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                                 Preface 

     NiteZZa and Chara are Characean algae growing in fresh 

water. Their internodal cells are very large: 0.5 mm in 

diameter and 2'30 cm in length. Electrical excitation can 

be produced in those cells by various stimuli, e. g., a 

current impulse, so that various studies of those cells were 

made in electrophysiology. As is well known, nerve excitation 

is explained well by the phenomenological theory proposed by 

Hodgkin and Huxley. The excitation of plasmalemma in Characean 

cells, however, has not been analyzed mathematically so well 

as in the case of nerve excitation, because of experimental 

difficulties mainly concerning weakness of plasmalemma. In 

the present study, special specimens were made to observe the 

excitation in plasmalemma of NiteZZa axiZZiformis, and some 

of experimental difficulties were overcome by various devices. 

Results of analysis proved that the gating process in ionic 

channels of NiteZZa has a delay which is much longer than in 

the case of nerve, that is, there is a relatively long time 

interval between the stimulation and the starting of the gating 

response. 

     Major part of this thesis is based upon the contribution 

of the author to the following.two papers. 

   1. C. Hirono and T. Mitsui: Time course of activation in 

   plasmalemma of NiteZZa axiZZiformis, in Nerve Membrane -

   Biochemistry and Function of Channel Proteins, Ed. by G.

i



   Matsumoto and M. Kotani, pp.135-149, University of Tokyo 

   Press, Tokyo, 1981. 

   2. C. Hirono nad T. Mitsui: Slow onset of activation and 

   delay of inactivation in transient current of Nitella 

   axilliformis, in press in Plant & CeZZ Physiology, 1983 . 

     A minor part of this thesis has been presented in the 

book: 

   T. Mitsui, K. Sugata, C. Hirono and K. Nakanishi; An Intro-

   duction to Biophysics - Nerve Excitation and Basic Theory 

   of Thought (in Japanese), Kyoritsu, Tokyo, 1983..
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                       Summary 

      Electrophysiological Studies have been made on the 

excitation of the plasmalemma of NiteZZa axiZZiformis . 

Obtained results have revealed that onset of the activation 

is very slow and the inactivation starts after a definite 

delay time in transient current. Results of experimental 

studies and model calculations in this thesis are itemed as 

follows: 

1. Single membrane samples of internodal cells of NiteZZa 

axiZZiformis from which major parts of vacuoles were removed 

by centrifugation were prepared to analyze the excitation of 

plasmalemma separately. Experiments were done with these 

single membrane samples. 

2. Resting potential is -160ti-100 mV in the light, and 

-140%-90 mV in the dark . 

3. Action potential of single membrane samples observed 

in the light exhibited the smaller peak potential and the 

shorter duration than that of normal internodal cells which 

have the tonoplast and the plasmalemma. The action potential 

in the dark is longer than that in the light . The peak value 

of the action potential in the dark is as large as that in 

the light. Under voltage clamp the time course of membrane 

current in the dark is not quite different from that in the 

light. 

4. Analysis of the experimental data was made by assuming
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that membrane current measured by voltage clamp consists of 

three components: early transient current I
Cl, long lasting 

outward current IK and leakage current IL. The transient 

current occurs only after a initial delay as was observed 

in Chara eoraZZina by Beilby and Coster in 1979. 

5. The membrane potential measured at a corner of the 

sample exhibited almost the same time course as the membrane 

potential at the center which was changed stepwise, indicating 

that the delay is not related to the propagation of the poten-

tial change. 

6. The delay is not.sensitive to ionic strength of the 

external solution, proving that it is not caused by high 

resistance around the sample. 

7. Voltage clamp experiments were made on the delay behavior 

of IC1' . 

8. The time course of inactivation h(t) is investigated from 

double step experiment. 

9. Transient current ICl during voltage clamp is well repro-

duced by: ICl= Clm8h(VM VCl), where m=l-exp(-t/T
m). The inac-

tivation h has a initial delay Sh i.e., h=h0 for t<Sh and h= 

h0exp{(Sh-t)/Th} for t>Sh. 

10. On the basis of the above expression of I
Cl, the follow-

ing model is proposed for the gating mechanism of the Cl 

channel. When membrane potential is changed beyond the 

threshold, eight m-gates begin to be open. The h-gates start 

to close after the opening of the m-gates is completed. In

2



this way, there is a definite delay time for the h-gating . 

11. Possibility of excitation due to a hyperpolarizing stim-

ulus was investigated. An excitation was produced by the 

brief pulse (e.g. 10 ms) of inward current. Hyperpolarizing 

threshold potential is -300ti-450 mV and decreases with de-

creasing temperature.
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I. Introduction 

A. Historical Survey of Studies on The Excitable Membranes 

     Detailed investigation on the nerve excitation was 

made possible by using giant axon of squid. The diameter 

of the giant axon is 1 mm which is 100 times as large as 

the myelinated nerve of vertebrate (e.g., frog). In the 

giant axon, a glass microelectrode for potential record 

and a wire electrode for current supply.can be inserted 

(Hodgkin and Huxley 1939; Marmont 1949). 

