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SUMMARY

1. In the gastrula of the tunicate (Halocynthia aurantium) the resting
potential ofthe embryonic membrane was about -70 mV in both std ASW
and Na-free ASW.

2. The potential responses to depolarizing current in the early gastrula
embryo showed distinct potential jumps from about -50 to about
+ 40 mV during the application of current and from about 0 to resting
level after its cessation thus forming a plateau at about 0 mV. Those
jumps were not altered significantly by the removal of both Na and Ca
ions from ASW except for the duration of the plateau after the cessation
of current.

3. Blastomeres in an embryo were tightly coupled with each other
electrotonically at the blastula and gastrula stages. The fact that the
coupling ratio was nearly 1t0 made it reasonable to treat an embryo as
one cell as far as electrical properties are concerned.

4. The I-V relation of the embryonic membrane consisted of an inward
rectifying region, outward rectifying region and transitional zone between
the two, resulting in a S-shaped curve as in the egg cell membrane. But in
the gastrula embryo, the transitional zone actually included the dis-
continuous part of the I- V curve (from about -50 to about + 40 mV)
due to the potential jump.

5. The ionic current (Ii) during the potential jump in Na-free ASW was
estimated from the slope of the potential response based on the assump-
tion of constant capacitance during the membrane potential changes. The
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calculated Ii-V curve complemented the interrupted I-V curve smoothly
and showed the existence of a negative resistance region from about -50
to about 0 mV in the steady-state I-V relation.

6. The steady-state I-V relation was altered significantly by changing
the K concentration in ASW, and the existence of the negative resistance
can be reasonably explained by the marked inward-going rectification or
anomalous rectification ofK conductance.

7. The replacement of K with Rb in ASW produced the marked sup-
pression of the inward-going rectification of the embryonic membrane.

INTRODUCTION

As described in the preceding paper (Miyazaki, Takahashi & Tsuda,
1974), a marked non-linearity in current-voltage relation exists in the egg
cell membrane of the tunicate. The non-linearity includes both inward-
and outward-going rectifications in different ranges of the membrane
potential.
The inward-going rectification has been known as anomalous rectifi-

cation in vertebrate striated muscle (Katz, 1949; Hodgkin & Horowicz,
1959; Nakajima, Iwasaki & Obata, 1962; Adrian & Freygang, 1962a;
Adrian, Chandler & Hodgkin, 1970) and in cardiac muscle (Hall, Hutter &
Noble, 1963; Hutter & Noble, 1960; Noble, 1965; Noble & Tsien, 1968),
or as K inactivation in the electroplaque of the eel (Grundfest, 1960, 1961,
1966; Nakamura, Nakajima & Grundfest, 1965). The functional signifi-
cance of the inward-going rectification is not known. However, in order
to elucidate the embryonic origin of the rectifying properties of the
excitable membrane, it is interesting to examine the nature of the inward-
going rectification in the embryonic membrane.

In the present paper, special attention has been given to the electrical
properties of the embryonic membrane at stage of the gastrula, when the
membrane shows the most remarkable inward-going rectification than
any other developmental stage of this embryo (Takahashi, Miyazaki &
Kidokoro, 1971; Miyazaki, Takahashi & Tsuda, 1972).

METHODS

Collection of the materials were described in the previous paper (Miyazaki et al.
1974). The tunicates in the present experiments were exclusively Halocynthia
aurantium Pallas. In order to obtain the gastrula embryo, the fertilized egg was
incubated for 12-24 hr in 6-7o C sea water under continuous aeration. The identifi-
cation of the embryonic stages and the penetrated cells in an embryo was done in
accordance with description in Conklin's map (Conklin, 1905). The methods of
recording and exchanging various salines (ASWs) were the same as described in the
previous paper (Miyazaki et al. 1974). The ASWs used in the present experiments
were listed in Table 1.
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TABLE 1. Ionic composition of the artificial sea water

ASW Na K Rb Ca Mg Cl Tris

Standard 452 9-8 10-6 48 579 *-
Na-free - 9-8 10-6 48 461 570
106 Ca, Na-free 9-8 106 48 546 390
106 Ca 309 9-8 - 106 48 627 *-
1-06 Ca, Na-free 9-8 - 1-06 48 453 588
Ca- and Na-free 9-8 48 452 590
39 K, Na-free 39-2 - 10-6 48 469 533
2-5 K, Na-free 2-45 - 10-6 48 459 579
2-5 K, 106 Ca, Na-free - 2-45 106 48 544 399
10 K, Na-free 10 10 50 498 552
40K, Na-free 40 - 10 50 504 516
100 K, Na-free - 100 - 10 50 516 444
10 Rb, Na-free - - 10 10 50 498 552
40 Rb, Na-free 40 10 50 504 516
100 Rb, Na-free 100 10 50 516 444

m-mole/i., pH 7-8-8-0.
* 10 mM Tris HCl, pH 8-0, was added.

RESULTS

PI. 1 illustrates an early gastrula and an elongated gastrula of Halo-
cynthia aurantium Pallas. The present experiments concern the embryos
at these stages.

