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SUMMARY

1. A quantitative analysis of the time-dependent component of outward
membrane current in atrial wall trabeculae from Rana catesbeiana and
Rana ridibunda has been carried out using a double sucrose gap technique.

2. Separation of the different components of delayed outward current
was hampered by the sigmoid onset of one of the outward current systems
T2 @nd by the development of potassium ion accumulation which pre-
vented current activation from reaching a steady state at positive mem-
brane potentials. Semilogarithmic analysis of positive current decay tails
recorded immediately following square voltage clamp depolarizations was
therefore used to separate the two membrane conductance components
2400 aNd 7z, and the third component, attributable to potassium ion
accumulation, which was almost invariably present in the tails.

3. It is shown that inaccuracies in this method of semilogarithmic
separation of components caused by visual assessment of the i3 (accumula-
tion) line are minor compared with the large changes in the time constants
of i,,, and more especially of i, , which would result from ignoring the
potassium accumulation component.

4. Such semilogarithmic separation of the three components of outward
current gave separate activation curves for each of the two membrane
conductance components, iz, and iz,

5. Measurement of ‘total’ activation curves in which all components of
outward current were represented could be made more easily and fairly
reliably. The position and shape of these activation curves on the voltage
axis were found to closely resemble those obtained by three component
separation. It is therefore suggested that such a simplified analysis reflects
the properties of the individual currents sufficiently well for it to be of use
in preliminary studies of, for example, drug action.

6. The kinetic properties of the atrial outward currents have been
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investigated over a wide potential range. Because of the presence of potas-
sium ion accumulation, an indirect method of obtaining the average
value of 1/7 for outward current decay at negative potentials had to be
employed.

7. It is shown that some degree of inward-going rectification is asso-
ciated with the outward current systems of frog atrium.

8. The possible reasons for the differences between the analysis pre-
sented here and those presented earlier by us (Brown & Noble, 1969a, b)
and by Ojeda & Rougier (1974) are discussed.

INTRODUCTION

In a previous paper (Brown, Clark & Noble, 1976a) we have presented
evidence for the existence of two outward current systems in the mem-
brane of preparations dissected from the atrial wall of Rana catesbeiana
and Rana ridibunda (i, and i,,,) whose time constants of decay at
negative potentials are relatively short (7., = ca. 300 ms, 7., _ = ca.
1-5 s at about — 40 mV). The subscript z indicates that the currents con-
cerned are probably not carried only by potassium ions. As we have shown,
a third component of membrane current is also present. At comparable
membrane potentials the time constant of decay of this component is very
much slower than those of the outward conductance mechanisms (7,
varies between 5-0 and 18-0 s). We have outlined the reasons for supposing
that this third current is not carried by time-dependent conductance
channels but is due to potassium ions accumulating immediately outside
atrial cell membranes, reasons which will be dealt with fully in the follow-
ing paper (Noble, S. J., 1976).

The third current component (¢y¢cymuation) d€Velops noticeably during
all but very short depolarizing voltage clamp pulses. In the current tails
following sufficiently large and/or long depolarizations it is mixed with one
or both of the other atrial outward currents. Separation of %,ccumulation
from ¢, and i, can only be achieved by semilogarithmic analysis of
positive current decay tails. Such an analysis, while it enables certain
information about the characteristics of the individual activation curves
Ztast(E,,) and zgow(E,,) to be obtained, does not allow the kinetic be-
haviour of 4, and ., to be quantified over a wide range of membrane
potentials. Moreover, it will be shown that the presence of potassium
accumulation introduces additional factors which make it impossible to
define accurately all the voltage-dependent behaviour of the atrial plateau
conductances. In the case of the activation curves, Ztast(E,,) and Zs1ow(E ),
the shape of the relationships at positive membrane potentials is un-
certain and separation of the two fully activated current—voltage relations,
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True(Bm) and iz, (E,), cannot be attempted. (The symbol 7 is that
now generally used to indicate fully activated current, i.e. the current
which crosses the membrane when all the conductance channels are
open, see Noble, 1972). Thus there are obstacles which prevent a complete
Hodgkin-Huxley analysis of these components of delayed rectification in
atrium.

Nevertheless the close resemblance apparently existing between in-
duced atrial and natural sinus pace-maker mechanisms (see Discussion;
also Brown et al. 1976a) has encouraged us to press the analysis of this
system as far as is practically possible. We shall attempt to show that
quantitative information can be obtained that may be used to produce a
simplified account of the outward conductance mechanisms, an account
which is relevant in assessing their physiological role. This approach has
already proved valuable when investigating the mode of action of adrena-
line on the atrial pace-maker system (Brown & Noble, 1974) and it is
hoped that its use may be extended in the future to the study of other
drugs which affect cardiac rhythmicity.

METHODS

Atrial trabeculae having a diameter of approximately 150 gm were dissected from
the endocardial surface of R. catesbeiana and R. ridibunda and investigated using a
double sucrose gap technique. Full details of the method used are given in a pre-
vious paper (Brown et al. 1976a).

, RESULTS
Information from current onsets

Once the atrial pace-maker current, ¢,, had been identified with a com-
ponent of delayed rectification 7, , (see Brown et al. 1976a) we turned to
the determination of the range of potentials over which this current is
activated and of its rate of activation at different potentials. Our first
approach was to observe the rate and amplitude of current onset during a
voltage clamp depolarization. As described previously, analysis of the
current decay tails after a clamp pulse reveals two components of delayed
rectification (i, and ¢,,,.) together with a component of potassium ion
accumulation (i4ccymuation). Analysis of current characteristics from
current onsets in multi-component systems can be made if two conditions
are fulfilled: firstly, current activation must reach a steady state during
the voltage clamp pulse, and secondly, if more than one current com-
ponent is activated, the various onsets must be of known form (most
simply exponential).

On examining the current onsets during voltage clamp pulses, we found,
however, that if the depolarization took the membrane to potentials more
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Fig. 1. Voltage clamp depolarizations of approximately 1-0 s duration given
from a holding potential of —70 mV. Upper trace: the voltage record.
Reading from left to right pulse magnitudes are + 70, +80 and + 90 mV.
Lower trace: the corresponding current records. In all cases there is an
initial inward current (downward deflexion) which, since the experiment
was performed in Ringer + tetrodotoxin (TTX, 2 x 10~-¢g/ml), must represent
the onset and decay of the second inward Ca?+/Na* current. Following
inactivation of this current outward current activation is recorded (upward
deflexion). Its activation pattern appears to be virtually exponential
during the 470 mV pulse but becomes definitely sigmoid during the + 80
and + 90 mV pulses.

