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SUMMARY

1. The noise included in the Na current and the anomalous rectifier current was
measured in intracellularly perfused eggs of Halocynthia roretzi Drashe under voltage
clamp conditions.

2. The time-dependent component of the point-by-point ratio between the en-
semble mean and the variance of successive current traces was the mirror image of
the time-dependent component of the mean current itself. This can be explained by
assuming an open or closed conductance state for each ionic channel, and permits
estimation of unitary currents and channel number.

3. The unitary Na currents showed a potential dependence similar to that of the
instantaneous currents. The unitary conductances (y) at zero membrane potential
were 7-4 and 3-3 pmho in sea water with 400 and 100 mM-Na, respectively, and
400 mM-intracellular K. With 400 mM-Na intracellular perfusate and 400 mM-Na
sea water, y was 15-7 pmho. In spite of the large differences in the unitary conduc-
tances, the single channel permeability for Na ions remained constant (1.15 x 10-14
cm3 sec-1). The density of Na channels was 0.60/fum2.

4. The unitary currents calculated for the anomalous rectifier showed a potential
dependence similar to that of the zero-time extrapolated estimates of the K inward
currents. The anomalous rectifier unitary conductance was 5-5 and 6-9 pmho for
sea water with 50 and 100 mM-K, respectively. The density of these channels was
0.035/ m2.

INTRODUCTION

Unit conductances of single Na and K channels in the excitable membrane of squid
giant axons (Conti, De Felice & Wanke, 1975) and frog myelinated nerve fibres (Conti,
Hille, Neumcke, Nonner & Stimpfli, 1976a, b) are of the order of 10-12-10-11 mho.
In the undifferentiated membrane of the tunicate egg, the unit conductance of the
anomalous K rectifier lies within a similar range as determined by an analysis of
steady-state current fluctuations (Ohmori, 1978). Na channels in the tunicate egg
membrane are identical to those in other excitable membranes with respect to their
kinetic properties and potential dependence (Okamoto, Takahashi & Yoshii, 1976).
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In view of the universality of ionic channels, it is reasonable to ask whether the unit
conductance of Na channels in the egg cell membrane is similar to that of nerve.
However, the inactivation ofNa currents makes the application of standard methods
of steady-state noise analysis difficult.
To circumvent this problem, the ensemble mean and variance calculated from a

series of transient Na currents generated at one potential have been analysed by
Sigworth (1977) in the node of Ranvier of frog. Both the single Na channel current and
the number of operating Na channels can be calculated from the mean current and
the current variance within the ensemble. In the present experiments, I measured
the unit conductances of Na channels and anomalous rectifier channels of the egg
using this method. The value for the anomalous rectifier agrees with the one pre-
viously obtained by a different procedure (Ohmori, 1978), supporting the validity of
the new method. To reduce the background noise level of the voltage-clamp system,
I used low resistance current and potential electrodes which was made possible by
an intracellular perfusion technique (Takahashi & Yoshii, 1978).

METHODS

Preparation of eggs and internal perfu8ion. Unfertilized eggs (mean diameter 270 jam) of the
tunicate, Halocynthia roretzi Drashe, were used. The preparation of eggs, the control of bath
temperature (15 'C), the intracellular perfusion apparatus, and the methods of voltage-clamping
were described in a previous paper (Takahashi & Yoshii, 1978). With the perfusion method, the
electrode resistances can be less than 1 kO, which reduces both the thermal noise level and the
potential drift of the electrodes significantly. However, the intracellular perfusion method pre-
vented the exchange of the extracellular medium. Therefore, the extracellular ionic concentra-
tion was fixed for each egg during an experiment. The effects of extracellular solutions upon the
ionic currents were tested on different eggs. The numerical results are presented as means and
standard deviations.

TABLE 1. Composition (mM) of extra- and intracellular solutions

a External solutions
Type Na K Mn Mg Choline Buffer
Ex-A 400 5 10 30 95 10 PIPES*-Na
Ex-B 100 5 10 30 395 10 PIPES-Na
Ex-C 400 50 10 30 50 10 PIPES-K
Ex-D 400 100 10 30 10 PIPES-K

b Internal solutions
Type Na K Anion GEDTAt PIPES Glucose Ca
In-a 400 170 F- 100 20 370
In-b 400 - 170 F- 100 20 370
In-c 200 200 170 Cl- 100 20 370 50t

* Piperazine-N,N'-bis[2-ethanesulphonic acid, DOTITE.
t Glycoletherdiamine-N,N,N' ,N'-tetraacetic acid, DOTITE.
t Intracellular free [Ca] is calculated to be 2 x 10-7 M.