Electrical responses in standard ASW. At the stage of the gastrula the
embryonic membrane showed the resting potential of about -70 mV. The
responses to depolarizing and hyperpolarizing currents are illustrated in
the records of Text-fig. 1 a, std ASW. The steady-state I-V curve of the
same embryo is also illustrated in Text-fig. 2a, std ASW. The response to
the hyperpolarizing current was passive electrotonic and the time course
of the potential was roughly exponential (record 1, std ASW). However,
a close inspection revealed a slight undershoot of the potential response
at the beginning of current application but no overshoot at the cessation
of currents. Although the actual time course was not exact exponential,
the time required to attain (1-1/e) of the peak response was 0-055 sec for
the case of Text-fig. 1 a, std ASW, record 1. The I-V curve was almost
linear in the range more negative than the resting potential, although
there was a slight upward curvature. The slope resistance at -80 mV was
2-9 MO in Text-fig. 2a, std ASW (for collected values, see Table 2).
As shown in Text-fig. 1 a, std ASW, record 2, the response to depolarizing

current of intensity less than 0-65 x 10-9 A was also passive electrotonic
potentials but their time course was not exponential. The initial rapid rise
of potential within a second was followed by a creeping rise reaching a
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NON-LINEAR I-V CURVE OF EMBRYO

steady level after several seconds. This deviation from an exponential
time course is explained by the change of slope resistance with membrane
potential. The slope resistance at -65 mV was about 20 MQ, while it was
4 MQ at -73 mV, the resting potential level. There was inward-going
rectification at the potentials more negative than about -60 mV. When

a std ASWA
1 2 3 IN 4

10 .0j

- L. 2 x 10-9 A0.5 sec ~
Na-free ASW

1 2 4
310 __ >.. _ _ _%M
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Text-fig. 1 a illustrates the potential responses to constant current stimu-
lation at gastrula stage in std ASW and Na-free ASW. Temp. 2-5° C. They
were obtained from a gastrula embryo with moderately opened blastopore.
The resting potentials of the embryo were -73 mV, in std ASW and
-76 mV in Na-free ASW. Upper and lower traces in each record illustrate
potential and current records respectively in this Figure and in all following
Figures. The scales for voltage except those in records 1 std and Na-free
ASW indicate also the level of zero membrane potential in this and suc-
ceeding Figures. The current scale at record 1 std ASW applies for all
records in Text-fig. 1 a, b, c and d. The arrow in record 3 std ASW indicates
the point of mathematical inflexion of the potential response. b illustrates
effects of enhancement of Ca concentration from 1-06 to 106 mm in Na-free
ASW and of restoration of the Na in the presence of 106 mM-Ca on rising
and falling phases of the depolarizing response. A late stage gastrula of an
elongated gastrula. Temp. 2-3° C. The records in the same column were
taken in the same external medium and the records in the same line were
obtained by applying the similar amount of current. c illustrates the rate
of rise during the rising phase of depolarization in 106 Ca ASW with
309 mM-Na. The same embryo as in part b. d illustrates the regenerative
response of a late stage gastrula or an elongated gastrula occurring in the
selected ionic environment of 2-45 mM-K, 106 mm-Ca and Na-free ASW.
The arrow indicates the critical level for the regenerative response.
Temp. 6.50 C.
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the depolarizing current was slightly over the critical value of 0-65 x
10-9 A, the membrane depolarization showed an inflexion point (see p.
68) at -58 mV as indicated by an arrow in record 3. No steady value
of the potential was obtained above -58 mV and the depolarization
increased continuously up to the level of +40 mV. Accordingly, the 1-V
curve showed distinct transition from -58 to + 40 mV at critical current
of 0-65 x 10-9 A (interrupted line in Text-fig. 2a, std ASW). The I-V curve

a b

4_std ASW ||0
-0-0- Na-free > 1

0a. 0-05

-2 -1 1 2 6C~~~~~
Current (10-9 A)