Fig. 2. A, voltage clamp records obtained in Ringer + TTX (2 x 10-¢ g/ml).
Upper trace: current onset in response to a voltage clamp depolarization
given from Egz, = —40mV to E,, = 0 mV for 7-0 8. An upward deflexion
represents outward current. Middle trace: positive (outward) current decay
tails recorded after repolarization from E,, = 0 mV to the holding potential
of —40 mV. Depolarization times to E,, were 500 ms, 1-:0s, 1-5s, 2:0s,
3:0s, 4:0s, 5:0s and 7-0 s and these records were superimposed by tracing
from the original pen recordings. Also shown is the onset corresponding to
the 1-0 s depolarization as it was recorded at this higher amplification and
the vertical interrupted lines indicate the repolarization points for the
500 ms and 1-0 s clamp pulses. It will be noted that net outward current
(upward deflexion) is not recorded following such relatively short de-
polarizations for some time (see text). The horizontal interrupted line
gives the steady-state current level at — 40 mV. Note that, following the
7-0 s depolarization, the repolarization tail is much smaller and is beginning
to reverse sign. Lower trace: the corresponding voltage record.

B, the current decay tails shown in Fig. 24 (middle trace) together
with a number of others obtained in the same experiment have been
separated semilogarithmically into two components i,,, and (i, +
Tpccumuiation) - The absolute magnitude of these currents after depolarization
time ¢ is plotted here: crosses represent i,,,, filled circles (i, +
Taccumuiation) . L€ shape of these ‘envelopes of tails’ should reflect the
activation pattern of the plateau currents. Thus ¢,,,, appears to be a sig-
moid function of E,, while 7, _ is an exponential one.

N.B. The decrease in the magnitude of the currents activated at long
times is expected (see text).
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positive than between — 10 and zero mV, the current activated did not
reach a steady state, but continued to increase for as long as the pulse was
applied (Fig. 2.4). This effect can be explained by the potassium accumula-
tion hypothesis as will be shown in another paper (Noble, 1976).
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Fig. 2. For legend see facing page.

Further examination of the current onsets showed that not all of these
were of simple form. Thus in Fig. 1 are shown responses to three depolari-
zing pulses. In each of these the current during the pulses shows an initial
phase consisting of the development and subsequent inactivation of an
inward current. This relatively slow, TTX-insensitive current is the Ca2+/
Nat* or second inward current (Rougier, Vassort, Gargouil & Corabeuf,
1969). In addition the records show subsequent activation of outward
current. It would appear that in response to the +70mV pulse
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(E,, = 0 mV), this onset is virtually exponential. However, in response to
the +80mV (E,, = +10mV) and +90 mV (£,, = +20 mV) depolariza-
tions, outward current onset is definitely sigmoid. This sigmoid pattern
probably has nothing to do with the inactivation of the inward current
which is completed within 250 ms, that is, before activation of the out-
ward current becomes significantly non-exponential. Despite the fact that
a residual amount of second inward current remains activated at all
potentials (Besseau, 1972) it nevertheless appears that at least one of the
outward currents must have a sigmoid onset.

Current decay tails are shown in Fig. 24 recorded after depolarizations
of constant magnitude but increasing duration. These tails were separated
semilogarithmically into two components, one consisting of 7.,  together
With %, ccumulation @0d the other composed of i,,,,,. The peak amplitudes of
these currents were then plotted against the duration of the preceding
pulse (envelope of tails). The delay in appearance of ¢,,, in the current
tails following pulses of increasing duration reflects the time taken for it
to be activated at the positive potential (£, = 0 mV). Thus, the onset of
2y 1S given by the shape of its current tail envelope which is definitely
sigmoid, whereas the onset of i, . is apparently exponential (Fig. 2B).
The error introduced by separating the current tails into two rather than
into three components affects mainly the time constant and therefore the
magnitude of ¢, (see Brown et al. 1976). Some effect on these parameters
for i, will also occur but this cannot account for the delay in onset
shown here. Caution must, however, be used when interpreting this result
since the large negative current immediately following short depolariza-
tion pulses (Fig. 24; note the position of the vertical interrupted lines)
could obliterate the presence of i, in such tails. Further evidence that
the onset of 7,,,, is sigmoid is therefore presented below (see Discussion).

As Hodgkin & Huxley (1952) have demonstrated the equation for
describing a time-dependent conductance is

Ai, = i,.A(), (1)

where y is a power which will be greater than 1 if more than one membrane
reaction is required to open a conductance channel to the passage of ions.
The finding that not all the current onsets are separable by semilogarith-
mic analysis into exponential form indicates that y > 1 for at least one of
the processes we are considering.

Thus, there are two obstacles to simple analysis of current onsets.
Firstly, the onsets do not reach a steady state and secondly, the underlying
membrane processes are such that the onsets cannot be simply separated.
For these reasons we turned to the analysis of current decay.
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Information from current decay

Fortunately, whatever the value of y, the deactivation of a time-
dependent conductance described by Hodgkin-Huxley kinetics is always
exponential (Hodgkin & Huxley, 1952). Therefore we have analysed
current decay tails. Fig. 3 shows a composite activation curve for all out-
ward current systems which was obtained by measuring the total height
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Fig. 3. Composite activation curve for the i, systems obtained from an
envelope of tails analysis, where Ey, = —35mV and all pulses to E,,
were applied for 10-0s. The filled symbols are values obtained as the
magnitude of the depolarizing pulse was increased, the open symbols as it
was subsequently decreased. The interrupted line is included to show the
shape that such a curve would normally be expected to have. For further
discussion see text.

of the positive tail following depolarizing pulses of 10 s duration given
from a holding potential of —35 mV. When the magnitude of the de-
polarizing pulse was increased beyond +40 mV, the heights of these tails
progressively diminished. Subsequent activation curves obtained in a way
which will be described below, led us to conclude that the real curve for
i, activation should have continued in the direction indicated by the
interrupted line. The fact that it did not do so suggests that accumula-
tion becomes large at membrane potentials positive to +5 mV. But, as
will be shown, allowance can be made for this and a fuller quantitative
analysis of current decay tails can be attempted.

For reasons which will become apparent, we have found it necessary to
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investigate the behaviour of the outward time-dependent conductances
above and below the reversal potential of ¢,, by different methods. We
will refer to these methods as positive and negative tail analysis and will
begin by considering the former.

1. Positive tail analysis

The envelope enclosing the maximal current activated during clamp
pulses of a given amplitude but increasing duration should give the time
course of activation at the potential to which the membrane was clamped
(cf. Noble & Tsien, 1968). Although this method of ‘envelope of tails’
analysis was satisfactory for estimations of the atrial ¢, systems for pulses
of small amplitude (£, lying comparatively close to Eg), when depolari-
zing pulses to potentials more positive than about — 10 mV were used, the
pulse tail amplitude did not reach a steady level but, as the pulse duration
was prolonged, declined rapidly (Fig. 24) and finally reversed sign
becoming negative (see Noble, 1976, Fig. 5). It was therefore not
possible to measure directly the maximum current activated at those
potentials and estimations had to be made.