     As for experimental method, voltage clamp technique 

was developed by Cole et. al. Hodgkin and Huxley (1952 a,b, 

c) measured membrane current during voltage clamp in external 

solutions of various Na concentration to analyze the excita-

tion of squid giant axon. They proposed that the nerve 

excitation is caused by inward sodium current IN
a followed 

by outward potassium current IK, and that under voltage 

clamp IN
a obeys the m 3 h law and IK obeys the n4 law. 

Hodgkin and Huxley established not only phenomenological 

theory of nerve excitation but also fundamental hypothesis 

in gating mechanism of ionic channels. 

     On the other hand, giant algae, NiteZZa and Chara have 

been studied with electrical measurements by many workers 

for analogue of nerve. Cole and Curtis (1937, 1938) measured 

the impedance of NiteZZa cells at the resting state and 

during excitation. Osterhout (1927) measured the potential
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difference between the vacuole and the external solution of 

NiteZZa internodal cells. From the result of measurement 

of Cl efflux and K+ efflux during the action potential, 

Gaffey and Mullins (1958) supposed that the excitation of 

Chara involves a .transient increase of membrane permeability 

to Cl followed by that to K+. Kishimoto (1959) proposed a 

hypothesis that overshoot of action potential and inward 

action current are closely related to increased Cl efflux 

during excitation. Walker (1955) inserted glass microelec-

trodes (3 pm in tip diameter) into the internodal cells of 

NiteZZa observing them with microscope at high magnification 

(x500%l3OO). Kishimoto (1959) prepared miniature cells (2 

mm long) of Chara by centrifugation in which no central 

valuoles were observed. Both Walker and Kishimoto reported 

that the potential in the cytoplasm is very close to the 

vacuole potential. 

      In Chara and NiteZZa, electrical measurements of excit-

ation are usually carried out via plasmalemma and tonoplast 

although not only plasmalemma but also tonoplast are excit-

able. Findlay and Hope (1964) recorded action potentials 

across the plasmalemma and tonoplast separately. Fig. 1 

shows action potentials observed via plasmalemma (A) and 

via plasmalemma and tonoplast (B). Potential difference 

via tonoplast changes during excitation so that analysis of 

excitation of plasmalemma must be done using the data which 

are obtained from the measurement via plasmalemma separately.
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Considering this point, Beilby and Coster (1979 a,b,c) made 

voltage clamp experiments in detail on Chara plasmalemma 

and proposed its excitation model that the transient current 

ICl occurs after a initial delay and then ICl begins to 

increase following the m3h law. They supposed that there is 

another transient current IX (presumably IC
a) but not the 

long lasting outward current IK. 

B. Background of The present Study 

     In NiteZZa and Chara, Cl efflux has the same function 

in excitation as Na+ influx of nerve as was described in 

Historical Survey of Studies on The Excitable Membranes. So 

that transient currents in NiteZZa and Chara are presumed to 

be mainly carried by Chloride ions and the transient current 

generally called as ICl. However the transient current ICl 

is not expressed by Hodgkin and Huxley's equations because 

its onset is very slow, compared with IN
a in squid giant 

axons which obeys the m3h law. Fig. 2 shows the time course 

of ICl in NiteZZa (circles and solid line) and the time 

course of early phase of membrane current (:INa) in squid 

giant axon (broken line). 

     Moreover Hodgkin and Huxley's theory cannot be always 

applied in nerve excitation because delays in activation 

and inactivation processes were observed as is described 

below. Hodgkin and Huxley supposed that inactivation process 

is independent of activation process and activation and
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inactivation start just after the stepwise change of membrane 

potential. This assumption is approximately accurate in 

squid axon if holding potential is set near the resting 

potential (e.g., -65 mV). Keynes and Rojas (1976), however, 

found that activation process in giant axon in Loligo has a 

initial delay which increases with decreasing holding poten-

tial. Bezanilla and Armstrong (1977) demonstrated a delay 

of inactivation and proposed that inactivation occurs after 

channel opening is completed. 