C
0

-50 : $ 4.0

~~~~~~~~~~~~~3
Q

[ 0-5 1 15 2x10-9A
-100_

Text-fig. 2a illustrates the I-V relations of the embryonic membrane of
the same gastrula embryo as illustrated in Text-fig. la in both std and
Na-free ASW. Temp. 2-50 C. Ordinate is the membrane potential and the
abscissa is the applied current in this and subsequent Figures. The inter-
rupted line indicates the portion of the I-V curve where the steady-state
membrane potential was not obtained within 6 sec, in this and subsequent
figures. b, the maximum rate of rise during the potential jump is plotted
against the applied current in std ASW (0) and in Na-free ASW (0).
c, the duration of the falling phase of the depolarizing response after the
current cessation was measured at -40 mV level and is plotted against the
applied current.

for currents above 0-65 x 10-9 A or potentials above + 40 mV showed a
slope resistance of about 20 MQ. Closer inspection revealed outward-going
rectification in this region of the I-V curve. The potential decay after the
cessation of depolarizing current was also far from exponential, and it
formed a distinct hump below 0 mV level.
The S-shaped configuration of the I-V curves, thus, was similar to that

at egg cell stage described in the previous paper (Miyazaki et al. 1974). The
quantitative differences between these two curves were as follows:
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(1) The potential jump appeared in the negative direction for -20 m to
-60 mV with the hyperpolarizing current in the case of two cell embryo
shown in Text-fig. 3a, std ASW of the previous paper (Miyazaki et al.
1974), while it was elicited from -58 to + 40 mV with depolarizing current
at the stage of the gastrula (Text-fig. 2a). (2) The critical currents were
0 4x 10-10 A in the two cell embryo in Text-fig. 3a, std ASW of the
previous paper and 6-5 x 10-10 A in the gastrula embryo in Text-fig. 2a,
std ASW. (3) The limiting slope resistance in the inward rectifying region
of the I-V curves was less for the gastrula than for the two cell stage
embryo, the values being 2-9 MQ for the gastrula and 25 MQ for the two
cell embryo of Text-fig. 3a in the previous paper.

Electrotonic coupling among blastomeres in an embryo. Electrical coupling
between the blastomeres has been demonstrated in many different embryos
including those of amphibia (Ito & Hori, 1966; Ito & Loewenstein, 1969;
Slack & Palmer, 1969; Palmer & Slack, 1970; Warner, 1970; Bennett &
Trinkaus, 1970), the chicks (Sheridan, 1966, 1968, 1971), the echinoderms
(Tupper, Saunders & Edwards, 1970), and squid (Potter, Furshpan &
Lennox, 1966). All except early stage embryos ofthe echinoderm (Ashman,
Kanno & Loewenstein, 1964; Tupper et al. 1970) have been reported to
show extremely tight coupling with a coupling ratio of almost 1x0. In this
tunicate embryo, the responses to the current pulses were the same in
any blastomeres of an embryo at the initial stage of blastula and at the
stage of gastrula. It is expected that the whole embryo behaves electrically
as one cell with tight electrotonic coupling.
In the experiment shown in Text-fig. 3, the one electrode was placed in

the blastomere of the muscle region (V1) and the second electrode was
introduced into the blastomere located in the ectodermal region (V2).
Clearly the responses of V1 were the same as those of V2 to the current
injection through either the V1 or V2 electrode (Text-fig. 3a).

Plotting V2 at the end of current pulses against V1 showed that the
coupling ratio (V2/V1) between two blastomeres was 1-0 in any ranges of
the membrane potential. The same results were obtained at the initial
stage of blastula as well.
Ca and Na components in the depolarizing responses. On the removal of

Na ions from ASW, the resting potentials remained unchanged or shifted
slightly (by less than 10 mV) in the negative direction. The potential jump
under the constant current application and the I-V curve were almost
the same as those in std ASW (Text-figs. la and 2a). Only the critical
current necessary to initiate the potential jump was slightly (0-30 %)
larger than that in std ASW. In the gastrula embryo, the inflexions due
to both Na and Ca regenerative response were usually not clear because
of the superposition of the steep potential jump initiating from about
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-55 mV. However, the plotting of the maximum rate of rise during the
jump and the duration of the falling phase after the current cessation
against current intensity in both std ASW and Na-free ASW indicates
that the distinct effects of the Na removal were in the decrease of both
amounts (Text-fig. 2b, c). This fact suggests that Na inward current was
included in the embryonic membrane at the gastrula stage as well.

a Avt s0

_~~~~~~~~~~~ >Sse~~~~c
3 ~~~~~~~~~~~~so

J10-A

b c

V2 ~ ~ m

VI~~~~~~~~~~~

Text-fig. 3. A demonstration of the electrotonic coupling among blastomeres
with two micro-electrodes (V1 and 'p2) in a gastrula embryo with a widely
opened blastopore. a illustrates the potential responses of V1 and 'V2 to
depolarizing currents through Vl electrode (Ii) and through 12 electrode
(II). 6 illustrates the location of the electrodes. V1 electrode was in the
blastomere of the presumptive muscle area and I.2 electrode was in the blas.
tomere of the presumptive ectodermal area. c illustrates the relation between
V1 and V. potentials either with current through V1 electrode (filled circle)
or with current through V2 electrode (filled triangles). Note the straight
line through the origin with 450 slope. Interrupted lines indicate the resting
level.