The use of the ‘double pulse technique’ in which Egp = Eg and the
membrane is first depolarized to ,, and then repolarized to E,, (< Eyp)
(see Brown et al. 1976a, Fig. 7) was limited for ‘envelope’ analysis because
the slow development of accumulation current following repolarization to
a potential positive to about —50 mV tended, in many experiments, to
mask partially the decay of the i, currents. The more conventional method
of applying single voltage clamp pulses which started from and returned
to the same holding potential had the advantage that a steady-state level
of accumulation at Eyp could be allowed to develop before test pulses were
applied. Such single voltage clamp pulses repolarizing to between about
—50 and —20 mV produced positive current tails. In some preparations,
if the depolarizing pulse was not applied for too long, the positive current
decayed as a single or double exponential (Brown et al. 19764, Figs. 8,94
and B). However, even after short (500 ms) depolarizing pulses, other
preparations gave positive tails which did not decay in the way which
would be predicted if the only deactivating currents were i,,, and/or
tzye- When large depolarizing pulses, longer than about 1-0s, were
applied to any preparation, the decay tail began to contain the third
component of outward current.

A. Analysis of total current tails. Total current tail analysis may be per-
formed quickly and easily and measures the total amount of outward
current activated at a given value of E,. As has already been implied
(Brown et al. 1976a) the time-dependent potassium conductance normally
activated by individual action potentials will be chiefly i, , although
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very small amounts of ¢3.cumulation 304 %z, May also be present. In a
given preparation the properties of ¢,,,, must be an important parameter
in controlling repolarization and pace-maker activity. It therefore seemed
important to determine how closely a ‘total’ current analysis, which un-
avoidably incorporates the properties of ¢, and t3ccymutations May be
used as a guide to the behaviour of ¢, alone.

The experimental method for obtaining the total current activation
curve, Ziwtal(E,,), was as follows. On a holding potential negative to the
activation range for either plateau current, square voltage clamp de-
polarizations of varying magnitudes were superimposed. For a given
depolarization value, £, the duration of the pulse was gradually increased
until the current tails either reached a steady-state magnitude (following
small depolarizations) or began to decline (after large depolarizations).
Curves of i,,,, against time were plotted (current tail ‘envelopes’) for
the different values of £ ,,. A series of such plots from a typical experiment
is shown in Fig. 4. The holding potential in this experiment was —55 mV
and it can be seen that the ‘envelopes’ for i,,,,, resulting from depolariza-
tions to E,, = —45, —35 and —25 mV (Fig. 44) have approximately
exponential patterns and reach a steady-state amplitude after pulse
durations of between 5-0 and 10-0 s. This implies that only ¢,,,, together
with comparatively small amounts of %5¢cumuiation aT€ activated at these
relatively negative potentials (see Fig. 2 B). Larger depolarizations (£,
between — 15 and + 35 mV in 10 mV steps) give rise to sigmoid ‘envelopes’
which reach a peak and then decline so that it is necessary to extrapolate
to the steady-state condition (interrupted lines in Fig. 4 B and C). Clearly
such extrapolations can introduce error and to minimize this it is some-
times necessary to take two possible values for steady-state activation and
average them (see ‘envelope’ of tails for E,, = +35mV). If we assume
that the total amount of activation (Ax) by any given pulse is equal to the
amount of subsequent deactivation, the peak values for such a series of
curves (actual or extrapolated) gives iota1(£,,) for all the outward current
activated over the selected potential range. The xtota1( £ ,,) relation for the
experiment illustrated in Fig. 4 is shown in Fig. 54. Fig. 5 B shows three
activation curves obtained in the same way in three other preparations
and it can be seen that though the threshold of activation of the i, systems
varies somewhat, the general shape of these curves in relation to their
position on the voltage axis is, considering the inevitable errors involved,
reasonably similar.

It will be noted that in Fig. 4 each current tail ‘envelope’ is labelled
with a 7 value. This value was obtained by determining the time taken for
the i, system to reach (1—1/e) of its final magnitude at the depolarized
potential, E .. Inaccuracies will be involved where E, is very positive, not
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Fig. 4. Envelope of tails analysis designed to give z,,, (E,,) carried out
from a holding potential of — 55 mV for values of E,, varying between
—45and + 35 mV inclusive. 4, depolarizations to — 45, — 35 and —25 mV.
Note that current onset appears to be exponential and that the ‘envelopes’
reach a steady-state value indicating that current activation is complete
for these values of E,,. B, depolarizations to —15, — 5, +5, and +15mV.
Note that the current activation now appears to be a sigmoid function of
E,, and that in all cases steady-state activation has had to be obtained by
extrapolation (interrupted lines). C, depolarizations to + 25 and + 35 mV.
Potassium ion accumulation now causes the tail height to fall so rapidly
(¢ < 1-0 s) that the accuracy of any extrapolation becomes very doubtful.
For this reason two values have been estimated for E,, = +35mV and
their average value taken to represent full activation at this potential.
Nevertheless we must regard the top of activation curves obtained by
this method as approximate only.
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only because extrapolation of the tail ‘envelope’ is needed, but also be-
cause its rise pattern is sigmoid. However, the values of 7, so obtained
give an approximate quantitative estimate of the kinetic behaviour of the
total outward current activated in the plateau range of membrane poten-
tials. Additional examples are plotted in Figs. 8 and 13.
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Fig. 5. Normalized estimates of z,,,(E,) obtained by envelope of tails
analysis. A4, single activation curve obtained for the preparation which
gave the results shown in Fig. 4. B, three other activation curves obtained
in different preparations. Note that although x appears to approximate to
1 between about + 20 and + 35 mV, this value depends on the validity
of the extrapolations in Fig. 4.




558 H.F. BROWN, A. CLARK AND 8.J. NOBLE

B. Three component analysis of current tails. The second type of analysis
of positive current tails which might be expected to give a much more
comprehensive account of the behaviour of the components involved, is
time-consuming to perform by hand. The experimental method involved
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Fig. 6. For legend see facing page.
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is identical to that just described, but here each current decay tail is fully
separated semilogarithmically into three components. The principle of this
analysis has already been described in the preceding paper (Brown et al.
1976a). Here we shall show how this analysis can be used to obtain
activation curves. The tails following the longer duration pulses are used
where necessary to obtain the approximate time constant of decay of the
accumulation current. Fig. 6 4 shows how exponential subtraction of this
very slowly decaying third component from the semilogarithmic plot of
such a positive tail leaves two other components, i, and i,,,,. In this
case the holding potential was —40 mV and a depolarizing pulse of
+ 65 mV was superimposed upon it for 2-5 s. When a small amount of an
accumulation current, decaying here with a time constant of approxi-
mately 12-65 s, is first subtracted from the tail, the time constants of the
remaining conductance components becomes 7,,,,, = 240 ms and 7., =
920 ms. The value for 7, agrees well with the time constant of decay of
the pacing current which, when clamped directly after an action potential,
was 900 ms at the same holding potential (i.e. at —40 mV).

