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Summary. The K conductance (gi) kinetics were stud-
ied in voltage-clamped frog nodes (Rana ridibunda)
in double-pulse experiments. The Cole-Moore trans-
lation for g —¢ curves associated with different initial
potentials {E) was only observed with a small per-
centage of fibers. The absence of the translation was
found to be caused by the involvement of an ad-
ditional, slow, g, component. This component cannot
be attributed to a multiple-state performance of the
K channel. It can only be accounted for by a separate,
slow K channel, the fast channel being the same as
the n* K channel in R. pipiens.

The slow K channel is characterized by weaker
sensitivity to TEA, smaller density, weaker potential
(E) dependence, and somewhat more negative E range
of activation than the fast K channel. According
to characteristics of the slow K system, three types of
fibers were found. In Type I fibers (most numerous)
the slow K channel behaves as an »* HH channel. In
Type 1I fibers (the second largest group found) the
slow K channel obeys the HH kinetics within a
certain E range only; beyond this range the exponen-
tial decline of the slow g component is preceded by
an E-dependent delay, its kinetics after the delay
being the same as those in TypeI fibers. In Type III
fibers (rare) the slow K channel is lacking, and it is
only in these fibers that the Cole-Moore translation
of the measured gy —t curves can be observed di-
rectly.

The physiological role of the fast and slow K
channel in amphibian nerves is briefly discussed.
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Quantitative descriptions of the K conductance (gy)
kinetics in the node of Ranvier in terms of the
Hodgkin-Huxley (HH) model (Hodgkin & Huxley,
1952) were given by Dodge (1963) and Franken-
haeuser (1963) for two different amphibian species.
Dodge found no marked departure from the HH
formalism in the frog Rana pipiens, while Franken-
haeuser was compelled to conclude that for the toad
Xenopus laevis this formalism “is incomplete and,
strictly considered, it is not correct.”

Recently, in two other cases studied in detail, R.
ridibunda and R. esculenta, it has been established
that the g kinetics behave like those in X. laevis (see
references below). No explanation for this strange
difference between R. pipiens and other amphibian
species has so far been offered. Meanwhile the answer
to the question as to why the g, kinetics in some (and
probably most) amphibian nodes differ from the HH
formalism may lead to a better understanding of the
K channel performance.

Within the HH framework the K channel con-
ductance is controlled by a number (x) of identical
gating subunits, each of which can be only in one of
two states, either closed (n,) or open (n,), the open-~
closed transition obeying the first-order kinetics:

nc‘_bn_no (1)
d
£=an(l—n)—bn~n 2)

where a, and b, are rate constants dependent on the
membrane potential (E) but not on time (¢). Follow-
ing a step change in E from an initial value, E,, to a
final value, E,, the relaxation of a gating subunit
from an equilibrium state at E,, n (E;), to a new
equilibrium state at E,, n(E,), will proceed as

n(8) =1o,(E;) = [, (E) — 1 (E,)] exp(—t/7,) )
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where n_=a,(a,+b,) " and t,=(a,+b,)~". As with
the rate constants a, and b,, the relaxation time 1, is
determined by E, only: at a given test potential E, it
should be the same, whatever the prepulse E; was.
The gate (and the K channel) is open only when all x
subunits are in the state n,. The overall g of a K
channel population can then be described as

gr(t) =g n*(t) 4

where gy is the maximum gy.

The HH formalism for gy kinetics is thus based
on the single first-order variable n, and this fact
allows a ready testing of the validity of this for-
malism. Indeed, Eq. (3) for n can be rewritten as

n(t)=n(E,) [1—exp(—(t—41)/7,)] )

for depolarizing E when E,<E, and

n(E,) <n(E,), with

noo(Ez)

steps,

A= I ) n By ©
and
H(0) = (E;) [1 4+ exp(— -+ A0)z,)] X

for repolarizing E when E,>E, and

n,,(E,)>n,,(E,), with

RCO(EZ)
(B —n(E,)

Thus changing of initial conditions (prepulse E,)
should lead to paralle! shift of the n—t curve and,
consequently, of the gy —1t curve along the t-axis if
the test pulse E, remains constant. Therefore in the
HH formalism the g, kinetics should not depend on
initial conditions, i.e., on the parameters of E,. Hill
and Chen (1972) and Chen (1976) extended the single-
conductance HH model to multiple-conductance mod-
els, k-models. Since k-models are formally the same
as in HH, the Cole-Moore translation should take
place in these models as well.

Cole and Moore (1960) experimentally confirmed
the translation in squid axon membrane. Dodge
(1963) came to the same conclusion with R. pipiens,
and this seems to be, so far, the only known example
of the kind for amphibian myelinated fibers. In X.
laevis both b, (Frankenhaeuser, 1963) and a, (see
Makovsky (1975) for analysis of Frankenhaeuser’s
(1962) data) depend on prepulse duration. The de-
pendence of gi on initial conditions has also been
reported for R. ridibunda in our preliminary publi-
cations (Ilyin etal, 1973, 1974q, b, 1977) and R.
esculenta (Palti, Ganot & Stampfli, 1976; Ganot,
Palti & Stampfli, 1978).

steps,

(8)

At=1,-In
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In this paper we show that in R. ridibunda node
the dependence of g, kinetics on the prepulse ampli-
tude at repolarizations is the result of activation of
two uncoupled g, components, a fast and a slow, and
we present evidence that at depolarizations the com-
ponents obey n* kinetics but with different time and
voltage dependencies of the HH variables. We at-
tribute the slow gy component to a slow K channel
of the HH type, the fast K channel being most
probably the same as in R. pipiens.

Materials and Methods

Preparation

Single large (15-20 pum) fibers were dissected from the sciatic nerve
of the frog R. ridibunda. No effort was made to distinguish,
between motor and sensory fibers.

Experimental technique

The voltage-clamp method used has been described elsewhere
(Lonskii, Ilyin & Maloy, 1972). It had a great deal in common with
that of Nonner (1969), the main distinctions being:

1. Large internodal resistances were achieved with air gaps of
fixed widths.

2. The liquid pool on the recording side was carefully shield-
ed, and the shield was connected to the output of a cathode
follower with a coefficient of amplification 0.998. This made it
possible to reduce the input capacity to about 0.015pF and to
clamp the membrane potential in less than 15 psec to within 1-2%.
Further details can be found in Lonskii et al., 1972.