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In order to demonstrate Ca contribution to the response clearly, the Ca

concentration was preliminarily reduced to one tenth of the standard,
i.e. 1*06 mm in Na-free condition and then Ca content was increased from
1-06 to 106 mm, and finally Na ions were replaced keeping the Ca concen-
tration at the same level (Text-fig. 1 b). The responses to depolarizing
currents of the similar intensities were compared successively in three
solutions, starting from the same resting potential in each case. Although
the final potential level was similar in the three solutions, the sharp
shoulder on the rising phase appeared only in the high Ca condition. The
rate of rise during the depolarization in 106 Ca ASW with 309 mm-Na
showed two maxima (interrupted lines) at the level of -30 and + 15 mV.
The latter probably corresponds to the Ca current, while the former may
include the Na current (Text-fig. 1 c). As described above, the presence of
sodium caused a prolongation of the falling phase. It should be noted that
high Ca also lengthened the falling phase. However, even in 1-06 mM-Ca
and Na-free condition a distinct hump on the falling phase was still
observed. The durations of the falling phase measured at -40 mV
were 1-8, 2-3 and 3-3 sec in 1-06 Ca, 106 Ca, and 106 Ca in the presence
of Na.

Further evidence for Ca component in the depolarizing response at the
gastrula stage was the elicitation of a regenerative response under the
selected ionic environment of 10 times Ca and one fourth K concentration
(106 Ca, 2-5 K, Na-free ASW) as shown in Text-fig. 1d. The critical level
for Ca action potential was +5 mV (horizontal arrow), the value being
similar to that in the egg cell membrane described in the previous paper
(Miyazaki et al. 1974).
In summary, both Na and Ca components were suggested in the

depolarizing response of the gastrula but neither characteristic potential
jump nor non-linear I-V relation was influenced by the deficiency of Na
or Ca ions.

Although decoupling of the electrotonic connexion between cells has been reported
to result from a deficiency of the divalent ions Ca and Mg (Loewenstein, 1968;
Loewenstein, Nakas & Socolar, 1967; Rose & Loewenstein, 1971), no sign of de.
coupling was found by observing electrotonic spread of potential with 1 mm-Ca and
48 mM-Mg in ASW.

Analysis of the non-linearity in the current-voltage relations. Since the
potential jump was independent of both Na and Ca, it is likely that the
negative resistance exists in some portion of the I-V relation and produces
the jump on the application of the constant current. Therefore, it is
important to have the quantitative estimate of membrane currents in the
non-linear portion of the I-V curve, especially in the portion hidden by
the potential jump, under the condition of the external Na absence.

3 PHY 238
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The generally accepted equivalent circuit for biological membrane has
included capacitative and resistive admittances in parallel, so that the
first step of the analysis should be in the separation of the membrane
current into the resistive (or ionic) and capacitative components during
and after application of the extrinsic current. The procedure for the
separation can be represented in the following equations:

I= (Il)R+C(dV/dt)R, (1)

° = (It)F+ C(d Vldt)rF (2)

where I is the extrinsic current applied through the membrane. V repre-
sents membrane potential and C is total membrane capacity. I, is the
ionic current, C(dV/dt) is the capacitative current and the suffixes R and
F represent the quantities obtained during the rising and falling phase of
the potential change. Because of the non-linearity in the I-V curve, it is
not so simple to estimate the capacity. Therefore, making the assumption
that the ionic current is independent of time and dependent only upon the
membrane potential in a certain range of the time and potential, that is;
i = f( V) and I, * f( V, t), the ionic current should be equal during either
the rising phase or the falling phase, if the measurements are done at the
same membrane potential level (VO), i.e. (IV) R, JT=V = (V0)FV=V Intro-
ducing VO into V in eqns. (1) and (2) and subtracting the eqn. (2) from
eqn. (1), the following equation will be given:

I = C{(d V/dt) R.V=o-(d Vdt) F, V=V0} (3)

Since (d Vfdt) F is always negative, the sum of slopes from the rising and
falling phases at the same potential level is linearly proportional to the
applied current, irrespective of the value of V0, and the proportionality
coefficient between the current and slopes is the capacitative value.
Finally, assuming the obtained C value varied beyond the range of the
potential which substantiates eqn. (3), the ionic currents at the falling or
rising phase can be written as follows:

(It)R = (I-C(d V/dt)R)v=vo (4)

(IV)F= (-C(dVldt)F)v=vo. (5)
Then the required relation between the I, and V in the transitional portion
of the curve can be calculated.

Estimation of the ionic current in Na-free ASW. Text-fig. 4a illustrates
responses of a gastrula embryo to currents of different intensities, used
for the calculation. The a4 record schematically illustrates how the slope
of the potential change was measured. Since the time course of the poten-
tial change was extremely slow, the tangent of the response curve at the
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Text-fig. 4. The calculation of ionic current during the potential jump in
Na-free ASW. A middle stage gastrula with moderately opened blastopore.
Temp. 5.5° C. a illustrates the records of analysed potential responses. In
b the sum of the slopes at rising and falling phases of a potential response