It will be seen from Fig. 6.4 that nearly all the points which represent
the decay of the accumulation component alone are no greater than
0-015 uA positive to the base line and it may be wondered whether such
small deviations can be measured sufficiently accurately especially when,
as was done here, the line of best fit is drawn by eye. Complete accuracy
is, of course, impossible but two important features are demonstrated in
Fig. 6.

Firstly, two interrupted lines have been drawn in Fig. 6.4 which repre-
sent the extremes within which the line of best fit for the accumulation
component must certainly be. These extremes correspond to time con-
stants of decay of 73 of 14:65s and 9-1 s and the associated values for
Tzaow Which would be obtained on subtraction of these ‘extreme’ ¢; values

Fig. 6. Semilogarithmic analysis of positive current decay tails designed
to obtain independent estimates of z,, (E,) and z,.(E,). 4, the total
current decay tail (filled symbols) is separated into three exponentially
decaying components. A very slow component %,.....uion (7 = 12:658)
and two relatively rapidly deactivating components (7,,., = 920 ms
(crosses) T,,., = 240 ms (open circles)). Note that the time constant of
decay of i,,,, obtained in this way is very close to that of the directly
clamped pace-maker current recorded at the same holding potential
(Egp = —40mV). The interrupted lines and associated time constants
give the apparent limits for the decay of the accumulation component
(see text). B, the same current tail shown in Fig. 64 separated bi-
exponentially. In order to do this the latter points in the decay tail have
been ignored as these represent deviations from the base line of no more
than 0-015 uA. 7, is now 3-95 s and 7,,,, is 390 ms.
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are 106 s and 900 ms, both values lying within 159, of the 7., (920 ms)
obtained by subtraction of the ¢4 line of best fit (the values of 7., remain
unaltered).

The second important feature is well illustrated in Fig. 6 B. Here, it is
shown that if the last 0-015 yA of current decay is ignored and the same
current tail is separated into only two exponential processes, 7,,,, is in-
creased by 64 %, to 390 ms while 7., _ is increased by 329 9, to 3-95 s. This
huge difference in 7,,,, illustrates the price of ignoring the accumulation
current.

When the decay tails have been separated into three components,
activation curves for the two conductance systems, Z1a5t(E ;) and zg10w(Z ;)
can be plotted by using the ‘envelope of tails’ method described above.
Fig. 74 shows the activation curves obtained for one experiment analysed
in this way. The interrupted line represents zs1ow(#,,) and the dotted line
Ztast(£,,). These are non-normalized activation curves and it can be seen
that though the threshold of activation of ¢,,,, is more negative than that
of %4, (a general finding in our experiments), the relative magnitude of
the curves shows that at full activation the ratio i,,,,:%,,,, is about 1-4:1.
Also shown here is the activation curve for the total current, ziota1(#,,),
(continuous line), and the maximum quantity of accumulation current
(dot-dash line) subtracted at each value of E,,, which, for want of better
terminology, may be referred to as #y.cymulation (£m)- It should not, how-
ever, be confused with an activation curve.

In Fig. 7B the activation curves resulting from these two methods of
analysis (‘total’ and ‘three component’) are shown together. The curves
for ztota1(E ), siow(#,,) and z1as¢(E,,) have all been normalized (i.e. z, the
degree of activation, has been adjusted so that it varies between 0 and 1)
and are shown on the same graph. It is very encouraging that the position
occupied by the three normalized curves on the voltage axis should be so
similar. This means that a change in position or shape of, for example,
Zs1ow(& ;) would almost certainly be reflected in a similar change in
Ztotal(H ), 80 that studying the latter which is relatively easily done, may
give indication of changes in the former.

Because of the prolonged nature of the analysis, tails from only two
experiments have been separated into three components but in these £,
covered the majority of the i, activation range. Data from other experi-
ments, in which only a few values of E,, were investigated, support these
conclusions.

C. Kinetic information from positive tails. In relation to Fig. 4 it was
explained how the approximate time constant of activation of 7,iota1 at
positive membrane potentials could be obtained from the ‘envelopes’ of
current tails following depolarizing pulses. Therefore, when i, is
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separated by three component analysis, this method may be used to
obtain its activation time constant at given values of E,,. If the ¢, current
systems obey Hodgkin-Huxley kinetics then the rate constants 1/7 at
different potentials should show a typical U-shaped relation (Hodgkin &
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% A g
g A -1"""‘ 4 T T B —
_ﬁ'x—kl"‘ —30 —20 —10 +10 420 +30
1 L] 1 ] T 1§ ] Em (mv)
—40 —30 —20 —10 +10 +20 +30
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Fig. 7. Activation curves for t,,,, ., and i,,, obtained by the method
of three component analysis shown in Fig. 6 4. 4, non-normalized activa-
tion curves, x,(E,) (filled circles, continuous line), z,.(E,) (open
circles, interrupted line). z,,,,(E,,) (crosses; dotted line). Also shown is the
amount of positive g accumulation current subtracted at each value of
E,, (filled triangles; dot-dash line). B, normalized activation curves for the
same experiment. Symbols are identical to those shown in Fig. 74. For
discussion see text.

Huxley, 1952). Values of 1/7 for the experiment associated with Fig. 7 are
shown in Fig. 8. From —20 to + 30 mV the values of 1/7 were obtained by
the ‘envelope of tails’ method and it will be seen that the curve for
1/T4y (E,,) rises slightly more steeply than does the relationship
17 p(B ). 1/ T 20e(E ) is not plotted since the sigmoid shape of the tail
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‘envelope’ of i,,, means that kinetic information for this component
alone is not easily analysable. Between —30 and —80 mV, 1/7,,  was
measured from the time constant of decay of the directly recorded pacing
current using semilogarithmic analysis.
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Fig. 8. These results show how kinetic information can be obtained from
analysis of positive tails. The experiment involved is the same which gave
the results shown in Fig. 7. For membrane potentials between — 20 and
+ 30 mV (bottom right) estimates of 1/7,,....(E,,) (open circles; interrupted
line) and 1/7,, . (E,) (crosses; continuous line) have been obtained using
‘envelope of tails’ analysis (see upper right hand corner). For potentials
between —30 and —80 mV (bottom left) estimates of 1/7,, .(E,) were
obtained from semilogarithmic analysis (upper left hand corner) of the
directly clamped pace-maker current (filled circles; continuous line).
The circled points are those obtained by estimating the time constant of
decay of the pacing current below the reversal potential of ¢,,,, and are
therefore likely to be somewhat inaccurate (see text).
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It will be seen that the 1/7,(E,,) relationship for frog atrial outward
currents appears to have the characteristic U-shaped generally associated
with the conductance systems of excitable membranes. However, there
must be some doubt about the accuracy of a number of points plotted on
the left hand side of the U-shaped curve shown in Fig. 8. Below its
reversal potential, which in this preparation was about — 60 mV, measure-
ment of 7,,,, is more complicated. In order to obtain as full a picture as
possible of the kinetic dependence of x we must, therefore, turn to another
series of experiments.