Solution. The solutions used are listed in Table 1. Extracellular 801ution8. Extracellular Ca was
replaced with Mn to minimize the contribution of currents through the Ca channel to the total
inward currents. The pH was adjusted to 7 0 by 10 mM-PIPES-Na or PIPES-K. IntraceUular
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80lutOn8: F- solutions (In-a, b) were the intracellular media used for the analysis of Na currents.
The F- perfusates, however, block the anomalous rectifier completely. Therefore, in the analysis
of the current through the anomalous rectifier, a chloride perfusate (In-c) was used. To this
solution, 200 mM-Na and 2 x 10-7 M-Ca were added, because (1) Hagiwara & Yoshii (1979)
reported an increase of the conductance of the anomalous rectifier by intracellular Na, (2) the
previous report (Ohmori, 1978) suggested that intracellular free Ca increases the number of
anomalous rectifier channels, and (3) an increase in the conductance of the anomalous rectifier
was observed at the time of egg activation by the increase of intracellular free Ca (Kozuka &
Takahashi, personal communication). The [Ca], was adjusted by adding 50 mM-Ca(OH)2 to the
100 mm-GEDTA medium (KI,,' = 2 x 10-7 M, at pH = 7-0). The intracellular pH was adjusted
to 7-0 by 20 mM-PIPES-K or PIPES-Na. The extra- and intracellular solutions used are indicated
in the Figures as Ext. medium/Int. medium.

Recording and 8ignal procemring. The membrane potential was held at -90 mV for the record-
ing of Na currents (solutions Ex-A, B and In-a, b), at -30 mV or -20 mV for the recording of
K inward currents (solutions Ex-C, D and In-c). The membrane potential was changed stepwise
in the positive or negative direction to elicit Na currents or to activate the anomalous rectifier
channel, respectively. In the case of internal perfusion with F-perfusate (In-a), the amplitude
of Na current (INI) gradually increased and reached a steady value after several minutes. When
the internal perfusate was 400 mM-Na solution (In-b), more than 30 min were required for IN.
and EN. to settle to a new level. As described by Takahashi & Yoshii (1978), the Na reversal
potential (En.) in 400 mm-Na sea water with 400 mM-Na perfusate is + 6 mV, which means that
the intracellular Na activity is 80 % of the extracellular Na activity.
When the amplitude of Na currents had reached a steady value, the noise analysis or the

recording of macroscopic currents was started. The steady-state Na inactivation curve and the
instantaneous I-V relation (measured by repolarizing immediately after the peak of inward Na
current) were obtained by conventional double-pulse methods. K inward currents through the
anomalous rectifier were recorded at different negative membrane potentials.

After recording the macroscopic currents the transient current noise was analysed. The vari-
ance of the ionic currents was calculated from a series of current traces. Pulses to one potential
level were applied at intervals of 2 sec, which was the minimum time needed to avoid a notice-
able depression of Na currents during the train. The currents generated were sampled at a fixed
rate (70-500 pusec intervals) by a 12 bit A/D converter, using appropriate amplification and
filtering of the high frequency components; single pole, 2-pole and 3-pole low pass Butterworth
filters were used in cascade, as described previously (Ohmori, 1978). The minimum cut-off fre-
quency of the filters used in cascade was 0 5, 1 or 2 kHz for Na currents, and 02 or 0 5 kHz for
K inward currents through the anomalous rectifier. For each experiment, the cut-off frequency
of the filters was selected to be close to but less than the Nyquist frequency (1/2h) determined by
the sampling interval (h) of an A/D) converter (Bendat & Piersol, 1971).

Within one data group consisting of sixteen successive current records the mean and the vari-
ance were calculated point-by-point, using a procedure similar to the conventional signal averag-
ing. Estimated means and variances were successively stored on a floppy disk. Four to nine
sets of mean and variance records were usually calculated at one potential from the same egg
under the same condition. The variance records were in turn averaged and analysed as described
in the Results section. Original records of transient currents were also stored on a floppy disk
on occasion. When successive currents generated at a potential level failed to superimpose on the
storage scope, the series was discarded.
In the regression analysis between the mean current and the variance records, a few sample

points during and immediately after the capacitative transient were discarded. These points
probably reflect filter-transients and sometimes showed large variances which obscured subse-
quent time-dependent changes of the variance records. Therefore, data points up to 1-6 msec
after the potential step were not analysed. The mean of the variance at four adjacent sample
points (indicated by bars in Figs. 2, 3, 6 and 7) was plotted against time, while the ratio between
the variance and the mean current was plotted against the mean current at the corresponding
time. The regression analysis was made on the plots of the ratio (cr2/I) against the mean current
(I), and unitary currents of Na or anomalous rectifier channels and the number of respective
channels in an egg were calculated. Data were recorded and analysed by a PDP-11/03 Lab-
system (Digital Equipment Corporation, Maynard, Mass.) and displayed on a Tektronix oscilo-
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scope (Model 5113) in X-Y mode. The mean current, the variance record, their ratio and the
results of the analysis were plotted by an X-Y recorder (Watanabe Sokki Co., WX-442).