is plotted against the membrane potential at which the slopes were

measured. Each symbol corresponds to each response evoked by a current of
different intensity as indicated by the number at the left side. c illustrates
the method of estimation of effective capacity of this embryo. The average

sum of the slopes in each response is plotted against the intensity of the
applied current. The sum obtained above 0 mV level was excluded from
the calculation (for explanation see text). The vertical bar indicates S.D.

The slope of the straight line through the origin is 1/13.9 x 109 F-1. d and
e illustrate calculated ionic currents at rising (filled symbols) and falling
(open symbols) phases. The different shaped symbols correspond to the
values estimated from responses with different current intensities. The
shapes of the symbols are common in parts b, d and e.
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desired potential level was drawn directly on the potential trace in the
print instead of using the differentiate. The actual measurements of the
slopes were done at every 10 mV step of the membrane potential.
In Text-fig. 4b, the sum of the slopes at rising and falling phases are

plotted against membrane potential. Four curves correspond to four
responses to four different current intensities. The sum is found to be
constant in the potential range below 0 mV although there is a slight
variation probably due to error in measurement. Above 0 mV the sum
tends to increase with positive increment because of the time dependent
Ca permeability and/or the time-dependent outward-going rectification
and partly because of the possible variation of the capacity as a function
of the membrane potential.

Besides the usual measurements of slopes at the rising and falling phase, the
slopes of the potential response can be estimated infinitesimally before and after
current cessation. Using these two slopes, eqn. (3) should be fulfilled regardless of
the existence of time dependent permeability or I,. The sum of these slopes was also
plotted against the membrane potential at the end of the current pulse in the case
of records 4 and 5. The values of the sum were exactly the same as those obtained
below 0mV as indicated by the interrupted line. This result implies that the varia-
tion of the capacity is negligible within the accuracy of the measurement.

In Text-fig. 4c, the average and the standard deviation of the sum in
each response are plotted against the intensity of the current applied.
The data obtained above 0 mV level were excluded from the calculation.
As expected, the points formed a straight line passing through the origin.
The proportionality coefficient was 1/13 9 x 10+9 F-1, and the constancy
of the capacity was proved.
The calculated ('i)F and (I'R were plotted against the membrane

potential in Text-fig. 4d, e. The points from the different responses coin-
cided with each other if the measured potential level was the same. This
means that I is not dependent on the current applied but upon the
potential. As to the time dependence of the li, it is convenient to compare
the curves of I, between rising phase and falling phase since there is time
lag between the two phases. As was inferred from the results of Text-fig.
4b, the two V-I1 curves were the same below 0 mV, while above 0 mV
the curve from the rising phase showed a slightly smaller outward current
at the given membrane potential.
To test the validity of the calculation, both I-V curves were superposed

upon the usual I-V curve (Text-fig. 5). Although there is a slight difference
between the Ii-V and I-V curves above the transitional region, the Ii-V
curve connects the two portions of the 'steady' I-V curve, separated by
the transitional region, and forms S-shaped curve. This indicates the
presence of negative resistance. Further if this construction of the I-V
curve is valid, with a conditioning depolarization beyond the potential
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NON-LINEAR I-V CURVE OF EMBRYO 67
jump the steady-state I-V relation should also be obtained in the region
ofthe calculated 1,-V curve above -5 mV, which had a positive resistance.
The inset of Text-fig. 5 illustrates the potential response to two steps of
depolarizing current, the first one being kept constant as a conditioning
depolarization at + 50 mV (vertical arrow). The open circles plot the final

.-_

E
-a
C
0)
0.
0

-50

Current (10-9 A)

0 >
E

] 10-9 A

4 sec

Text-fig. 5. Demonstration of the existense of negative resistance in the
steady state I-V relation. The same embryo as illustrated in Text-fig. 4.
Na-free ASW. Temp. 5.50 C. Open circles indicate the I-V relation after a
conditioning depolarization beyond the jump level superposed on the usual
I-V curve (filled circle). The test current was reduced from the conditioning
level as shown in the inset. Triangles indicate the same calculated ionic
currents at both rising (filled symbol) and falling (open symbol) phase as
illustrated in Fig. 5d and e.

membrane potential as a function ofthe test current. When the test current
intensity became only slightly below the minimum value of calculated
ionic current (I,), the 1-V curve abruptly shifted down to the inward
rectifying region around the resting membrane potential. In the other
words, there was a potential jump to the hyperpolarizing direction in this
case. These results validate the completion of the I-V curve, which is
defective in the transitional region, by the calculated Ii.
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The critical membrane potential for the potential jump has not been defined

clearly, because the inflexion induced by the non-linearity in the I-V relation was