     As is described in Historical Survey of Studies on The 

Excitable Membranes, electric measurements in NiteZZa and 

Chara are usually made via two excitable membranes (i.e., 

plasmalemma and tonoplast). So that the analysis of ICl is 

difficult. Beilby and Coster inserted microelectrodes into 

the cytoplasm of young whorl cells of Chara coraZZina, which 

have much more cytoplasm between plasmalemma and tonoplast 

than grown-up internodal cells. They analyzed excitation 

of plasmalemma by computer simulation and proposed that 

activation and inactivation of IC1 in Chara coraZZina occur 

after initial delay and after the delay ICl follows the m 3 h 

law, that is: 

3           I
C1=gClm h(VM-VC1) 

           dm = 0     d
t 

          dh } for t<6 
           dt - 0 

           dm __ 1 (m -m) 
      dt T 

           dh _ 1 m } for t>S 
          t = T (ham-h) h 
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     In order to investigate the excitation of NiteZZa 

plasmalemma, Hirono'and Mitsui (1981) prepared single mem-

brane samples from which major vacuoles were removed by 

centrifugation, following Hayashi (1952), Kamiya and Kuroda 

(1956). The delay was also observed in these samples. 

It is important to analyze the delay, because the delay may 

be closely related to the gating mechanism of Cl channel. 

     In this thesis the general properties of single membrane 

samples and the excitation of plasmalemma, especially the 

delay, are investigated in order to understand the relation-

ships between the delay and the gating process of Cl channel. 

Model calculations of the transient current ICl are examined 

involving Beilby and Coster's model. The best fit between 

the calculated and observed ICl is obtained by equations: 

8 
      IC,_- -gClm h(VM-VCl) 

            m=l-exp (-t/Tm) 

          h=1 for t<Sh, h=exp{(Sh-t)/Th} for t>Sh. 

     A possible model for gating process in Cl channel is 

proposed in Discussion.
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II. Experimental Procedures 

A. Preparation of Single Membrane Samples 

     The NiteZZa axilliformis, kindly supplied by Dr . K. 

Kuroda, was cultivated in a glass aquarium of 50 Q filled 

with artificial pond water (0.05 mM KC1, 0.2 mM NaCl, 0.5 

mM Ca(NO3)2, 0.1 mM MgSO4, 0.025 mM NaH2PO4, 0 .025 mM 

Na2HPO4; abbreviated as APW below). It was illuminated with 

a 15 W fluorescent lamp in a cycles of 12 hours light and 

12 hours dark. Its temperature was kept about 25°C. Inter-

nodal cells used for the experiments were 2%5 cm long. 

      Preliminary experiments suggested that the portion of 

plasmalemma of the internodal cell which.is adjacent to 

the node cells has relatively large electric conductance 

compared to the other part facing the external medium. 

This conductive part was isolated by ligation and cut off. 

The cell with the ligation was cultivated in APW at .25°C 

with cycles of 12 hours light and 12 hours dark for more 

than a week. Then the cell was gently centrifuged (200xg, 

20%30 min) to bring the cytoplasm to the ligated end and 

refloat the vacuole from the part. The resulting cytoplasm-

rich region was isolated by ligation with thread and used 

as a sample for experimentation. It was about 1 mm long and 

0.3 mm in diameter. Fig. 3 is the photomicrograph of the 

sample. The cytoplasmic streaming recovered in the sample 

within 5%30 min after the ligation. Generally vacuoles 

were not visible in the sample under the microscope just

11



Fig. 3 Photomicrograph of the single membrane sample 

which consisted of the cytoplasm-rich part of an internodal 

cell covered with plasmalemma and cell wall . The sample 

was made by centrifugation and ligation. It was about 

1 mm long and 0.3 mm in diameter. A side end of the 

sample is ligated with thread (a). The thread with which 

the other end had been ligated was taken off (b) . New 

cell wall had already formed in this region .
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after the ligation, but small vacuoles appeared after a day 

or so. Under the microscope, however, it was easy to 

insert a microelectrode into the cytoplasm while avoiding 

the vacuoles. We shall call this a single membrane sample . 

B. Electric Measurements 

      Two glass microelectrodes were inserted into the sample . 

An agar electrode containing 3M KC1 or 0.5 M KC1 was placed 

near the sample for reference to the voltage measurement . 

Glass microelectrodes were used to supply the stimulus current 

and to record cytoplasmic potential. Two types of micro-

electrodes were used, one having a tip diameter of about 

lti2 um filled with 0.5 M KC1 and the other with a smaller 

diameter filled with 3 M KC1. As reported by Walker (1955) 

the tip of the electrode was sealed off by a gel-like 

substance after being in the cytoplasm for 2ti6 hr, causing 

an apparent rise of the resting potential. The 0.5 M KC1 

electrodes were more stable against this obstruction than 

the 3 M KC1 electrodes and were used for most of the 

measurements. 

     The circuit for clamping voltage and measurement of the 

membrane current was a modification of the one used by 

Kishimoto (1968). Details about the circuit are described 

in Appendix. Membrane potential and current were sampled 

at 1%10 ms intervals, converted to digital data and 

recorded on the magnetic tape. (see Appendix) 

      Temperature were measured with a copper-constantan

13



thermocouple or a thermistor (Shibaura Electronics , LSB 

type) and recorded with a pen recorder (Matsushita Com . In. 