2. Negative tail analysis

It was shown in the preceding paper (Brown ef al. 1976a, Fig. 3) that
when the pacing current, ¢,,,, is clamped below its reversal potential,
two phases of negative current decay occur. If Hodgkin—-Huxley kinetics
are to be obeyed, the time constant of decay of ., , should decrease quite
sharply at negative potentials. The slowly decayirig phase of the negative
tail is thus unlikely to be identifiable with ¢, _ since this would give a most
uncharacteristic shape to the 1/7,, (%,) relation. However, since we
have no a priori reason for supposing that the fast phase of current decay
represents i, . alone, we have been cautious about using direct measure-
ments of negative tails to determine the kinetic behaviour of the con-
ductance systems at very negative values of £,. This caution is further
justified by the observation that following square-voltage clamp depolari-
zations into the ‘plateau’ potential range, this slow phase of negative
current decay is also present in the repolarization tails when the holding
potential lies below the zero current level. For these reasons some quanti-
tative and some qualitative information about the behaviour of the 17,
currents at negative potentials has had to be obtained from the two in-
direct methods described below.

A. Qualitative observations. The results from the first type of experiment
to be described simply indicate the direction in which 7,,,, changes at
negative potentials. The experimental method is illustrated in Fig. 9. An
atrial preparation was induced to pace-make and during the repolariza-
tion of the action potential, the voltage clamp was switched on for a short
time (100-300 ms) hyperpolarizing the membrane to some fairly negative
value. The clamp was then switched off again and any change in diastolic
interval noted. The voltage clamp pulses shown in Fig. 9 (hyperpolarizing
to —70 and —90 mV) both shortened the diastolic interval, the effect of
the hyperpolarization increasing with its magnitude. This effect could be
explained if the sodium inactivation variable, k, lowered the sodium
threshold by being more rapidly reactivated at the negative potentials.
The firing threshold of the second and successive action potentials was
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definitely shifted to more negative levels by the hyperpolarization (com-
pare control; Fig. 94 with Fig. 9B and C). However an additional
factor may also be operating. If the pace-maker current, i,,,, decays
more rapidly at the negative potentials imposed by the voltage clamp
hyperpolarizations, there would be less outward current remaining to
decay. This would also enable the membrane to reach the firing threshold
sooner. It seems probable that both these effects are operating and that
Traow d6€reases at negative potentials.

426 mV

:ﬁm[ __/bU\_
.Sef:on.ds.
+30 mV ¢
[ N AN NAAAAN! +10mv
—54 mV .
—JomvE L VS _/JJJJJL/ j:ggr’:\‘;

Seconds Seconds

Fig. 9. The effect of voltage clamp hyperpolarization on the rate of in-
duced repetitive activity. 4, control. The membrane is producing an action
potential about once every 2:0 s when depolarized from —74 to —48 mV.
B, when a hyperpolarizing clamp pulse to — 70 mV is applied during the
repolarizing phase of the action potential the firing frequency increases
td give a diastolic interval of about 730 ms at —54 mV. C, a similar
situation to that shown in Fig. 9 B but the hyperpolarization now takes
the membrane to —90 mV. Under these conditions the diastolic interval
is further reduced to about 550 ms at —66 mV. Note that the maximum
diastolic potential increases with the magnitude of the hyperpolarization.
These voltage clamp hyperpolarizations have been applied by manual
operation of a switch. This explams the irregularity in timing and duration
of successive pulses.

This conclusion is supported by observations made under more con-
ventional voltage clamp conditions, where the short hyperpolarization
was applied during a positive current decay tail (Fig. 10). A preparation
was clamped at a holding potential (—57 mV) at which large positive
current tails could be recorded following square depolarizing pulses
(B,, = +17) of 1-0 s duration. 250 ms after termination of the depolariza-
tion, a negative-going pulse (to E,, = —97 mV) was superimposed on the
positive tail for 150 ms. The height of the remaining decay tail after the
hyperpolarization was almost zero indicating that holding the membrane
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at a negative potential for a short time very substantially increased the
rate of decay of outward current. Since the negative pulse was not im-
posed until the positive current tail had been decaying for 250 ms, the
majority of the current affected by the hyperpolarization would probably
have been 7., and %,ccumulation- 1t therefore seems likely that both these
components must decay very much more rapidly at — 97 mV than they do
at —57mV.

+17 mV —— [ —

—57mVf — — = =

—97 mV

— e = o - = = = - = - LTS ST
B

byl - - - - -

—_—

Seconds

4

Fig. 10. Experiment to show that 7, decreases at negative potentials.
Upper trace: left hand side: single control pulse. Depolarizing from — 57
to +17mV for 1-0s. Right hand side: double test pulse. Depolarizing
from —57 to +17mV for 1-0s and then, after 250 ms repolarization
time, hyperpolarizing to — 97 mV for 150 ms. Middle trace: corresponding
low gain current records. Note the sigmoid onset of current during the
initial depolarization (right-hand current onset slightly retouched).
Bottom trace: corresponding high gain current records showing current
decay tails only. Following the 150 ms hyperpolarization to —97 mV the
current remaining is only 249, of the control value. In both the middle
and bottom traces interrupted lines represent the steady-state current
level at —57 mV.