not so sharp in comparison with that elicited by cationic inward current, such as the
'off response' at early egg cell stages. Considering that the cell membrane has the
non-linearity in the instantaneous current-voltage relation I, = f (V.), the following
equation can describe the electrotonic potential elicited by constant current I,

I+Cd~i =f
dV\

I = Is+GCfdt m) + C dt* (6)

By differentiating the equation (6) on both sides,

0= +(m)) dC . (7)

If Ve is the maximum steady membrane potential with critical current intensity
in the I-V relation, then

()
dlim=& =0. (8)dV~lm- arce8

Since d(f(VT) df(V) dVm
dt dIm cit

(dVm)f \dtJ) / ( dt2 /Vm-Vc (9)

By considering eqn. (8), (dt2 / vm0c

Therefore, if Vm = IA, the response is just on the mathematical inflexion point,
Thus, it is convenient to define the critical membrane potential for the potential
jump as VJ.

The effects of the external K on the steady-state I-V curve. In the egg cell
and the gastrula embryo the inward-going rectification represented by
the potential jump occurs independently of both Na and Ca ions. There-
fore, it is natural to expect that the property is due to the non-linearity
ofK conductance in relation to the membrane potential.

Text-fig. 6c illustrates the shift of the resting potentials caused by
alteration in the external K concentration from 2-45 to 39 mm at the early
gastrula stage. The resting potentials were initially -70 mV in std K,
Na-free ASW and became - 102-5 mV in 2-5 K, Na-free ASW and on
exchange of the latter solution with 39 K, Na-free ASW, it became
-38 mV (® in Text-fig. 7a). The resting potentials of other several gas-
trula embryos in Na-free ASW are also plotted against the potassium
concentration with open circles in Text-fig. 7a. A connected pair was
obtained in a given embryo. The results show that in Na-free ASW the
resting membrane behaves exactly as a potassium electrode. Text-fig. 6a
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illustrates a series of potential responses to depolarizing and hyperpolari-
zing currents with increase of K concentration. Beside the evident shift
of the resting potential, there were also successive decreases in the critical
levels for the potential jump and in the duration of the falling phase (see
Table 3).

2-5 K, Na-free ASW

Irka

9-8 K, Na-free ASW 39 K, Na-free ASW

2 ~~~~~50

I-100
- : 10-9A

I I

b E
1-

-3

2-5 K.39 K.-

. . I I I I I

min

0

-50 E

-100

Text-fig. 6a. Effects of the enhancement ofK concentration on the resting
potentials and the potential responses to constant current in Na-free ASW.
A gastrula with a widely opened blastopore. Temp. 50C. The oblique arrows
indicate the points of minimal slope during the falling phase. Effects of the
enhancement of K concentration on the I-V relation in Na-free ASW are
shown in b. The same embryo as illustrated in a. Horizontal arrows indicate
the critical membrane potentials for the potential jumps in respective K
concentrations. c illustrates the shift of the resting potentials during the
increment of K concentration from 2-45 to 39 mm in Na-free condition.

Text-fig. 6 b presents the 1-V curves of the responses illustrated in
Text-fig. 6a. The most remarkable modifications of the I-V curves in
accordance with the successive increase in K concentration are: (1) there
is a vertical shift of the inward rectifying region due to decrease in the
resting potential, while the upper outward rectifying region beyond the
potential jump remains relatively unchanged, or its changes are not con-
sistent with those of K concentration; (2) the transitional region from the
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a

-50 mV

K

005

Rb

100 mM

Text-fig. 7 a. The dependence of resting potentials of gastrula embryos upon
the concentration of K (circle) and Rb (triangle) in Na-free ASW. A set of
points connected by straight line was obtained with a given embryo. The
concentration in logarithmic scale. b, the dependence of slope conductances
of gastrula embryos upon the concentration of K (circle) and Rb (triangle)
in Na-free ASW. The values of slope conductances on the ordinate are
represented by the multiples of the slope conductance of the control I-V
relation at the zero current condition in 10 K, Na-free ASW of each embryo,
except three plots in 2-5 K Na-free ASW which were obtained by the ratio
to the average value in 10 K, Na-free. Both abscissa and ordinate are in
logarithmic scale. For Rb experiments, open symbols indicate the ratios
obtained at the zero current condition and filled symbols those at limiting
condition. All data were obtained at temperature 2-6° C. ® indicates the
data obtained from the same gastrula embryo illustrated in Text-fig. 6.
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inward rectifying portion to the outward rectifying portion shifts hori-
zontally as a result of the increase in the critical current for the potential
jump. This can be considered to be a result of the increase in the K
conductance due to the increment of the external K concentration. To

TABLE 3. Chord conductance and potassium concentration

K conc. ...

Resting potential (EK) (mV)
Slope resistance (Mn) at
resting level
Chord conductance (a)
(10-7 mho)

Critical level for the jump
(EC) (mV)
K electrochemical potential
at E, (Ec-EE) (mV)

Critical current (10-1o A)
Chord conductance (b)
(10- mho)

Minimal slope at the falling
phase (mV/sec)

Total capacity (10-9 F)
Minimal current (10-10 A)
K electrochemical potential
at the plateau level (Ep)
(EP--EK) (mV)

Chord conductance (c)
(10-9 mho)

2-45 mM-K 9-8 mM-K 39 mm-K Conductance
ratio

- 102-5 - 70*0 - 38*0
7-3 3-0 1.9

1*37 3.33