Solutions

Composition of the solution used (adjusted to pH 7.4) is given in
Table 1. The temperature of the solutions bathing the node was
15-18°C.

Solution 1 was used to check the functional condition of the
node. Solution 2 was used for liquid pools for fiber cut ends on
both sides of the node.

K ion accumulation in the perinodal space during outwardly
directed Iy (Dubois & Bergman, 1975) may lead to an appreciable
difference between time courses of g¢ and Iy (Adam, 1973; Adel-
man, Palti & Senft, 1973). Therefore, all the experiments intended
to measure g, —t curves for subsequent quantitative analysis were
performed in high K solution 4. The further advantages of high K
solution were large and faithful Iy currents associated with re-
polarizing steps (I tails). This fact was of paramount importance
in the present study because the model proposed is mostly based
on evidence obtained from quantitative analysis of I —t curves
measured in various double-pulse repolarization experiments.

Experimental Procedure

Programs of pulses applied to a node are described in the text and
figure legends. Successive runs of a program were spaced at 2 sec.
In between the runs the node was held at resting potential (Ep)
assumed to be —70mV. Prepulse E, was preceded by a holding
potential E, with an amplitude of about —100 mV and a duration
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Table 1. Composition of solution around the node (mm)

Solution KCl NaCl CaCl, Tris C1 TTX TEA
1 25 1255 2.5 50 0 0
2 128 0 0 5.0 0 0
3 25 1255 2.5 5.0 3-100% 0
4 128 0 2.5 5.0 3-100% 0
5 25 1255 2.5 50 3-107% 20
6 128 0 25 50 3-107% 20

TTX: tetrodotoxin; TEA: tetraethylammonium bromide. In so-
lution 2 KF was sometimes used instead of KCL

of 100 msec (see, e.g, inset in Fig. 4). To determine the absolute
membrane potential (E) of a node, the node was destroyed at the
end of experiment by a strong positive pulses and the residual
potential was subtracted from all the pulses of the programs used
in this experiment. E is reported as inside minus outside potential,

Obtaining the net I,

Each program of pulses was repeated twice: first in a working
solution (3 or 4) and then in its counterpart solution (5 or 6,
respectively) containing 20 mm TEA (see Table 1). “The potassium
currents 7 are the net currents obtained after subtraction of the
currents in solutions 5 or 6 from the corresponding currents in
solutions 3 or 4. By this procedure we excluded not only the
currents of capacitative surge and ohmic leak but also the expo-
nentially decaying current (Hille, 19675), unaffected by TTX and
TEA, observed in some fibers.

Analysis of I

The steady-state value of Iy(I ) at repolarizations was measured
at the end of a 100-msec test pulse. An exponential time sweep was
used to show both the fast and slow portions of Iy on the same
record. The photographic records of currents were digitized by an
A/D converter PUOS (Russian index). The net I —t curves were

recalculated into linear time scale and analyzed either graphically

or on a computer by fitting to the observations the modified HH
Eq. (17) with the method of least squares. Minimization of variance
was performed with the method of steepest descent. Special atten-
tion was given to test that a local minimum had not been
mistaken for the absolute minimum being sought (Brent, 1973).

Results and Analysis

We shall first consider the results obtained in the
repolarization experiments because they are impor-

tant for an understanding of the depolarization data.

1. K Currents at Repolarization: Results

In all repolarization experiments the node under
investigation was in high K solution 4. About 400
nodes were examined, and three basic types of I
currents (tails) were identified. Each type is described

181

under separate paragraphs. At present we cannot give
the exact evaluation of the occurrence of each type
because not all the material obtained was treated
quantitatively and many I, tails were classified by
sight.

1.1. Type I Fibers. Such fibers were the most frequent.
A typical case is presented at the top of Fig. 1: five I
tails associated with five different prepulses E, and a
constant test pulse E, are shown. It is seen that each

0%~ 5 10 5 20 25
Time fmsec)

Fig. 1. The Cole-Moore test for repolarization in a Type I fiber.
Above: I tails associated with E steps to E,=—106 mV from
different E, (downwards from the base-line): —60, —48, —30, —1,
+355 mV. Iy levels, immediately before a step, at these E, values
are indicated by symbols o, o, 0, ©, @, respectively. Duration of
E,, 40 msec. (For other details, see text and inset in Fig. 4.) Note
that the tails are nonparallel. 128 mm K Ringer plus 3-10~% mm
TTX. Leakage current subtracted. Calibration current bar,
5-107° A. Time axis as below. Below: graphical analysis of the I,
tails above. Iy _:Iy value at t= 100 msec. Only the largest (I, —I_)
tail, associated with E, = +55 mV, is fully represented, by way of
illustration, by the undermost dashed-dotted curve continued as
solid curve. The maximum value of this tail (at ¢=0) is normalized
to 1. The other four (Iy —1Iy ) tails are only represented by their
components I, and Iy . Symbols relate to E; values before a step,
as above. Note that Iy —¢ and I —t curves are parallel (within
their families). For values of relaxation times 7y and 7y, see
Table 2 (columns 3 and 6, respectively). Node 371
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tail consists of a fast and a slow portion. In accor-
dance with Egs. (7)-(8), the I, —t curves shift to the
left along the t-axis with more negative E,, but the
shifts are nonparallel.

However, from graphical analysis at the bottom of
Fig. 1 it is clear that each I tail can be divided into a
fast (Iy) and a slow (I, ) component, which do shift
in parallel along the t-axis and are the exponential
functions of time. This means that their associated
relaxation times 7y, and 7y, are independent of the
prepulse amplitude, i.e., the behavior of each com-
ponent is controlled by a first-order variable. In this
experiment there were nine different values of E,.
The relaxation times obtained are collected in Ta-
ble 2 (column 3 for 7 and column 6 for 7y ). For this
node, at E,=—106 mV, 7 was 0.95+0.03 msec and
Tx, Was 1424+0.7msec (mean+sp for n=9). It
should be noted that 7y (as 1y ) is the same regardless
the direction of Iy during prepulse. This means that
Iy, cannot be due to washing out of excess K ions

Table 2. Time constants 1y, 7, and 1 (for a node in Fig 10)
obtained from graphical analysis of tails of potassium currents
associated with repolarizing steps from different conditioning po-
tentials E, to the same test potential E,