B. Quantitative observations. Experiments of the type just described can
be extended to provide quantitative data about the behaviour of 7, at
very negative potentials. The method is the same as that shown in Fig. 10
except that both the delay between the onset of the positive tail and the
beginning of the hyperpolarization (t,) and the duration of the hyper-
polarizing (f,) were varied. This point is brought out in Fig. 11 which
shows a hypothetical record. The voltage changes are given at the top of
the Figure and the associated current changes below. Indicated upon the
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current record are the measurements which were made in each case: a is
the magnitude of the positive tail immediately preceding the negative
pulse and b is the height of the positive tail immediately following hyper-
polarization. For each potential to which the negative pulse took the
membrane (E,, ) we plotted log b/a (=9, of current decay at E,, ) against
t, (the duration of the negative pulse). For the simplest case, where only
one current component is involved, these points should fall on a straight
line where log b/a = 1 when ¢, = 0 and which decays with a time constant
equal to 7, at E,,.. In order to attempt to eliminate ¢, from the current
decay tail, the value of ¢, was varied in several experiments. However, as

v Em.
b

[
— [ — Enp
i ;
v Y

—
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Fig. 11. Diagram of the method used to estimate 7, at negative values of
E,,. All such experiments were done in Ringer + TTX (5 x 10~7 g/ml). Top:
voltage protocol. A square-voltage clamp depolarization is given from
the holding potential, Eg; to E,, . This depolarization lasts about 1-0s.
The membrane is then repolarized to Eg; for time ¢, after which a hyper-
polarizing pulse to E,, is given for time f,. The membrane is then re-
turned to Eg,. Bottom: current protocol. Following depolarization to E,,,
a large positive tail is recorded at Egp. After this current has decayed for
time ¢, its absolute magnitude, a, is measured. Following hyperpolarization
to K., for time ¢, the magnitude, b, of the current tail recorded on return
to Eygp is also measured. The ratio log bj/a when plotted against ¢, gives the
value of 7, at E,,. In some experiments return to the holding potential
Ejgp after hyperpolarization to E,, gives rise to a spike-like artifact. This is
indicated by the vertical interrupted line. Measurement of b is then some-
what more complicated. See text for discussion.
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Fig. 12. Results of an experiment designed to estimate 7, at negative
values of E,. A, plots of log bfa against ¢, for different values of E,, .
Right: Egp = —55mV. Values for E,, are —60mV (filled circles),
—65mV (crosses), —70mV (open circles), —75 mV (open triangles),
—80mV (filled triangles), —85mV (squares). Left: Eg, = —45mV.
Values for E,, are —50 mV (crosses), —55mV (open circles), —60 mV
(filled circles). B, comparison of the 1/7, values obtained in Fig. 124
(filled circles) with measurements of 1/7,, . obtained from the directly
clamped pace-maker current (crosses). See text for discussion.
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described below, this attempt was not consistently successful. All these
experiments were done in the presence of TTX (5 x 10~7 g/ml.) to eliminate
sudden increases in sodium conductance associated with depolarization of
the membrane to the sodium threshold. Even in the presence of TTX a
very rapidly decaying artifact was sometimes present. We do not know the
nature of this artifact. It decayed very rapidly but when it was present it
was necessary to measure b as the height from the base line to the point at
which the rate of decay of the positive tail became slower (i.e. darker on
the heat sensitive pen recording). The spike like appearance of the artifact
is illustrated by the interrupted line in Fig. 11.

Fig. 12 shows the results of such an experiment. The values of 7, at
E,, measured by plotting log b/a against ¢, (Fig. 124) showed a good
correspondence with values of the pacing current decay measured by the
direct voltage clamp method over the same potential range (Fig. 12 B).
(It should be noted that both the pacing range and the reversal potential
of ¢,,,, were more negative than is usual in this preparation. The resting
potential was also more negative and equal to —87 mV).

All such experiments did not, however, give simple results. In particular
we found a number of cases where the line corresponding to 7, at E,,
would not meet the origin at 1 but converged at a point some way beyond
it, at about t, = — 100 ms. This is the kind of result which we might expect
for a two component system where the rates of deactivation of the com-
ponents at negative potentials are unequal and become more so as E,,
increases. Thus, if a contained relatively large amounts of ¢,,,, and %,
while b, following short hyperpolarization, contained a relatively greater
proportion of 7., , the ratio log b/a would not vary linearly for small values
of t,. Only when all the ., had decayed at K, could the log (b/a) (t,)
relationship theoretically become a straight line. Moreover, the presence of
Taccumulation @180 made itself apparent. Thus, even in those experiments
where log bja could reasonably be extrapolated to 1 when ¢, was zero, it
was quite often observed that the individual points recorded after short
hyperpolarization tended to fall below the line of best fit, while those
corresponding to longer hyperpolarizations fell above it. Therefore, the
log (b/a) (t,) relations were frequently slightly curved. However, the re-
sults of these experiments definitely support the view that the rate of
decay of the ¢, systems (i,,, together with varying amounts of ,,, and
fgccumulation) i1Creases at negative potentials.

3. Kinetics of i, systems at positive and negative potentials
The shape of the 1/7,(E,,) relation can now be estimated over a wide

range of potentials. In Fig. 13, 1/7,,,, is plotted against E,, using the
results obtained in a single preparation but by two different methods. It
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will be seen that the points positive to —50 mV for ¢,,,, were obtained
from the analysis of positive current tail ‘envelopes’ (those shown in
Fig. 4). Points negative to —55 mV were obtained using the method just
described. In this particular preparation the pacing current was also
clamped directly at potentials between —60 and —40 mV and decayed
within this range with a time constant which hardly varied and was
about 1-0s. This fact is taken into account by the position of the
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Fig. 13. The shape of the 1/7,, .,(E,,) relationship obtained in the same
preparation (that giving the results already illustrated in Fig. 4) by two
different methods. The crosses indicate the measurements of 1/, obtained
from envelopes of positive tails while the filled circles show the values
obtained at negative potentials by double pulse analysis of the kind illus-
trated in Fig. 11. The open circles indicate estimates of 1/7,, _ obtained by
directly clamping the pace-maker current between —40 and —60 mV
inclusive. These points are taken into account by the interrupted line
which is intended to give a very rough estimate of the position of the
1/7T104(E ) curve. The reasons for placing this curve as shown are given in
the text.



570 H.F. BROWN, A. CLARK AND 8.J. NOBLE

interrupted line which shows a possibleshapeforthe 1/7,,, . (E ) relationship.
In drawing this curve information about the behaviour of 7., at positive
potentials obtained from the experiment associated with Fig. 8 is also
taken into account. Again, direct information about the behaviour of
Tzuow DElOW its reversal potential (see Noble, S. J., 1976) suggests that at
E, = —80mV, 17, is unlikely to be greater than about 3-5s-1,
slightly higher than the value indicated in Fig. 13.

4. The fully activated current, 1,

It is well known that inward-going rectification is a property of both the
time-independent (ix,) and two of the time-dependent conductance
mechanisms (ig, and 4, ) in the mammalian Purkinje fibre (Noble & Tsien,
1968 and 1969). It has also been shown to exist in association with the
time-independent potassium current in atrial muscle (Rougier et al. 1968
& 1969; Brown, Noble & Noble, 1976b). We have analysed our results to see
if evidence exists for the presence of inward-going rectification associated
with the time-dependent outward conductances in atrial muscle.

A useful expression for a time-dependent conductance system is,

Ai, = 7,.Az,
where 7 represents the current when all possible membrane channels are

open. If we wish to know whether or not the system shows inward-going
rectification we must know how 7, varies with E,,. Briefly, if

1, = g(Em_Erev)’ (2)
where § is a constant, the 7,(E,,) relationship will be linear and will not
show rectifier properties. However, if over a given range of potentials, the
value of g is not constant, then the fully activated current—voltage relation
1,(E ;) will be non-linear as may occur when inward-going rectification is
present.