- 85-0 - 54-0 - 25*0

17-5

4-1
2*34

16-0

7.3
4*56

9.75 22*0

13*0
1-32

57.5

2*30

14*5
2*97

50

5.94

13*0

12*7
9.77

56-5

13*1
7-63

50

0.51/1/2.1

Average 13-5

15*26 0.39/1/2.6

* All values were obtained in an embryo at the initial stage of the gastrula.

test this point further, the following three types of the chord conductances
were calculated as illustrated in Table 3 and compared quantitatively in
relation to K concentration. (a) The slope conductances at the neighbour-
hood of the resting potential. They were 1'37, 3-33 and 5-26 x 10-7 mho
in the 2-5, 9*8 and 39 K, Na-free ASW respectively. (b) The chord con-
ductances at the level of the critical membrane potential. They were
2*34, 4-56 and 9-77 x 10- mho respectively. (c) The chord conductances
at the level of the minimal I, or minimal slope of the falling phase (arrows
in Text-fig. 6a). As expected from the reduction in the duration of the
falling phase, minimal slopes increased with the increment of the potas-
sium. Thus chord conductances at the minimal current increased succes-
sively, being 2-30, 5-94 and 15-26 x 10-9 mho respectively. The ratios of
these three parameters for conductance were calculated for the three
different K concentrations, 041: 1-0: 1-6 for the slope conductance (Text-
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fig. 7b, ®), 0-51:1-0:2-1 for the chord conductance at the critical mem-
brane potential and 0-39:1-0: 2-6 for that at minimal I,. In addition to the
fact that the resting membrane in Na-free ASW behaves exactly as a
potassium electrode, the rough coincidence of these ratios indicates that
the properties of the I-V curve are mainly determined by K conductance
and that the K conductance is the electrochemical potential dependent
instead of just membrane potential dependent.

a 10mm-K 10mM-Rb b

* ~~0 50
I7-50 ie

~~110-9A CL 0
-I 2x - Current (10-9 A) p

p/<2
10K

* - L0 -bAa10010 Rb~~~~~~~~~~10R0
5 sec

Text-fig. 8a. Potential responses to the depolarizing and hyperpolarizing
currents in 10 mm-K and 10 mM-Rb in the Na-free condition. An early
gastrula embryo, temp. 4-60 C. Each dot in the left side of the record
indicates zero potential level. b shows I-V relations in 10 mM-K, Na-free
ASW (10 K), 10 mm-Rb, Na-free ASW (10 Rb), and 40 mM-Rb, Na-free
ASW (40 Rb). The same gastrula embryo as illustrated in part a.

In Text-fig. 7b the ratios of the slope conductances in the linear range
of I-V curve (below -70 mV) to that of std K solution (9-8 mm) are
plotted against K concentration with log-log scale. A 4 times increase in
external K approximately doubled the slope conductances.
The effects of the replacement of external K with Rb on the I-V relation.

It is known that the inward-going rectification of the frog striated muscle
is abolished in the Rb-Ringer (Adrian, 1964; Adrian et al. 1970). In this
tunicate, effects of the replacement of external K with Rb were also
examined. On the replacement with Rb ions in Na-free ASW there was
the hyperpolarizing shift of the potential by 10-20 mV. In Rb-ASW, the
increase in the Rb concentration from 10 to 40 mm produced depolarization
of 20 mV and the exchange of 40 mm-Rb ASW with 100 mM-Rb ASW
further depolarized the membrane by 18 mV (Text-fig. 7 a, interrupted
line). Therefore, in Rb ASW as in K ASW the resting potentials followed
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Nerst equation at least in the concentration above 40 mm although in Rb
ASW the relation shifted in hyperpolarizing direction by about 20 mV in
average. Assuming that inside K concentration does not change during the
exchange of the external solution, the potential difference of about 20 mV
at 4-6° C between K ASW and Rb ASW indicates the permeability ratio
PRb/PK = 0 5 according to the constant field equation.

Responses to depolarizing and hyperpolarizing currents and I-V re-
lations in both K and Rb ASW in a gastrula embryo are illustrated in
Text-fig. 8a, b. The electrotonic potentials with hyperpolarizing currents
in Rb ASW increased almost by 10 times of those in K ASW. Thus inward-
going rectification was markedly suppressed. With depolarizing currents
there is also a potential jump, but the critical membrane potential for
the jump was much less negative than in K ASW, being -25 mV in
10 mM-Rb ASW and -55 mV in 10 mM-K ASW. By increasing Rb con-
centration from 10 to 40 mm, the electrotonic potential to the hyper-
polarizing current reduced to an approximately half. Therefore, the slope
conductances in Rb ASW were also proportional to the square root of the
concentration as in the case of K ASW (Text-fig. 7b). The fact that the
slope conductances at both zero current and limiting condition in Rb ASW
were one tenth of those in K ASW (Text-fig. 7 b) indicates the conductance
ratio GRb/GK = 0- 1. The large discrepancy between the permeability ratio
and the conductance ratio suggested that the independence principle
does not hold for this inward-going rectifying conductance.

DISCUSSION

The non-linearity of the I-V curve in the embryonic membrane of the
tunicate egg has been described in the preceding paper (Miyazaki et al.
1973). Inward-going rectification was dominant in the I-V curve at the
stage of gastrula. The calculation of the membrane current from the slopes
of the potential change showed clearly the negative resistance in the
transitional zone between the inward and outward rectifying regions of
the I-V curve. The contribution of K conductance to this non-linearity
has been deduced from the following facts. First, the non-linearity of the
I-V curve existed equally in Ca-deficient and Na-free ASW as in std ASW.
Secondly, three chord conductances at the various points of I-V relation