1 2 3 4 5 6 7 8

E 1 g Ty TRy TRy Tk TRu Ky
(mV) (msec) (msec) (msec) (msec) (msec) (msec) (msec)

+65 1.05 1.04 22.2 217
+60 0.99
+55 0.96 143
+46 1.05 1.08 20.0 229
+42  0.99
+36 1.03 1.00 238 19.5
+29 0.96 15.0
+23  1.00
+16 1.00 0.90 240 202
+10 102 095 14.8
+4 1.03 1.01 20.7 22.7
+1 1.00
-1 096 14.2
—10 1.04 0.86 19.8 20.1
—-14  1.00
-19 094 1.05 1.03 13.1 22,6 21.6
—26 096 0.90 1.00 22.7 198
—30 0.98 14.9
—35 100 1.00 1.05 20.8 20.3
—40 0.89 13.4
—42 098 1.06 1.04 22.5 20.0
—48 099 097 142
—53 1.00

—-60 1.01 0.96 1.05 1.03 13.5 20.5 20.4
Mean 0.995 095 1.02 1.00 14.2 217 20.8
+sp +£0.015 +£0.03 +£005 +007 +£07 +15 £12

Column 2: node 518; E,: 50 msec duration; E,: —98mV.
Column 3, 6: node 371; E,: 40 msec duration; E,: —106 mV.
Column 4, 7: node 253; E,: 20 msec duration; E,: —100 mV.

Column 5, 8: node 253; E,: 500 msec duration; E,: —100 mV.
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Fig. 2. The relationship 7, — E measured with different prepulses
E,. E values on the abscissa are values of the test potential E,
used; duration of E,, 40 msec. Prepulses E, were:

for E,=—106 mV: —60, —48 —40, -30 —19,
—-10, -1, +10, 429, and +55mV;
for E,=— 80mV: —48, —40, -30, —19,
—-10, -1, +10, +29, and +55mV;
for E,=— 65mV: —30, —19,
—-10, ~—1, +10, +29, and +55mV;
for E,=— 40mV: —19,

—10, =1, =10, +29, and +55mV;

for E,=— 30mV: —1, +10, +29, and +55mV;
for E,=— 19mV: +10, +29, and +55mV;
for E,=— 10mV: +10, +29, and +55mV.

Bars indicate sp from the mean. For tp (—106 mV) sp is too
small to be shown on the scale (0.95+0.03 msec, see Table2,
column 3). The same experiment as in Fig, 1

accumulated in the perinodal space. Moreover, the
high K solution we used to bathe the node ruled out
the possibility of K ion accumulation (see Figs. 6 and
7.

A similar set of pulses was applied to this node
six more times with six other test pulses E,. The
mean relaxation times obtained, with their sD, are
shown in Fig. 2 (rg) and Fig. 3 (ry,). It is seen that
the relaxation times do not depend on E, at any E,.
An increase in sD with E, in Figs.2 and 3 must be
attributed to progressively less accurate measure-
ments of 7, and 7, as E, values increase due to
smaller Iy tails and progressively lesser number of
independent measurements (see legend to Fig. 2).

The other way to change initial conditions is to
vary the prepulse duration. We only used long pre-
pulses E,. Some results are shown in Fig. 4. The
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Fig. 3. The relationship 1y, — E measured with different prepulses
E{. All the details are as in Fig. 2. The experiment is the same as in
Figs. 1 and 2

program of E steps was here analogous to that in
Fig. 1, but prepulses E, were 20 and 500 msec long. It
seen again that [ tails can be resolved into two
components, I and I, which shift along the t-axis
with changing of E, amplitude. The changing of E,
duration results in a parallel shift of I, and practi-
cally no shift of I . This means that I is and I is
not inactivated by long prepulses E, and that nei-
ther 7, nor 1y depend on prepulse duration (see
Figs. 5-7 and Table 2).

Table 2 presents quantitative data illustrating in-
dependence of relaxation times of both components
on prepulse duration. With E; at 20 msec, 1y, was
1.02 +0.05 msec (column 4), and with E; at 500 msec,
it was 1.00+0.07 msec column 5); 7, values were,
respectively, 21.7 +1.5 and 20.8 +1.2 msec (columns 7
and 8) (mean +sp for n=11).

In Fig. 5 the instantaneous amplitudes of Iy, and
Iy, from the above experiment are plotted against
E,. They are presented as gy, and g, since, first,
there being no K ion accumulation under these con-
ditions (see Figs. 6 and 7), the time courses of g, and
I are the same and, second, there is every reason to
believe that Iy is fully activated during E; of 20 msec
duration (see Figs. 2 and 84), and Iy, is fully acti-
vated during E, of 500 msec duration (see Figs. 3 and
8B). From Fig. 5 it can be seen that a long prepulse
reduces g, in this node to 0.2 of its initial value
(Fig. 54) but does not affect gy (Fig. 5B). A slight
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Fig. 4. The Cole-Moore test at repolarizations in a Typel fiber
with prepulses of 20 msec (4) and 500 msec (B). Above: I tails
agsociated with steps from E; (downwards from the base-line):
—60, —42, —19, and +65mV to E,=—100mV. I levels im-
mediately before a step at these E, values are indicated by symbols
0, @, ©, and e, respectively. Inset; the program of stimuli. (For
other details, see text.) 128 mM K Ringer solution plus 3-10~* mm
TTX. Leakage current subtracted. Calibration current bar,
5-107° A. The time axis was as below. Below. graphical analysis
of the Iy tails above. All the details are as in Fig. 1. Note that the
sole effect of a long conditioning prepulse consists of a reduction of
the magnitude of a fast current I, . For values of time constants,
see Table 2, columns 4 and 7 (short E,) and columns 5 and 8§ (long
E;). For relative values of amplitudes of instantaneous currents
Iy, and Iy, on linear scale, see Fig. 54 and B, respectively. Node
253

