re-
lation in frog skin and its dependence on specific ions will appear in a subsequent

paper.
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