were altered in parallel with increase ofK content in Na-free ASW.
The I-V curves in 2-5 K, 9.8 K, and 39 K solution crossed each other

at the gastrula stage (Text-fig. 6b). In cardiac Purkinje fibres, marked
anomalous rectification of the K conductance has been demonstrated
(Weidmann, 1955; Hutter & Noble, 1960; Carmeliet, 1961; Trautwein &
Kassebaum, 1961; Hall, Hutter & Noble, 1963; Deck & Trautwein, 1964).
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Crossing of the I-V curves in Na-free solutions of different K contents has
been observed experimentally, and theoretical treatment based on the
assumption that K permeability is dependent upon its electromotive force
has predicted each crossing (Hall et al. 1963; Noble, 1965). Similarly, it is
well known in cardiac Purkinje fibres that the shortening of the plateau of
the action potential results from the increase in the external K concen-
tration. A low external K concentration of 2-5 mm sometimes triggers a
low resting potential as a consequence of the failure of the evoked action
potentials to repolarize (Weidmann, 1956; Noble, 1965). A reduction of
the falling phase with increase in the K concentration evidently exists also
in this tunicate embryo as illustrated in Text-fig. 6a. A similar cross of
I-V curves of frog skeletal muscle has been demonstrated in K sulphate
solution (Adrian, 1969).
The negative resistance in the K conductance is concluded to evoke the

distinct potential jump during constant current application at the gastrula
stage. Although no marked negative resistance has been found in either
the skeletal or cardiac muscle (Noble, 1965; Adrian, 1964, 1969), the
detailed voltage clamp analysis of one component of K conductance has
revealed a negative resistance in the instantaneous I-V relation (Adrian &
Freygang, 1962b; Noble & Tsien, 1968; Adrian, Chandler & Hodgkin,
1970). In amphibian striated muscle, a potential jump is elicited when
there is high Cl ions content in the intracellular compartment. It has been
suggested that the inward-going rectification of the K conductance will
help the jump, but the influx due to other cations or efflux due to an anion,
such as chloride, is assumed to be primarily responsible for the jump
(Nakajima et al. 1962; Adrian & Freygang, 1962a). In the electroplaque
membrane of the eel and electric fish, the existence of such negative
resistance has been demonstrated by voltage clamp (Nakamura et al.
1965; Bennett & Grundfest, 1966). With constant current stimulation, the
potential jump is also elicited in electroplaque membrane (Nakamura et al.
1965; Bennett & Grundfest, 1966). It should be noted that the potential
jump caused by negative resistance due to a K conductance decrease will
never develop into a regenerative response (Nakamura et al. 1965). The
K chord conductance should always be positive and the apparent inward-
directed current due to negative resistance never becomes a true inward
current without coexistence of other ionic currents with different electro-
motive force than K. Actually in Na-free ASW the potential jump was
never maintained after the cessation of the extrinsic current in the tunicate
gastrula.

It has been suggested that the anomalous rectification or inward-going
rectification in the striated muscle has been assigned to the specific pro-
perties of the tubular system membrane (Adrian & Freygang, 1962a;
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Adrian, 1969). On the other hand, the detubulated muscle has been
reported to show the anomalous rectification (Eisenberg & Gage, 1969).
In the gastrula embryo or in the egg cell no special internal membrane
system which might be comparable to the tubular system has been de-
scribed. It is also possible that the inward-going rectification is the intrinsic
property of the plasma membrane. Inactivation of the K conductance has
been noted as a fourth property of the active membrane of the excitable
cell (Grundfest, 1960, 1961), as clearly demonstrated in the frog striated
muscle and in the puffer fish neurons (Nakajima et al. 1962; Nakajima &
Kusano, 1966; Nakajima, 1966). After complete inactivation ofthe delayed
rectification, the steady state I-V relation in frog skeletal muscle shows
inward-going rectification in a certain range of the membrane potential
(Nakajima et at. 1962; Adrian et al. 1970). Thus the inward-going rec-
tification may well be a concomitant attribute of delayed potassium
rectification. However, there is evidence which distinguishes the inward
rectifying conductance from the outward rectifying conductance. In the frog
striated muscle, internal K was exchanged with Rb and it was found that
Rb can replace K for the delayed rectification, while the inward-going K
rectification was eliminated in Rb-Ringer solution (Adrian, 1964; Adrian
et al. 1970). In electro-plaque membrane as well, the inward rectifying
conductances have been abolished by the replacement ofK ions with Rb
ions (Nakamura et al. 1965). In this tunicate the inward-going rectification
ofthe embryonic membrane was also markedly suppressed in the Rb ASW.

All above mentioned points strongly suggest that the essentially same
inward-going K rectification as initially found in frog skeletal muscle
fibres actually originates in the embryonic membrane and may be an
intrinsic property of the plasma membrane.
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EXPLANATION OF PLATE

Photographs of embryos at the stage of gastrula. Photographs a, b, b' illustrate an
early gastrula with a widely opened blastopore and dorsal and side views of a middle
stage gastrula with a slightly opened blastopore respectively.