15 20

increase in gy at large and negative prepulses in
Fig. 5B may certainly be explained by the assump-
tion that it takes longer than 20 msec to fully activate
the slow component g, by negative potentials.
Figures 6 and 7 show another type of inactivation
experiment. Full instantaneous values of I, were
measured here at different test potentials E, (Fig. 6)
and divided into Iy, and I (Fig. 7; the procedure is
described below). E; (67 mV) was at 50 and 500 msec.
Again, during 500 msec Iy did not change while I,
fell to 0.4 of its initial value. Figure 6 shows that Ey
does not change during long polarization by a posi-
tive pulse as large as 67 mV. This means that the
reduction of Iy in the above experiments is really
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Fig. 5. Instantaneous conductances gy {4) and gy, (B) measured at repolarization from values E, given by abscissa to £,= —106 mV (e),
~100mV (o, @), —98 mV (0). (4): g, for: 0, node 371, E, 40 msec (see also Fig. 1); @, node 518, E, 50 msec (see also Fig. 10); o, node 253,
E, 20 msec (see also Fig. 44); e, node 253, E, 500 msec (see also Fig. 4B); (B): g, for: o, node 253, E, 20 msec (see also Fig. 44); o, node
253, E, 500 msec (see also Fig. 4B). The maximum conductances gy, of all three nodes are normalized to 1. All other details as in Fig. 1, 4
and 10. Note that the plot in A reflects the potential dependence of the steady-state conductance gg,. g, .. and in B the plot given by filled
circles reflects the potential dependence of the steady-state conductance gy, g,

I
(10°8A) 43 /o’
d2
14

100

Fig. 6. The absence of K accumulation with isopotassium solution
around the node. Amplitude of instantaneous currents Iy at
repolarization to values E, given as E on the abscissa (for
E<5mV) from E, (= +67 mV) at 50 msec (open circles) and 500
msec (filled circles). The open and filled circles for E>5 mV are for
I, values measured at the end of a depolarizing E, given as E on
the abscissa. (Note that E=E, for EX5mV and E=E, for
E>5 mV). The half-filled circles are for values of the same I tails
at t=100msec, I _, (short E,)

f0%a) -

Fig. 7. Amplitudes of instantaneous currents Iy and Iy at
repolarization from E,= +67 mV to values E, given as E on the
abscissa, (For details of construction, see text.) 128 mM K.ClI Ringer
plus 3-107* mM TTX. Node 508-2. The same experiment as in
Fig. 6
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due to inactivation; furthermore, the reduction of Iy,
occurs with constant E, (Fig. 7).

The overall kinetics of I tails in Type I fibers can
be expressed as

Iy (@) =1y, exp(—t/tg )+ I, exp(—t/tg )+ 9)

where I, and I are Iy and I asin Figs. 1 and 4
at t=0, and Iy_ is, as usual, I at t=100msec. Now
within the range of E, where Iy _ values were neg-
legibly small (see Fig. 6) the corresponding Iy, —E,
and Iy —E, characteristics were straight lines
through E,=Eg =E, =0. But with those E, values
where Iy values were perceptibly large (see Fig. 6)
(and it will be noted that Iy and I fall with
increase in E,) the same linear dependences took
place only for plots (Iy, +Ig, )—E, and Iy, +Ig, )
—E,, Iy, +Ix, =Ig, in Eq.(9). The values of Iy,
and Iy _ at corresponding £, were determined from
Ix,,—E, and I —E, characteristics for this node,
with E,=—100mV (ie., with negligibly small I ),
and E, duration 50 and 500 msec, respectively.

The relaxation times 7y, and 7y, of the com-
ponents Iy, and Iy from the above experiment are
shown in Fig. 84 and B, respectively. One can see
that they do not depend on prepulse duration. One
can also conclude that inactivation of I proceeds
independently of its activation.

The behavior of an i-th component of g, such as
observed in the above experiments can be fully de-

251 A
20 oo
2 15F H 2°O
F;1.0— °
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0 1
-150 -100 -50 0 50 100
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scribed with the use of two functions: gy, (E) and
¢, (E). However, in our experiments the concrete
shapes of these functions markedly varied from fiber
to fiber, especially those relating to the slow com-
ponent gy . Thus the relative value fo gy~ with
respect to the value of gy ranged from 0.2 to 0.8
{being mostly between 0.2 and 0.3). The maximum
values of 7y ~were scattered within the range of 15-
30 msec at 15-18°C. The positions of gy —E curves
on the E-axis and their slopes also varied markedly,
but these slopes were always considerably less steep
than the slopes of gy, —E curves. As for the fast
component g, , the parameters characterizing its acti-
vation varied to a much lesser degree, the main
source of variability being the degree of inactivation
during the action of prepulse, which varied considera-
bly from fiber to fiber (¢f. Figs.54 and 7). This
inactivation corresponds to fast K inactivation de-
scribed by Schwarz and Vogel (1971) in X. laevis.
There is also a slow K inactivation in R. ridibunda
nerves similar to that in X. laevis as described by
Schwarz and Vogel, but we shall not deal with it
here.

1.2. Type 11 fibers. This was the second largest group.
Its distinctive feature is the behavior of the slow
component [y, .

Figure 9 illustrates a typical case. Here E, was
~104mV and E, varied from 52 to —62mV. It can
be seen that I tails associated with E,=-—62 and

25 B
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&¥= [¢]
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-5 -100 -50 0 50 100

E (m\/)

Fig. 8. The relationships 7y, —E (4) and 1, —E (B) measured with prepulses E, of two different durations. The amplitude of E, was
+67 mV; the duration of E; was 50 msec (open circles) and 500 msec (filled circles). The values of E on the abscissa are values of the test

potential E, used. The experiment is the same as in Figs. 6 and 7
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Fig. 9. The Cole-Moore test for repolarization in a Type IT fiber.
E, (in the downward direction) were —62, —42, —32, —3 +8 and
+53mV. E, was —104 mV. The instantaneous amplitude of the
maximum current (associated with a step from E, =453 mV) is
normalized to 1. All the other details are as in Fig. 1. Note that the
Iy tails associated with E; equal to —62 and —42 mV behave as
those in Fig. 1 while the I tails associated with E, equal to — 32,
—3, +8 and +353 mV have a shoulder lengthening with E,. Node
372

—42mV have the fast and slow components of the
same type as in the bottom graphs of Figs.1 and 4.
However, as E; is shifted towards more positive
values there appears a delay in the decay of the slow
component, which increases with E;. The fast com-
ponent (when separated) was in all respects identical
to that in the bottom graphs of Figs.1 and 4 (not
shown); after subtraction of the fast component, the
delay in the decline of the slow component was much
more pronounced (not shown).