As was shown in an earlier paper (Brown & Noble, 1969b) it is helpful to
distinguish between the time-dependent current (¢, ) developing during a
depolarization from Eyp to E,,, and the time-dependent current (¢5) which
decays on repolarization to Egp. We may then write

i:c(Em) = iA/Ax’ (3)

where Az is the fraction of the total current channels which are activated
at £,,. We have used this equation to determine values of 7,(£,,) in several
experiments where the potassium accumulation has been kept as low as
possible. The values of ¢, used were therefore those associated with de-
polarizations to £,, which produced the largest recordable positive current
tails (see Fig. 4). Because these values of i, are not necessarily those which
correspond to maximal activation of 7, at E, the method inevitably
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causes some error but it is unlikely that this would materially alter the
results, an example of which is shown in Fig. 14. These show that inward-
going rectification is almost certainly present and that the minimal out-
ward conductance occurs somewhere between about —20 and +20 mV.
In this preparation the value for minimal conductance was near — 15 mV.
However, since this corresponds to a situation in which i, = 14, +74,,,
at [K]o > 2 mMm, it is not possible to say either whether its rectifier pro-
perties belong to one or to both i, mechanisms or whether the position on
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Fig. 14. The fully activated current—voltage relation 7,,,,(E,). The
points were obtained by estimating the maximum amount of current
activated at a given value of E,, and dividing by the degree of activation,
Az. The inaccuracies involved in using this method are discussed in the
text. The interrupted line indicates the shape which the remainder of the
curve would have if E,,, for i,,,, was close to the zero current level. This
is only likely to be the gase, however, if a value of [K], of approximately
2 mM is assumed.

the voltage axis has been shifted by small, unavoidable increases in [K]o
arising from potassium accumulation. (It will be noticed that part of the
curve in Fig. 14 is represented by an interrupted line. Since 7, will be
zero when %, is zero, the i, (E,,) curve must cross the voltage axis at
the average reversal potential of i, and i,,,. This value was estimated
at about —75 mV in the absence of accumulation.)



572 H.F. BROWN, A. CLARK AND 8.J. NOBLE

DISCUSSION

In a previous paper we gave evidence for the presence in the membrane
of frog atrial wall preparations of three outward current components
(Brown et al. 1976a). These we termed %,,,,, %z4r a0d %3ccumulations AS W€
then showed, i,,, contributes to repolarization of the action potential
and its decay underlies the diastolic depolarizations present in trabeculae
showing induced pace-maker activity.

In the present paper a quantitative analysis of 7., , is presented. The
accuracy of the method of semilogarithmic analysis we have used to
separate the three current components (¢4ccumulations “zsow 3N Tzg,,) from
positive current decay tails may be questioned. We have tried to show that
inaccuracies due to visual assessment of the ¢; (potassium accumulation)
line are minor compared with the large changes in the magnitudes and time
constants of i,,,,, and especially of ¢, , which would result from ignoring
the accumulation component (see Fig. 6 and related text). Quantitative
analysis of 7, suggests that this component behaves as a time and
voltage-dependent Hodgkin—-Huxley mechanism. Thus the position of its
reversal potential is predictable, always lying about 10 mV positive to the
resting potential of the preparation (see Noble, 1976); activation of ¢,
rises steeply at potentials positive to between —50 and —30 mV; the
activation curve, x4,y (E,,), obtained after separation of other outward
current components, has the sigmoid shape expected for a conductance
mechanism (Fig. 7); and furthermore ¢,,, appears to have a simple U-
shaped 1/7(E,) relationship (Figs. 8 and 13).

The very slow outward current component, %4.oumulations 18 N0t thought
to be carried by a membrane conductance mechanism but to be caused by
the accumulation of potassium ions in extracellular spaces. Its properties
are fully discussed elsewhere (Noble, 1976).

The other component of outward membrane current analysed in the
present paper is i,,,,. Although this component is termed ,,,,, it must be
remembered that the subscript ‘fast’ refers to the rate of decay of this
current at negative membrane potentials. By contrast, its onset at positive
potentials is apparently much slower than the component we have desig-
nated %,,,,. Thus when the voltage clamp is applied to our preparations
during an action potential, no i,,, is recorded, only i, . alone. i,,,
would therefore appear to have no function in normal repolarization and
for this reason we originally considered that this current might be a non-
uniformity artifact arising when the preparation was strongly depolarized.
A rapidly deactivating component might then appear in current decay
tails and this component could show all the known characteristics of ,,,,.
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Computer calculations have, however, led us to reject this possibility
(Brown et al. 19760).

Two questions concerning i,,,, thus present themselves. Is i,,, carried
by a membrane conductance mechanism and, if so, is its activation really
as sigmoid as it seems to be? i,,,, like ¢, ., appears to have a distinct
activation range and the total amount of outward current contributed by
this component at steady-state activation seems considerable (Fig. 74).
However, from our results alone it is impossible to determine conclusively
whether the ¢,,, current represents a genuine conductance mechanism.
Thus although the reversal potential of i,,,, also appears to lie close to the
zero current level (i.e. to Ey), the presence of potassium ion accumulation
or depletion and of 7., , deactivation prevents conclusive determinations
from being made. The sigmoid onset of i,,,, (Figs. 1 and 2) makes deter-
mination of its time constants of activation complicated. DeHemptinne
(1971) has found that the activation of a time-dependent outward current
in R. esculenta atrium is sigmoid (y = 2 or y = 3: see eqn. (1)) and by
using appropriate equations has completed its kinetic analysis. Unfor-
tunately, we cannot attempt such a full analysis since we find that i,,,, is
definitely not activated alone but always with ¢, . As will be clear from the
Results section, the presence of potassium ion depletion has so far prevented
us from obtaining reliable rate coefficients for the latter component and its
kinetic properties cannot therefore be fully separated from those of 7,,,,.

In our preparations, a rapidly decaying inward current appears in the
decay tails after voltage clamp depolarizations of less than about 1-0s
duration (Fig. 2.4). This current component is not reduced by manganese
ions (3—-5 mM) and is therefore unlikely to result from inactivation of the
second inward (Ca2+/Na*) current. We have to consider whether the
presence of this current, whose nature remains obscure, could cause i,
activation to appear sigmoid.

Evidence that this is unlikely to be so has been provided recently by
the work of Giles (1975). Using a perfusion and recording system identical
to our own, Giles has found ¢,,, to be activated more rapidly in septal
preparations taken from the interatrial septum of R. catesbeiana than we
find in atrial wall trabeculae from the same species of frog. In septal
muscle, in contrast to wall muscle, i, is recorded as a result of direct
voltage clamping of the action potential but its onset, observed here with-
out interference from an initial inward current, is sigmoid.