Background noi8e. The current variances obtained at the holding potential were assumed to
originate from thermal background noise of the resting membrane and the recording system.
The background variance was subtracted from the test variance before regression analysis. The
current variances calculated at various membrane potentials from a series of steady currents
obtained after inactivation of the Na current using pulses of longer duration did not show a
membrane potential dependence and were similar to the values calculated at the holding poten-
tial of -90 mV. The conductance dependence of the background noise (Conti et al. 1976a)
seemed negligible in the egg cell. Depolarizing pulses of long duration frequently caused the
membrane to deteriorate. Therefore, the variance calculated at the holding potential was
accepted as the background value. This mean background variance was 11-27 x 10-22 (A2) for
the Na current noise. For the analysis of the anomalous rectifier, the holding potential was equal
to the K reversal potential. The mean background variance calculated at this potential was
6-43 x 10-2" (A1). It was less than that for the Na current, because the kinetics of the rectifier
channel were much slower than those of the Na channel, so that extensive filtering of high fre-
quency components was possible.

RESULTS

Part I. Na channel
Transient current noise of the Na channel. A depolarizing test pulse applied to the

tunicate egg cell membrane activates the Na channel (Okamoto et al. 1976). The
transient Na current was digitized at fixed intervals of 70-200 gsec. Fig. 1A, a
shows inward Na currents recorded successively at -20 mV from a cell perfused with
400 mM-K solution (In-a). The mean inward current was calculated within the group
(Fig. 1A, b), and the differences between the mean and each record were calculated
on a point-by-point basis (Fig. 1A, c). The outward Na currents were recorded at
+ 17 mV from an egg perfused with 400 mM-Na solution (In-b) (Fig. 1 B, a). In this
egg the reversal potential of the Na current was + 5 mV. The mean outward current
(Fig. 1 B, b) and the difference between the mean and each original record were
calculated similarly (Fig. 1 B, c) These difference currents show fluctuations similar
to those in the steady-state current through the Na and K channels (Conti et al.
1975, 1976a, b), the anomalous rectifier (Ohmori, 1978) and the ACh-sensitive end-
plate channels (Katz & Miledi, 1972; Anderson & Stevens, 1973).

Fig. 2 shows the mean and the variance records calculated from eighty successive
records consisting of five groups for the inward (Fig. 2A) and five for the outward
Na currents (Fig. 2B), both in 400 mM-Na sea water. Both the mean current (I),
and the variance (o-2) show time dependent changes. I and o-2 follow similar time
courses suggesting that the variance records are related to Na current flow. However,
as clearly shown in Fig. 2B, the peak time of the variance record is different from
that of the mean Na current of the ensemble (arrows). If fluctuations of the clamped
membrane potential, of the temperature, or of the amount of current through the
open-conducting-channels were the main cause of the variance, the variance would
follow exactly the same time course as the square of the mean current. Since this is
not the case, the variance cannot be entirely due to fluctuations of the parameters
which determine the amount of current flow. Sigworth (1977) concluded that these
fluctuations originated in the random opening-closing gating kinetics of the Na
channel.
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(A) 400 Na/400 K
I
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b

1 0 msec

(B) 400 Na/400 Na
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__________________ 1 nA
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Fig 1. Transient Na current elicited at -20 mV with 400 mM-K intracellular medium
(A) and at + 17 mV with 400 mM-Na intracellular perfusate (B); both recorded in
400 mm-Na sea water. Sampling started at 1-4 msec (A) and at 1-6 msec (B) after the
potential step. a, original fifteen current traces low-pass filtered at 1 kHz and sampled
at 100 /ssec intervals. b, the point-by-point mean of a. c, the point-by-point differences
between each current trace a and the mean ionic current b. For the sake of data storage,
the sixteenth original traces were replaced by the mean ofthe current traces. In this and
in the following figures, the vertical broken lines indicate the beginning of the potential
step. Note the differences in the current calibrations.