It should be noted that after the delay the slow
components declines with the same 1y for all E; as
in Typel fibers. The delay thus appears to be an
additional process, which develops or becomes ap-
parent at larger prepulses E,. The delays are not
observed at less negative test pulses. In this experi-
ment the next to — 104 mV value of E, was —83 mV,
and the components Iy, and Iy of Iy tails associated
with different £, and E,=—83mV were in all re-
spects like those in Figs. 1 and 4. These fibers thus
behave in accordance with the HH formalism only in
a certain range of E; and E,.

1.3. Type I1I fibers. The behavior of these relatively
rare fibers is exemplified in Fig. 10. Iy tails decay
exponentially (the top), and I,—t curves shift in
parallel along the f-axis as prepulse amplitude is
changed (the bottom), in full accordance with Eqgs. (7-
8). For 12 different E, ranged from 60 to —60mV
(here E, was —98mV), tx was 0.995+0.015 msec
(mean +sp, n=12, see column 2 in Table 2). At E, ~
—100 mV the rate of decay of the I tail of this node
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\
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Fig. 10. The Cole-Moore test for repolarization in a Type I1I fiber.
Above: Iy tails associated with steps from E, (downwards from the
base-line): —60, —48, —35, —14, and +60mV to E,=—-98mV,
Iy levels immediately before a step at these E; values are indicated
by symbols e, @, 0, ©, @, respectively. Duration of E;, 50 msec.
Note that the I tails are parallel which is better seen from
graphical analysis below. Below: graphical analysis of the I tails
above. All the details as in Fig. 1. For time constants, see Table 2,
column 2. For relative values of amplitudes of instantancous cur-
rents on the linear scale, see Fig. 54. Node 518

was the same as that of the Iy current in Type I fibers.
The gx -—E relationship here (half-filled circles in
Fig. 54) was also the same as g, — E relationship in
Type I fibres. These facts suggest that I of the node
of Fig.10 1s an uncomplicated Iy, current, ie. in
Type III fibers the slow current I is lacking.

2. K Currents at Repolarization: Analysis

Two exponential decay of gy in Typel (most nu-
merous) fibers and the shapes of the steady-state
values and relaxation times as functions of E for both
components can be accounted for by the assumption
that the node usually comprises two dynamic HH K
channels with different kinetics and E dependency.
The same refers to linearity of instantaneous current-
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voltage characteristics of both components. On the
other hand, the dual exponential decay of g, and
practically all the above features, when considered
separately, may also be accounted for by a three-state
model for the K channel. Such a model was recently
elegantly used by Chiu (1977) to describe Na in-
activation in the frog nerve: an S-shape time course
of recovery from and dual exponential development
of inactivation. In multiple-state models, however, g,
and gy will be coupled and the parameters charac-
terizing them will be interrelated. We shall now show
that the interrelation required by the models is not
observed in experiment.
Let us consider three-state scheme (10)

a az

l== 2523 (10)
nytn,+ny=1

where a; and b; are E-dependent forward and back-
ward rate constants, respectively, and of the three
states only one is conducting. Since on repolarization
the system starts from the conducting state, it is
convenient to take this state to be state 1, that is
gx(t)~n,(t). Scheme (10) is described by two inde-
pendent linear differential equations yielding the fol-
lowing general solution for n,(f)

n()=G,, exp(—k,; )+ G, exp(—k,t)+n, (11)

where k, and k, are reciprocal relaxation times in
every kinetic response obtained as eigenvalues from
the characteristic equation, G,, and G, are ampli-
tude coefficients of the exponential terms defined
from initial conditions and expressed as

(a,+b,—ky)(no—ny ) +b,(nyo—ny,)

G =
11 kz_kl (12)
a;+b —k)(mo—n ) +b(n3q—1s,,
G12=( 1 1 1 ( 1(])C _lk 1( 30 3 ) (13)
17Kz
and
Ny, =biby/layay+a,by,+b,by) (14)

In a repolarization kinetic response all the param-
eters entering Eq.(11) are experimentally measured
quantities: k; ,=1/tg,  or ki , =1/t ;5 Gy =ggs
Gy, =8,,0r vv; ny=gg_(with gx normalized to 1,
which will be assumed throughout the analysis).

The repolarization data obtained for Type I fibers
are characterized by three main features. (i) 7y, and
1y, are independent of E, (Table 2). This is true for
any monomolecular reaction because k, and k, are
only defined by a, and b, which do not depend on E,.
[t is obvious then that independent translation of
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each gy component alone cannot be the basis for
discrimination between one-channel and two-channel
models. The other two features are of greater utility
in this respect. They are: (i) gg,, and gy, do not
depend on E,; that is, the ratio gy, /g, is constant at
all E, values (Fig. 7); (iii) tg, and 7y, depend on E, in
such a way that t —E and 1y —E relationships
when plotted to the same vertical scale (msec) are not
parallel (it follows from Figs. 2-3 or Fig. 84, B).

Consider feature ii. Figure 6 says that gg —0
when E, is in the vicinity of —100 mV. The condition
gk, =0 means that n;  =0. It can be shown (Ma-
kovsky, 1979) that the latter condition imposes con-
straints on a;, b; such that k, and k, obtained from
the characteristic equation and introduced into Egs.
(12)-(13) give either G,, or G,, tending to zero.
Whether this will be the amplitude coefficient of the
fast or slow term in Eq. (11) depends on whether the
first forward transition in scheme (10) is respectively
slow (a, <a,) or fast (a, >a,). Thus with sufficiently
large and negative E,, mono-exponential kinetics
must be observed. This prediction of three-state mod-
el (completely fulfilled for dual-exponential develop-
ment of the Na channel inactivation in frog nerve
(Chiu, 1977)) does not, however, agree with experi-
mental data of Figs. 1 and 4.

Feature iii allows another test of the model. The
data of Fig, 7 were obtained with E; =67 mV, that is
with n,,=1 (see Fig.54) and n;,=0. Again in the
vicinity of —100mV, n,,=0 and n,_ =1. Then in
this E range, one must have

S _Gui_ay(B)—ks(B)
8xuo Glz kl(E)_al(E)

and ¢, —E and 14 —E plots should have then been
parallel; they were not.

Thus the three-state mechanism with one con-
ducting state cannot explain the dual-exponential
decline of gi and, as a consequence, the dependence
of gy kinetics on initial conditions.