Giles also records measurable quantities of i,,, at negative holding
potentials (Eyp = — 60 mV) following depolarizations into the ‘plateau’
range of potentials of durations as short as 120 ms. Prolonging the pulse and
studying the ¢, ‘tail envelope’ shows again that the onset of %,,, is
sigmoid.
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Thus all the available evidence suggests that i,,,, is a genuine membrane
conductance system in frog atrial muscle. It is activated with a sigmoid
time course at potentials within the ‘plateau’ range in all atrial fibres, but
its onset may be more rapid in atrial septal trabeculae than it is in wall
preparations. Hence in septal fibres it can be expected to aid repolariza-
tion under normal conditions, whereas in wall muscle it probably acts as a
safety factor, playing an active role only when the action potential is
unduly prolonged.

How do these two components of delayed rectification normally present
in frog atrial membrane, ¢,,,, and ¢,,,,, compare with those originally
described by us in R. ridibunda atrium as ¢, and i,, (Brown & Noble,
1969a, b) and those Ojeda & Rougier (1974) using R. esculenta have
termed I, and I,? We think that i, and i, cannot be directly com-
pared with the i, and i,, of our previous report, for two reasons. Firstly,
in our earlier studies, we used a three-electrode recording system which we
have subsequently found to cause excessive polarization. Under these
conditions misleadingly small amounts of current are recorded, especially
when large current changes are involved. Thus, with such a three-electrode
system, apparent steady-state current levels were obtained during de-
polarizations to +25 mV (Brown & Noble, 19695, Fig. 2). By contrast,
when using the present four-electrode arrangement (Brown et al. 1976a,
Methods) no steady-state current level can be obtained at potentials
positive to about — 10 mV. Using three electrodes we also observed a fall
in outward current activation during prolonged clamp depolarizations.
This fall we attributed to activation below its reversal potential of a
second component, i,, (Brown & Noble, 1969a, Fig. 7). Such a fall is
apparently also due to electrode polarization since we have never seen
similar current ‘sags’ when using a four-electrode system.

Secondly, the evidence for the presence of i, and ¢,, was obtained in
part from the analysis of negative current decay tails. We now find that
simple semilogarithmic treatment of such decay tails can be very mis-
leading since the presence of potassium ion depletion interferes with a
straightforward Hodgkin—Huxley analysis. The currents we previously
described probably do not, therefore, each represent a single system but
combinations of at least two components. Thus, under some conditions
iy, Tepresents i, together with i, and similarly ¢, is probably ¢
combined with ¢;.cumutation-

The chief differences between Ojeda & Rougier’s findings and our own
are (1) that they find no sigmoid current onsets, (2) that they are able to
obtain steady-state current levels at positive potentials and (3) that they
claim that no potassium ion accumulation is present. These differences
mean that Ojeda & Rougier have found no obstacle to separating both

Tslow
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cuirent onsets and current decays into one or two exponential processes.
Their component I, activates rapidly at positive potentials (1, = 0-75 s at
—5 mV) and so may, as they point out, play a role in repolarization. At
some of the appropriate negative potentials it deactivates too rapidly to
control the rate of pace-maker depolarization (7, = approx. 300 ms at
— 65 mV), though the 1/7; (E,,) relationship is very steep for potentials
negative to —35 mV and at —55 mV, where 7, = 1-0s, I, decay could
support pace-making. The I, activation curve, lying between —70 and
—20 mV is rather more negative than that which we have found for
Iz, i0 the atrial wall fibres of R. ridibunda and R. catesbeiana or than
those of the outward currents studied by DeHemptinne (1971a, b) in R.
esculenta atrium, but corresponds closely with the activation curve
obtained by Giles (1975) for i,,,, in atrial septal fibres from R. cates-
beiana. It thus seems likely that 4., and I, are essentially the same
component.

Ojeda & Rougier’s second outward current, I,, activates too slowly to
contribute to action potential repolarization (7, = approx. 3 sat +25 mV)
and deactivates too slowly at negative potentials to underlie pace-maker
activity (7, = 3-5 s at — 65 mV). Its reversal potential is variable but can
be very positive with respect to the resting potential. It seems probable
that this component is, at least in part, accounted for by the i current
changes resulting from potassium ion accumulation, which are difficult to
identify and subtract unless high amplification current records are studied
(cf. Brown et al. 1976a; Noble, 1976).

Although some of these differences in the conclusions drawn by various
investigators about atrial outward membrane currents may be due to
differences in experimental technique, others may stem from genuine
differences between atrial membrane mechanisms in different species of
frog and in fibres from different locations within the atrium. Thus apart
from the variation in the activation range for the chief repolarization and
pace-maker current (I, or i,,,) there is the evidence of Lenfant, Mirron-
neau & Aka (1972) that some atrial preparations from R. esculenta are
extremely resistant to TTX. These trabeculae continue to show induced
pace-maker activity in the presence of this drug but not when the second
inward current is blocked by manganese ions. This last result complements
our own observation that once the second inward current (¢q,n,) is in-
creased by the action of adrenaline, the electrical responses of atrial wall
trabeculae from R. catesbeiana can appear normal in the presence of TTX
(Brown & Noble, 1974).

Are there any general resemblances between frog atrial pace-maker
mechanisms and the natural cardiac pace-makers? Two features concern-
ing the behaviour of frog sinus and mammalian sino-atrial node are very
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relevant when attempting to answer this question. The first is the observa-
tion that the maximal diastolic potential of natural pace-maker regions is
relatively low and that the action potentials show little overshoot (Hutter
& Trautwein, 1956; Toda, 1968). This implies that any outward pace-
maker current must be substantially activated between about —30 and
+5mV (I, in R. esculenta and 1,,,, in the septum of E. catesbetana) and
must decay with a time constant of roughly 1-0-1-5 s between — 60 and
—40 mV (¢, in wall trabeculae of R. ridibunda and R. catesbeiana). The
second relevant feature is the strong body of evidence suggesting that
cells from the natural pace-maker regions are very TTX insensitive. This
evidence is well summarized in Brooks & Lu (1972).

It therefore seems that the characteristics of the pace-maker current
whose analysis we have attempted here, are much more likely to mimic
those of the natural pace-maker current than are the characteristics of the
Purkinje fibre pace-maker conductance, s, previously described by Noble
& Tsien (1968). Thus, despite the considerable difficulties involved in
analysing the atrial pace-maker current mechanism in a situation in which
potassium ion accumulation and depletion also occur, the fact that the
‘total’ analysis described above reflects the properties of ¢, closely
means that this type of preparation can continue to yield useful results, in
particular until such time as natural pace-maker tissue can be successfully
voltage clamped.
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