Not only Na channels but also voltage-dependent Ca channels elist in the egg cell membrane
of the tunicate (Okamoto et al. 1976). Both channels are activated by the depolarizing test pulse.
However, the intracellular F- perfusate (In-a, b) blocks the Ca channel, and the external Mn
and Mg ions do not pass through the Ca channel. The contributioro of the K outward current
or the leakage current to the total membrane current were also negligible in the potential range
analysed (Takahashi & Yoshii, 1978). Therefore, the depolarizing test pulses were considered to
generate a pure Na current flowing through only the Na channel.
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(A) 400 Na/400 K
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Fig. 2. Mean ionic currents (I), the point-by-point variance (u') of the eighty traces of
ionic currents low-pass filtered at 1 kHz and sampled at 100 pasec intervals, and the ratio
between oa and I, recorded in 400 mm-Na sea water with 400 mM-K (A) or 400 mM-Na
(B) intracellular perfusate. The sampling points during the first 2-3 msec (A) and 2 m
sec (B) after the potential step were discarded. The background variance (5-8 x 10-39 As
for A and 2-6 x 10-22 A for B) has been subtracted. and o2/I were calculated as the
mean offour adjacent time points. Note that the ratio (a'2/I) has a time course that is the
mirror image of the time-dependent component of the mean current (I). At the right,
0-2/I (Y-axis) was plotted against I (X-axis). The straight line was drawn from a least-
squares fit using eqn. (4); the regression coefficient was 0-61 for A and 0-82 for B. The
Y-intercept of the regression line indicates the unitary currents: - 0-54 pA in A and
+ 0-33 pA in B. The reciprocal of the slope permits calculation of the number of
channels.
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UNITARY CURRENT ESTIMATION

Ensemble variance originated in channel gating. If the transient current noise
originated in the random opening-closing kinetics of each Na channel, the time-
dependent changes of the variance records can be interpreted in the following way.
Let the Na current be the sum ofunitary currents which flow throughN homogeneous,
independent Na channels. As originally assumed by Hodgkin & Huxley (1952), each
Na channel has only two states, open or closed. The probability of the open state of
each channel at time t after the depolarizing pulse is p(t). Then, by the binomial
theorem, the mean Na current and the variance of the current at time t after the
depolarizing pulse would be

INa(t) = i N p(t), (1)

TNa2(t) = i2N p(t) [1-p(t)], (2)

where i is the Na current through a single open channel (Neher & Stevens, 1977).
Eqns. (1) and (2) yield the relations

O'Na2(t)/INa(t) =i [1P(t)], (3)

i-INa(t)/N. (4)

Taking i and N as time-independent parameters, eqn. (4) predicts that the time-
dependent component of the ratio between the variance and the mean current (cr2/I)
is the mirror image of the time-dependent component of the mean current itself (I).
Fig. 2 shows this. The background variance was subtracted before the calculation of
the ratio. Therefore, qualitatively, it seems reasonable that the current noise in the
transient Na current originates from random opening and closing of independent
unitary Na channels.

Estimation of the unitary current and the number ofNa channels. Eqn. (4) also shows
that the estimation of the single channel current, i, and the number of operating
channels, N, is possible without any knowledge of the stochastic parameter, p(t).
When o-2/I is plotted against the mean current (see Fig. 2, I -o2/I relation diagram),
the Y-intercept of the regression line will be the unitary current, i. From the inverse
of the slope, the number of channels, N, can be estimated. The estimated unitary
current was - 0-54 pA at -22 mV from Fig. 2A and + 0 33 pA at + 17 mV from
Fig. 2B. The number of channels estimated was 5 x 104 for Fig. 2A and 4-4 x 104 for
Fig. 2B.

Fig. 3A shows records in 400 mM-Na sea water with 400 mM-K intracellular
medium (In-a). For this series of regression lines the Y-intercept decreases in magni-
tude as the potential becomes more positive, but the slope is almost the same for all
potentials. Thus, it is clear that the number of channels is independent of the mem-
brane potential. Fig. 3B shows records in 100 mM-Na sea water. The slopes of the
regression lines were again independent of the membrane potential, and the unitary
currents clearly were smaller than those observed in 400 mM-Na sea water. The
potential-dependent changes of the unitary current were also observed in 400 mM-Na
sea water with 400 mM-Na intracellular perfusate (In-b) (Fig. 3 C). In this case, the
slope of the regression lines changed slightly, but showed no simple potential de-
pendence. The mean numbers of channels in each solution are presented in Table 2;
the average number of operating channels was 6-9 x 104.
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The number of channels per egg shows a large standard deviation (Table 2). This large standard
deviation most probably results from actual differences in channel number between the different
egg cells studied, because the peak inward Na current also showed a large standard deviation:
41-5 + 21-9 nA (n = 41) for 400 mm-Na sea water with 400 mu-K intracellular perfusate. This
was larger than the standard deviation of the maximum chord conductance of the anomalous
rectifier: 3-17 ± 0-57 (x 10-8) mho (n = 12) for 100 mm-K sea water. The differences in the effec-
tive area of the egg membrane for each intracellular perfusion may also result in variation of N.
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Fig. 3. The ratio of variance to mean Na current was plotted against mean current at
the corresponding time, under bhe experimental conditions indicated as External
medium/Internal medium The means and the variances were calculated from 64 to 112
current traces. The current traces were sampled at 70 jusec intervals in B at + 47,
+ 57 mV, at 200 /tsec intervals in C at -41 mV, and the other records were sampled
at 100 1asec intervals. For the sampling at 70, 100, and 200 /,sec intervals, the current
records were low-pass filtered at 2, 1, and 0-5 kHz respectively. The fitted lines were

drawn by the least-squares technique using eqn. (4).