In general, an x-state scheme yields (x— 1) expon-
entials. If, again, only the first state is conducting,
then (as gy is taken to be 1)

const, (15)

x—1
gx(t)=n,(t)= Z Gy exp(—k; ) +ny .

In applying this formula to our experimental re-
sults we should assume that either (x —3) amplitudes
are negligibly small or (x —3) values from the set of k;
are much larger than the other two. Besides, with E,
large and positive (when gg_=1) and E, large and
negative (when g =0) all n;,, except n,(=1) will be
0 and so will be all n,, except n. (=1). Then

1003

expressing the ratio gy /gx ~ through rate constants
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a; and b, one must obtain an expression similar to Eq.
(15). We can thus conclude that multiple-state models
with one conducting state are not likely to describe
our experimental results.

The linearity of current-voltage characteristics in
Fig. 6 suggests the possibility of a process with two
conducting states. Let these states, in model (10), be
states 1 and 2. Then

gx(®)=n, () +n,(1)
=(G,{+G,y) exp(—k 1) +(G,, +G,,) exp(—k, 1)
+G,,

where G,, and G,, are amplitude coefficients relating
to state 2. It can be shown (Makovsky, 1979) that the
condition G_ =0 gives b,=0 in Eq.(14), and this
leads to ky ,=a, , or k, ,=a, ,. With E, sufficiently
large and positive and E, sufficiently large and nega-
tive, ny,=0 and ny =1. It can also be shown then
(Makovsky, 1979) that

Ko :M—Mz const.

Zxuo P20 - nyoki(E)—a,(E)

As ny, #0, this ratio is always more than zero and
less than infinity. This means that dual-exponential
decay of g, can be observed even at extreme negative
values E, and at any relative values of conductances
in states I and 2, but the predicted 1y —E and 7o —E
plots (which proves to be parallel again) do not agree
with experiment. Of course, in a model with two
conducting states no less than four states are needed
to account for depolarization delay of gy turn on
kinetics. But we do not believe these models to be
likely either, for the same reasons as discussed above
for multiple-state models with one conducting state.

The failure of multiple-state models to account
for dual-exponential decay of gy in the present ex-
periments is evident. As was noted above, in these
models g, and gg are coupled and the parameters
characterizing them are interrelated. In our experi-
ments, however, no coupling was observed.

3. K Currents at Depolarization: Results

3.1. Typel Fibers. Fig.11 shows I —t curves as-
sociated with depolarizing steps, under the Cole-
Moore conditions, for a fiber belonging to Typel
according to classification given in section 1.1. In this
experiment the node was in high K solution 4. Alto-
gether there were 12 different prepulses E, and the
same test pulse E,. The curves obtained are spaced
0.25msec apart for clarity. It can be seen that, in
accordance with Egs. (5)-(6), the curves shift to the
right along the t-axis with more negative E, but the
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shifts are non-parallel: the more negative is E,, the
more slowly curves rise. I —t curves of this type
were observed with all E, applied (between about
—30+60mV in 25mm KCl and 10+-60mV in
128mm KCl). Similar results have also been reported
by others for R. esculenta (Palti et al., 1976).

It might be assumed (although not easily ex-
plained) that this dependence of I kinetics on initial
conditions is due to E, dependence of the HH time
constant 7,. Had this been so, the Iy —t curves of
Fig. 11 plotted as In(1 — I/*) against ¢ (with I_ taken
to be 1) should have been straight, if not parallel,
lines, if the value of x were properly adjusted (this
follows from Egs. (3)-(4), if Ey=const which was
shown above to be really the case). No such value of
x could be found, which means that I, kinetics in this
case cannot be presented by n* formalism at all. The
same conclusion has also been drawn by Palti et al.
(1976) for anatogous I —t curves with R. esculenta.

3.2. Typell Fibers. On depolarization, I kinetics in
these fibers were practically indistinguishable from
those of Type I fibers. This result is consistent with
the fact that the difference between the two types of
fibers could be detected only with sufficiently nega-
tive test potentials (section 1.2).

3.3. Typelll Fibers. In fibers of this type under the
same experimental conditions as in Fig. 11 Iy —¢
curves shift in parallel; i.c., the Cole-Moore transla-
tion of g is observed directly. Analogous results
were obtained with different E, (23, 42, and 60 mV)
(not shown).

The I, —t curves associated with the same E,
(—98 mV) and various E, (ranged from —60 to
60 mV) could be made to superimpose by double
translation along coordinates logl, and logt (Ma-
kovsky, 1979), which means that in Type III fibers
Ix kinetics can be described by the »n* formalism
(Dodge 1963; Hille 1967a). Figure 12 presents five of
these I curves plotted as In(1—I¢™) against ¢ (from
the same node as in Fig. 10). One can clearly see that
plots are linear with all E, used and with x=4 only.
With smaller x (2) the curves displayed, at small ¢, a
positive curvature and with greater ¢ (5 or 6) a
negative curvature (not shown). The same value of
x=4 was found with all other E, (—60, —40, —20,
50mV) and with different E; (—60, —32mV); that
means x=4 is the correct value of x in Eq. (4).

4. K Currents at Depolarization: Analysis

On depolarization, Iy currents in Type I1I fibers obey
n* kinetics and do not require special treatment. It is
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Fig. 12. I, —1t curves of a Type III fiber associated with E steps
from E, (—98) to 5 E, indicated near the curves plotted as
In(1—1*) against . 0 -~ x=2; @ - x=4. 128mM KCIl Ringer
+3-10~*mm TTX. Node 518

sufficient to note that 7, —E and n—E relationships
were obtained from In(Iy*—I¢*)—t plots (Ma-
kovsky, 1979) and proved to be very near to those in
R. pipiens (Dodge, 1963; Hille, 19674). Again, re-
polarization data indicate that the fast component I,
is invariant with respect to the type of a fiber and it is
not coupled to the slow component Iy . These facts
and the mode of action of TEA (Section 5) suggest
that I, and I are due to separate K channels, a fast
and a slow.

Depolarization data for Type III fibers further
suggest that the fast channel is the familiar n* chan-
nel of R. pipiens. The slow channel, at least in most
fibers, is also of the HH type: repolarization data
show that it is controlled by a single first-order
variable, and its steady-state and kinetic characteris-
tics are like those in HH. In essence, the only un-
known parameter for the slow channel remains the
value of x.

On the basis of these data we attempted to repre-
sent I of Typel fibers in Fig. 11 as the sum of two
HH currents, I, and Iy . If, as above, we take Iy as
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Fig. 11. The Cole-Moore test for
depolarization in a Type I fiber. The I —¢
curves are spaced apart at 0.25 msec for
clarity. E; (running from left to right): —32,
—50, —55, —65, —75, —88, —103, —113,
—120, —132, —146, and —170 mV. E, (10
msec) was + 50 mV. (For other details, see
text.) Note that the Iy —¢ curves are
nonparallel. 128 mm KCl Ringer

+3.10~* mm TTX. Leakage current was
subtracted. Calibration time bar: 1 msec.
Node 146

the fast current, then x; and ratio gy /g, could be

considered known. However, we did not use them.

Instead, we tried to find all the HH parameters with

least squares and compare them to observations.
The model analyzed was as follows.

Iy=Iy +1g,

I, =gk, (E—Eg)
Ty =8, (E—Ex,)
8k, =8k, M
8Ky = By T

As under the conditions we used Eg = Ey = const
(Fig. 7), and the above equations yielded:

gx =8k, T &k (16)

Further obvious assumptions were that at E=50 mV,
n_=ny_=1: they followed from Fig. 54 and B. Eq.
(16) then acquired the form

&) =Ex, [1 —(1—n,_(E,)) exp ('TL)]

ny

1= Epen (- )] )
To estimate a possible position of the absolute
minimum we first fitted Eq. (17) to individual curves
in Fig. 11. The calculated parameters of the curves
behaved with E just as predicted by the HH model:
x; and x; (both 4) as well as gy, and gg, were
constant within a few percent and so practically were
7, and 7, . at least with moderate E,; n,_ and ny_
increased with E, (Table 3). The values found were
then taken as coordinates of the starting pomt of the
descent in the search of the absolute minimum of
variance under the constraint that gy, gk, and t,., 7,
were the same for all 12 curves. The simultaneous
fitting yielded x;=x,;=4; gx =061, gx =0.39; 7,
=0.24 msec, 1, =0.69 msec; n,_ and n;_ depended
then on E, as shown in Fig. 13. With these values the
I —t curves in Fig. 11 were fitted to line thickness.
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Table 3
E; (mV) -32 —50 —55 —65 -75 —88 —103 —-113 —120 —132 —146 —170
Zx, 0.63 0.61 0.61 0.61 0.61 0.61 0.60 0.60 0.61 0.60 0.60 0.60
By 037 039 0.39 0.39 0.39 0.39 0.40 0.40 0.39 0.40 0.40 0.40
ny, 0.48 0.17 0.01 0.07 0.02 0.05 0.03 0.02 0.00 0.00 0.00 0.00
Hy 1.00 0.83 0.81 0.60 0.43 0.31 0.20 0.11 0.08 0.03 0.00 0.00
T, (msec) 0.32 0.26 024 0.23 0.24 0.25 0.25 027 0.33 0.35 0.44 0.45
T, (msec) 0.62 0.62 0.62 0.62 0.64 0.65 0.70 0.73 0.75 0.80 0.81 0.81
rize data relevant to the results of the kinetic analysis
1r presented above.
In Type III fibers TEA failed to affect the gy
| kinetics either at depolarization or repolarization,
and its action, including the dose-effect curve, was the
same as that reported by Hille (1967a,b) for
05 R. pipiens.
Type 1I fibers were not encountered in these
| experiments. In Type I fibers, on repolarization, TEA
did not change 7, and 7 but appreciably increased
the ratio gy /gy . suggesting that the fast component
0F gk, was several times more sensitive to TEA than the
1 1 1 i L 4 1 slow component gy . On depolarization, TEA length-
-200 -400 0 100 ened the rate of rise of [, —¢ curves in these fibers

Fig. 13. n; —E (open circles) and n;_—E (filled circles) relation-
ships obtained from fitting Eq. (18). E values from —170 to
—32mV are the E, values shown in Fig. 11; E=+50mV is E, in
Fig. 11. (For details of computation, see text)

One can easily see that the predictions of the
modified HH model are fully consistent with the data
measurable in direct experiment: the fast component
gk, makes a larger contribution to g, is activated by
a somewhat more positive E range and depends more
strongly on E as compared with the slow component
g, (repolarization data of Fig. 5), and x; has the
correct value of 4. It is therefore very likely that the
slow channel kinetics can also be described as n*.

In the present study initial depolarization con-
ditions were changed by varying the prepulse ampli-
tude. Somewhat more complicated results have been
obtained by Ganot et al. (1978) with varying prepulse
duration. Our unpublished calculations, analogous to
those described above, show that the model proposed
could account for most of their results; furthermore,
x;=xy=4 were found to give the best fit.

5. The Mode of Action of TEA

The detailed report of these experiments will be
published elsewhere, and now we will only summa-

in much the same way reported by Koppenhofer
(1967) for X.laevis. Estimates showed that this
lengthening could be accounted for by smaller con-
tribution of the fast component to the overall I in the
presence of TEA. The data of the pharmacological
analysis are thus in full agreement with those ob-
tained in the kinetic analysis.

Discussion

The results obtained in the present study can be
summarized as follows. In contrast to R. pipiens, in
most R. ridibunda nerve fibers there is an additional,
slow K current component uncoupled to the fast
component n* (termed here n' component). The turn-
ing on of this slow component can also be described
by n* kinetics (and this component is termed n),
although on repolarization its turn-off kinetics some-
times reveal an additional process preceding the
exponential decline. It is this slow component that
brings about the nontranslational behavior of I,.. The
component was attributed to a slow K channel while
the fast K channel appears to be the same as in
R. pipiens. The action of TEA is fully consistent with
this two-K-channel picture, the slow channel being
less sensitive to TEA than the fast channel.
Although differential action of TEA on the fast
and slow K currents provides further strong evidence
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for two different K channels, it would be interesting
to find a representation which could cover the results
obtained within a one-K-channel model.