Unitary current- and instantaneous current-voltage relations. The unitary currents
were dependent upon the membrane potential, while the number of channels was

independent of membrane potential. These results seem consistent with the hypothe-
sis that the transient current noise originates in the gating kinetics of each Na chan-
nel.
The instantaneous Na current obtained immediately after a step change of mem-

brane potential at the peak of inward current is considered to be the current which
flows through a fixed number of Na channels. Therefore, the membrane-potential-

/2 (pA)
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UNITARY CURRENT ESTIMATION
dependent change of the instantaneous current is a macroscopic indicator of the
membrane potential dependence of the Na current through a single Na channel.
The insets in Fig. 4 show traces of instantaneous currents in 100 and 400 mM-Na sea
water with 400 mM-K intracellular perfusate. After scaling (see legend), the instan-
taneous currents (.) were plotted against membrane potential in Fig. 4.
The unitary currents estimated above were plotted against the membrane potential

on the same axis as the instantaneous currents: A, in 100 mM-Na sea water and 0,
in 400 mM-Na sea water with 400 mM-K intracellular perfusate. The unitary currents
show a membrane-potential dependence similar to that of the Na current generated
by an ensemble of a fixed number of open-Na-channels; both decrease as the mem-

TABLE 2. Microscopic properties of Na channels and anomalous rectifier channels estimated
from the transient current noise of intracellularly perfused tunicate eggs (means + S.D.)

Na currents N (per half egg)* yt (pmho) (x 10-14 cm" see-1) n EN. (mV)
Pa.

400 Na/400 K 77,300 + 42%200 7-35 + 1-02 1-15+0'16 60 + 53
100 Na/400 K 72,500 ±49,900 3.26 + 1 01 1 19 + 0-37 26 +18-6
400 Na/400 Na 53,700+ 56,600 15-72 + 3-42 1 12+ 0-24 38 + 5
Averages 69,100 1.15 124

K inward currents ES (mV)
50 K sea water 4100+ 1100 5*50 + 0 77 35 -34.4
100 K sea water 4000+ 1000 6.92 + 0-56 32 -17*2
Averages 4050 67
* Because of the intracellular perfusion, the effective surface area of the egg membrane is

about half of that of the intact egg (Takahashi & Yoshii, 1978t.
t y values were normalized to zero membrane potential for Na currents. For K inward currents,

y values are the mean of the values calculated at each potential.
brane potential approaches the Na reversal potential. This strongly suggests that the
estimated unitary current corresponds to the current through a single Na channel.

Fig. 4 further shows that the unitary conductance depends upon the extracellular
Na concentration; the unitary conductance normalized to zero membrane potential
was 7-35 pmho in 400 mM-Na and 3-26 pmho in 100 mM-Na sea water (see Table 2).
The fourfold decrease in [Na]l did not produce a proportional decrease in YN&.
When the intracellular perfusate was changed from 400 mM-K to 400 mM-Na, the

unitary currents again showed a potential dependence that paralleled that of the
instantaneous currents (Fig. 5). In this case, however, the unitary conductance at
zero membrane potential was considerably larger than that with 400 mM-K intra-
cellular perfusate (Table 2).
Na channel permeability. The constant field theory predicts that the current through

an ionic channel is determined by the membrane potential, the permeability coeffi-
cient, and the concentration of the permeable ionic species on both sides of the
membrane. The unitary Na permeabilities (PNO) were calculated from the unitary
currents, i, using the constant field equation (Goldman, 1943; Hodgkin & Katz, 1949)

i EF2 PNa[Na]o -PJ[C] i exp (FE/RT) 5
RT I-exp(FE/RT)

where Pc is the unitary permeability for the intracellular cation C (Na or K), E the
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membrane potential, [Na]0 the extracellular Na concentration, [C]i the concentration
of intracellular permeable cation C, and F, R and T the usual thermodynamic
quantities. When the egg was perfused with K solution (solution In-a), PNa was
assumed to be 8-45 times larger than PK. This ratio was determined from the reversal
potential of Na currents presented in Table 2.
Although the unitary Na conductance (y) showed large differences under different

conditions (see Table 2), the unitary permeabilities, PNa (ext. medium/int. medium),

100 _

mV_

0 _ L /400 K
-100 - K

~~~~0.5
100 Na

\g -] nA
10msec-

Potential (mV) 10-J10
-100 -50 1. -0

I ~~~~~A100

400Na A 40 A0

Fig.~~~~~~~~~4.Uiaycret potdaantmmraeptnil n 100TvN n

9/05 _ _ _ _ _ _ _ _
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0

in 400 sNa400 Na ] _Ilcn
.0

10
1 i

0 10 lmsec-
0 ] i(pA)

Fig. 4. Unitary currents plotted against membrane potential; A in 100 m -Na and 0
in 400 mm-Na sea water with 400 mm-K intracellular perfusate. The enclosed symbols
(®) are the unitary currents obtained with 1 sec prepulses to potentials between -61
and - 52-5 mV; the peak inward currents changed 3-2 folds. The insets show traces of
instantaneous currents elicited by a step potential change immediately after the inward
current peak. The instantaneous currents are plotted as dots (.). Values for 400 mx-Na
sea water were obtained from two eggs. The instantaneous currents were multiplied by
2-0 x 10-' (one set of the 400 mx-Na records and the 100 mm-Na records) or by
1-0 x 10-' (the other set of 400 mm-Na records which are presented in the inset). The
scaling factor was determined for each I-V relation so as to give convergence to a single
curve at large positive membrane potentials. The reversal potential was + 18-6 mV in
100 mx-Na sea water and + 53 mV in 400 mm-Na sea water.

were almost constant :PNa(400 Na/400 K) :PNa(100 Na/400 K) :PNa(400 Na/400 Na)
= 1-0: 1-04:0-98. This constancy of the permeability coefficient under various experi-
mental conditions suggests that the current through a single Na channel can be
described by the constant field theory.
The mean unitary conductance and permeability in 400 Na/400 K were calculated from the

plot in Fig. 4 (from - 50-5 to + 38-5 mV), while the mean unitary conductance and permeability
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UNITARY CURRENT ESTIMATION

400 Na/400 Na

Potential (mV)

-50

0

0.

1-0
0

50

i (pA)

Fig. 5. Unitary currents (open and enclosed symbols) and instantaneous currents (.)
plotted against membrane potential in 400 mM-Na sea water with 400 mm-Na intra-
cellular perfusate. The instantaneous currents were multiplied by 2-89 x 10-6, and the
reversal potential was + 5 mV. Different enclosed symbols indicate unitary currents
from different eggs. They were measured with a 1 sec prepulse to between -80 and
-56 mY, and one of them (®&, smaller value) was measured without a prepulse. The
peak inward currents changed 3-45-fold (®*), 5-0-fold (0), 3-92-fold (®), and 2-7-fold
(X).

in 100 Na/400 K were calculated using the inward unitary Na currents. The permeability coeffi-
cient estimated from the outward unitary currents was 4-6 times larger (5-28 x 10-1 cm$ sec-1).
Probably the background variance was not subtracted satisfactorily because of the small signal-
to-noise ratio in the small outward unitary currents in 400 mM-K intracellular perfusate.

EN. was + 5 mY in 400 mM-Na sea water with 400 mm-Na intracellular medium. Since the
small driving force leads to greater errors in the estimation of the conductance, unitary currents
recorded at potentials within + 15 mY from EN. were not used in the calculation of unitary con-
ductances and permeabilities.

Effect of 8teady-state inactivation upon the unitary currents. The filled symbols in
Figs. 4 and 5 show the unitary currents estimated from the Na currents elicited after
conditioning prepulses of 1 sec duration to potentials between -80 and - 52-5 mV
and from one record without prepulse. Slight changes in the unitary currents were
observed in two eggs (Fig. 5, X and ®), but the other three eggs (Figs, 4, 5) showed
almost constant unitary currents, while the peak inward currents varied by factors
of more than 3.
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Fig. 6. Transient K inward currents through the anomalous rectifier elicited by clamp
pulses to - 154 or - 143 mV. A, fifteen traces of K inward currents in 50 mM-K sea
water (a), the point-by-point mean of a (b), and the difference between the records in a
and the mean (c). Currents were low-pass filtered at 0-2 kHz and were sampled at
500 ,ssec intervals starting 3 msec after the beginning of pulse. B, the mean (I), the
variance (o-2) and the ratio (o.2/I) calculated from eighty records in a and from ninety-six
records in b. Analysis of data started 4 msec after the beginning of the pulse in a and b.
Ba is calculated from the same series as in A. The background variance (3-97 x 10-22 A2
for a and 1-46 x 10-22 A' for b) was subtracted. C, plot ofao/I against I presented in B.
The superimposed lines were drawn from least-squares fits using eqn. (4); the regression
coefficient was 0-5 for 50 m -K and 0-8 for 100 mi-K sea water.

Part II. Anomalous rectifier
Based on several lines of evidence, I have seen that the noise calculated from the

transient Na currents may be traced to fluctuations in the state of the Na channels.
In order to compare the data obtained by this transient noise method with the data
obtained from a completely independent method, I have studied the transient
current noise in the inward currents through the anomalous rectifier. The unitary