We tried some models but without success. Be-
sides multiple-state models considered briefly in sec-
tion 2, depolarization data taken separately might be
accounted for by many models. Among them the
most simple are those based on modification of the
original HH model, such as supplementation of the
n* kinetics by some additional process or introduc-
tion of cooperative interaction between the HH n-
subunits. Repolarization data, however, indicate that
these modifications are unlikely condidates. In the
first model we could not obtain constant ratio
x,/ 8K, With different repolarizing test potentials, as
in Fig. 7, and in the second model, according to
calculations of Hill and Chen (1971a), gg “decreases,
typically in a repolarization, following a more or less
first-order curve.”

The ability of the HH formulation to describe
novel results is very impressive, but there are two
points concerning the present experiments in which
the model is inadequate. First, and most important,
the appearance, at extreme initial and final potentials,
of a delay preceding exponential decline of the slow
K current on repolarization, in Type Il fibers in-
dicates that the HH kinetics are only a special case of
some kinetics of a more general type. As depolar-
ization data are not easy to use to reveal and assess
possible kinetic difference between gy and g in
Typel and Typell fibers, we did not attempt to
construct a general model, but we consider it an
important matter. All that we can say now is that a
three-state model for a slow K channel with k, =k,
=k, giving (G, +tG,,) exp(—kt)+n,, as the gener-
al solution to scheme (10), with a delay when ¢ is
small and exponential decay when ¢ is large, does not
account for the observed E-dependence of the delay.
The other point is dependence of 7, and 7, on
extreme initial hyperpolarizing potentials (Table 3).
Its lengthening with more negative E; is not the
result of separate processing of the curves, and it is
not likely that it was due to a damaging effect of
large hyperpolarization. Though this effect may be
considered unimportant for usual experimental si-
tuations, it is interesting because in squid such de-
pendence was not observed (Cole & Moore, 1960). It
would be of interest to check the possibility of wheth-
er such an effect might be produced by some in-
teraction imposed on n-subunits by strong initial
hyperpolarization.

Having postulated that, in general, a K channel
either fast or slow obeys #* formalism, i.e., it displays
the properties of translation and induction, one can
infer, following theoretical analysis of Hill and Chen
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(19714, b), that cooperative interaction either of gat-
ing subunits within a channel or between the chan-
nels cannot be the basis for such kinetics; experimen-
tal data of Sigworth (1979) seem to agree with this
conclusion. Aggregation models, at least simple ones,
are not likely either (Hill & Chen, 19715b). As gy —t
curves cannot be used to distinguish between the
classical HH model (k=0) and k-models of Hill and
Chen (1972; Chen, 1976), both single-conductance
(HH) and multiple-conductance (Hill & Chen) mech-
anisms are possible for fast and slow K channels.

The coupling between the K channels and Na
channels (Mullins, 1968) is strongly excluded because
Hoyt (1971) has shown that the property of trans-
lation (displayed by the K current) and inactivation
(displayed by the Na current) cannot be coupled. For
this same reason the activation and inactivation prop-
ertiecs within the fast K channel observed in the
present work must be uncoupled, too. As to the
difference between the fast and slow K channels it
might be due mostly to different heights of the acti-
vation energies and/or the effective charge of gating
subunits. It can be noted that an EIM channel has
very different relaxation times in different lipid bi-
layers (Bean, 1973).

The role of fast and slow K channels with the
properties we have measured was studied in the
repetitiveness of amphibian sensory fibers . (Ma-
kovsky, 1979). Spike trains were computed on the basis
of the Dodge-HH model (Hille, 1967a) modified to
cover the g component. The results obtained (Kry-
lov & Makovsky, 1978, 1979) show that the K chan-
nels are important for analog-code input-output
transformation of a signal. The fast channels appear
to be mostly responsible for the output frequency as a
logarithmic function of constant current strength
(Bromm & Frankenhaeuser, 1972). The slow channels
ensure spike frequency adaptation (increase in time of
interspike intervals during the action of a maintained
stimulus) and numeric coding (increase in number of
spikes in a discharge with stimulus strength). Spike
frequency adaptation has previously been shown to
be due to a slow K channel in molluscan neurones
(Partridge & Stevens, 1976). Although both types of
aperiodic processes in amphibian sensory fibers ex-
perimentally are well known (Erlanger & Blair, 1938;
Dodge, 1963; Vallbo, 1964a, b; Honerjiger, 1968;
Bergman, 1969; see also literature in Stimpfli &
Hille, 1976), they failed to be described in terms of
the HH model for the node (Dodge, 1963; Franken-
hacuser & Vallbo, 1965). By contrast, consideration
of the slow K channel not only accounts for these
processes as such but also for their variability in
different amphibian fibers (well known by experimen-
tors and studied by Vallbo, 19644), when variability
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in the properties of stow K channels as described in
the present study are taken into account. As the
coding properties of fibers for different senses must
differ, the variability of the density of the slow K
channels must be of physiological value. It is interest-
ing to note that previously the role of the dynamic K
channels has been considered unknown because they
do not practically participate in repolarization of the
excited membrane of the node (Dodge, 1963;
Frankenhaeuser & Huxley, 1964; Khodorov, 1975).

To summarize, we conclude that in R. ridibunda
node the departure of the g, behavior from the HH
kinetics is due to the involvement of a slow K chan-
nel. The same may be true for other amphibia where
the Cole-Moore effect is not observed (Makovsky,
1975; Palti etal, 1976; Ganot etal, 1978). In
R. pipiens both the Cole-Moore and other tests
(Dodge, 1963; Hille, 1967a) give no indication of
such channels. However, here spike frequency adapta-
tion is also observed (Dodge, 1963). A possible source
for this adaptation might be slow Na inactivation
described by Chiu (1977), but clear-cut increase in the
undershoot amplitudes with time makes one suspect
the involvement of a slow K system. If E of this
system would be as large as the resting potential
which amounts to —81 mV (Campbell & Hille, 1976),
then under certain conditions g as small as only
109, of gg, could produce pronounced adaptation.
We feel therefore that it is worthwhile to look for a
slow K system in R. pipiens node under voltage
clamp conditions. Either result might be useful in
interpretation of Iy noise measurements (c¢f. Bege-
nisich & Stevens, 1975; Chen, 1976).
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the work, encouragement, and helpful discussion of the results;
Prof. R. Stampfli for advice and many helpful discussion of some of
the results; Dr. G.N. Mozhaeva and Dr. A.P. Naumov for interest
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