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conductance and the density of anomalous rectifier channels have already been
estimated from analysis of steady-state inward current fluctuations through this
channel (Ohmori, 1978).

Transient current noise of the anomalous rectifier. In response to a negative test
pulse from the zero-current holding potential, a K inward current flows under voltage
clamp conditions. After the capacitative transient, a fast activation and a subsequent
slow inactivation are observed (Ohmori, 1978). Fig. 6A, a shows traces of transient K
inward currents elicited by step changes of membrane potential to - 154 mV in
50 mM-K sea water with Cl-perfusate (In-c); after the capacitative transient, the
current was sampled at 500 gsec intervals. The mean inward current was calculated
(Fig. 6A, b) and the difference between each current trace and the mean current shows
the fluctuations at this potential (Fig. 6A, c). Fig. 6B, a illustrates the mean inward
current and the variance records calculated from eighty current traces consisting of
five groups. The transient component of the point-by-point ratio calculated from this
mean inward current and the variance was the mirror image of the transient com-
ponent of the mean current. In 100 mM-K sea water, inactivation was slower;
therefore, a steady-state was not reached within the recording time (Fig. 6B, b). Even
so, the transient component of the ratio between the variance and the mean inward
current was the mirror image of the transient component of the mean current esti-
mated from ninety-six records consisting of six groups. Therefore, this transient
current noise could be related to the random opening-closing kinetics ofthe anomalous
rectifier. By using eqn. (4), the unitary current, i, and the number of channels,
N, were estimated by linear regression analysis. The relation between the mean cur-
rent and the ratio was plotted in Fig. 6C, from recordings in Fig. 6B. The super-
imposed lines were calculated by least-squares fits. The unitary current was - 075 pA
in 50 mM-K sea water at - 154 mV and - 0 80 pA in 100 mM-K sea water at - 143 mV.
The number of channels was 3400 for 50 mM-K sea water and 3800 for 100 mM-K sea
water.

Fig. 7 shows records in 50 mM-K and in 100 mM-K sea water. In both cases, the
slopes of the regression line changed slightly from record to record, but no systematic
potential dependence was observed. The mean number of channels was 4100 in
50 mM-K and 4000 in 100 mM-K sea water (see Table 2, K inward currents).
Membrane potential dependence of unitary currents. Previous work on the egg

anomalous rectifier (Ohmori, 1978) showed that activation is very fast and that the
activation gate is open with probability one in the steady-state at large negative
membrane potentials; the inactivation gate is open with probability one in the steady-
state at the holding potential. Therefore, zero-time extrapolation of the falling phase
of the inward current yields the maximum conductance of the anomalous rectifier,
which corresponds to the instantaneous currents of the Na channel, and must be the
macroscopic indicator of the unitary current through the single anomalous rectifier
channel. Such zero-time extrapolated currents (arrows in Fig. 8A) were plotted
against membrane potential for 50 mM-K and 100 mM-K sea water, after appropriate
normalization (small dots in Fig. 8B).
The unitary currents estimated from the transient current noise are given in the

same Figure: 0, unitary currents in 50 mM-K sea water; and 0, in 100 mM-K sea
water. Fig. 8B shows the parallel dependence on the membrane potential of the
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Fig. 7. Plots of o-2/I against I calculated from the K inward currents through the
anomalous rectifier. The mean and variance were obtained from sixty-four to ninety-six
current traces low-pass filtered at 0-2 kHz and sampled at 500 #ssec intervals.

unitary currents and the zero-time extrapolated currents. The unitary current in
100 mM-K sea water was clearly larger than that in 50 mM-K sea water.
The unitary conductances estimated from Fig. 8B were 5-5 pmho in 50 mM-K

and 6-92 pmho in 100 mM-K sea water (see Table 2, K inward currents). These values
are similar to the unitary conductances previously estimated from the steady-state
current noise: 5 97 pmho in 50 mM-K and 8-37 pmho in 100 mM-K sea water (Ohmori.

1978).
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Fig. 8. A, K inward currents in 50 or in 100 mM-K sea water recorded from two eggs.
Arrows indicate the zero-time extrapolated values of the falling phase of the inward
currents. These values are plotted as dots in B, after multiplication by 2-17 x 10-4 for
50 mM-K and 3-03 x 10-4 for 100 mM-K sea water. B, unitary currents in 50 mM-K (0)
and in 100 mM-K sea water (e), and zero-time-extrapolated currents (small dots)
plotted against membrane potential. At potentials where no inactivation occurred the
maximum inward currents were plotted instead of the zero-time-extrapolated values.

DISCUSSION

The transient current noise originates from random transitions between states of
the Na or of the anomalous rectifier channels of the tunicate egg cell membrane. This
conclusion is based upon the following seven arguments. (1) The variance was not a
monotonically increasing function of the mean current magnitude, and even de-
creased at the peak of the mean current (Figs. 2, 6). Especially in 100 mM-K sea
water, the variance and the mean K inward current at - 143 mV showed a reversed
time course (Fig. 6B, b). Therefore, the variance calculated from the transient cur-
rents is not generated by parameters which affect the amount of current flow. (2) The
transient component of the point-by-point ratio between the variance and the mean
current was the mirror image of the transient component of the mean current itself
(Figs. 2A, B, 6B). This is a necessary condition for the underlying stochastic process
of random transitions between open and closed states of independent channels.
Therefore, the unitary current and the number of channels could be calculated by
regression analysis (3) The unitary currents showed a membrane potential dependence
almost parallel to that of the instantaneous currents recorded immediately after the
peak Na inward currents or to that of the zero-time extrapolated values of the K
inward currents. After scaling, the instantaneous (or zero-time extrapolated) current-
voltage relation superimposed satisfactorily upon the unitary current-voltage relation
(Figs. 4, 5, 8). (4) When [Na]o or [Na]i were changed, the changes in the unitary cur-
rents were similar to those of the instantaneous currents. The unitary currents of the
anomalous rectifier were also a function of [K]0. Therefore, qualitatively, the calcu-
lated unitary currents appear to be the currents through single Na or anomalous
rectifier channels. (5) The unitary permeability calculated from the unitary Na
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currents gave quantitative support for this conclusion; the unitary permeability was
found to be essentially constant (PNa = 1-15 x 10-14 cm3 sec-'), irrespective of the
large changes of the unitary conductance produced by changes in [Na]0 or [Na]i
(Table 2). (6) Inactivation of the Na channel did not influence the size of unitary
currents (Figs. 4, 5). Finally, (7) the unitary conductance of the anomalous rectifier
obtained by the analysis of transient noise (Table 2) agreed with that estimated
previously from steady-state current fluctuations (Ohmori, 1978).

Before regression analysis, the background variance at the holding potential was
subtracted from each test variance. The procedure is based upon the premise that the
noise generated by the fluctuation of the states of channels is independent of the noise
observed at the resting condition. For the Na channel noise, the background variance
was calculated at a holding potential (about -90 mV) at which the open channel
probability, p(t), is almost zero. Thus, the contribution to the whole variance from
the fluctuations of the states of Na channels should be negligible. For the anomalous
rectifier, the background variance was calculated at a holding potential about equal
to EK. Here also, fluctuation in the currents recorded would be independent of
fluctuations in the state of the anomalous rectifier. The background variances calcu-
lated were different from cell to cell and between different recording conditions.
Errors in the estimation of the background variance seriously disturbed the estima-
tion of unitary currents. One example demonstrated that a 40% decrease in the
background variance produced an apparent 24% increase in the unitary current and
a 13% decrease in the number of channels. However, the agreement between the
unitary conductance of the anomalous rectifier obtained in this paper and that re-
ported previously may justify the present method of background subtraction.
The number of ionic channels per half egg (surface area 114 x 10-5jm2) was about

7 x 104 for Na channels and about 4000 for the anomalous rectifier (Table 2). The
density is 0.60//zm2 for Na channels and 0.035/,tm2 for anomalous rectifier channels.
The density of Na channels in nerve fibres is considerably larger: 13-35/,um2 in the
lobster giant axon (Moore, Narahashi & Shaw, 1967; Keynes, Ritchie & Rojas, 1971),
483-553//Zm2 in the squid giant axon (Levinson & Meves, 1975; Conti et al. 1975,
Keynes & Rojas, 1976), and 1000-2000/,tm2 in the frog myelinated nerve fibre (Conti
et al. 1976b; Sigworth, 1977).
The unitary conductance, y, estimated for the Na channel is 7-35 pmho in 400

mM-Na sea water with 400 mM-K intracellular medium, and the Na permeability,
PN&, of the single Na channel is 1 15 x 10-14 cm3 sec'. Similar values for y (7.7-8
pmho) and a four times larger value for PNa (4.3 x 10-14 Cm3 sec-') have been found
in frog nerve fibres (Conti et al. 1976b; Sigworth, 1977). The unitary conductance of
the anomalous rectifier is of the same order as that of the Na channel (Table 2).
With an internal Na concentration of 400 mm (In-b), the unitary conductance, y,
in 400 mM-Na sea water was increased to 15.7 pmho. This may be the limiting con-
ductance of this channel and is close to that reported for the ACh sensitive channel
of the frog end-plate (Anderson & Stevens, 1973).
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