Co., VP654B). The temperature of the vessel in which the 

sample was placed was controlled by circulating temperature-

controlled water in contact with the outside of a polyethylene 

tube which guided the external medium from a flask into the 

vessel. The temperature of the circulating water was con-

trolled by a thermo-electric device (Yamato Kagaku Co ., 

Coolnics).

14



III. Experimental Results 

A. General Properties of The Single Membrane Sample 

      In this chapter description is made about the resting 

potential and the action potential of the single membrane 

sample measured in the external solution APW (pH: 6.0). 

Resting potential 

      The resting potential of single membrane samples is 

-160%-100 mV in the light . When the light is turn off, 

the resting potential increases to -140%-90 mV. Fig. 4 

shows an example of potential change induced by turning 

the light on and off. The resting potential in the light 

is -150 mV. When the light is turn off, the membrane 

potential changes with the time constant of 20 min to -110 mV. 

After leaving the sample in the dark for 65 min, the light 

was turn on that caused hyperpolarizing after the dead time 

of 30 min. Usually membrane potential recovered with the time 

constant of 20%40 min. The sample of which the resting 

potential in the light is smaller than about -140 mV exhibits 

large potential change (i. e., 40 mV) at turning off and 

turning on the light. But the sample of which the resting 

potential in the light is larger than about -120 mV does not 

exhibit the change after turning off and turning on the light. 

     The distribution of the resting potential of many 

samples in the light and in the dark is shown in Fig. 5.
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Fig. 4 The level change of resting potential induced 

by turning off and turning on the light. The pulses a 

and d in the figure are action potentials caused by cur-

rent stimulation; other pulses b,c,e,f and g are-poten-

tial changes during voltage clamp of 10s. The resting 

potential in the light was about -150mV. When the light 

was turned off at t=0 the resting potential increased 

monotonously to about -110mV and then became stable at 
-110my . When the light was turned on at t=65min the 

resting potential began to decrease after the time inter-

val of about 30min. Sample:820907-II. 
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Action potential 

      The action potential took place when the stimulation 

with pulsed current exceeded a threshold (e.g ., 5 uA cm 2, 

50 ms). An example of the action potential in the light 

is shown in Fig.6A, in comparison with that of the normal 

internodal cell, i.e., the one observed via plasmalemma and 

tonoplast (Fig. 6B). For this comparison the internodal cell 

was ligated to make its size about the same as the single 

membrane sample. The action potential in Fig. 6A has a 

shorter duration and smaller peak hight than that in Fig . 6B. 

      The excitation of the sample was of the all-or-none type 

as shown in Fig. 7. When the stimulating current was smaller 

than 5 pA cm 2, only an RC response was observed. But increas-

ing the amplitude of the current to 5 pA cm 2 resulted in an 

action potential. The peak of the action potential was 

constant in response to stimulation of various amplitudes 

over the threshold (e.g., 5, 6.1, 9.2 and 16.7 VA cm-2). 

     The peak value of action potential in many samples is 

-21+6 mV (±S .D.) in the light which is almost the same as 

those in the dark as shown in Fig. 8. 

     The half-maximum width of action potential is about one 

second in the light at 24°C which is smaller than that 

of action potential in the dark. Fig . 9 shows an action 

potentials in the light (a) and in the dark (b).
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Fig. 6 Action potentials of a single membrane sample 

(A) and a normal internodal cell (B). The samples were 

almost the same size (1.1 mm long and 1.2 mm 2 in sur-

face area). Stimuli were pulsed current of 5 pA-cm2 

(A) and 1.8 pA'cm-2 (B), 50 ms in duration. Tempera-

tures were 25.7°C (A) and 25.5°C (B). The external 

medium was artificial pond water (0.05 mM KC1, 0.2 mM 

NaCl, 0.5 mM Ca(N03)2, 0.1 mm MgSO4, 0.025 mM NaH2PO4 

and Na2HPO4). Sample (A): 790918; normal internodal 

cell (B): 790917.
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Fig. 9 Examples of action potentials in the light (a) and 

in the dark (b). The action potentials a and b exhibited 

practically the same peak-values, although the resting levels 

are different from each other. Duration of action potential 

in the dark is slightly larger .than that in the light. The 

first peak in each trace is RC-type response by current 

stimulation. Temperature was 24°C. -Sample: 820907-I
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B. Delay of Transient Current 

      In this chapter the results are reported of investiga-

tion on the property of transient current , especially a delay 

in the current response, observed by voltage clamp . 

Membrane current during voltage clamp 

      In the voltage clamp experiment, the stepwise change 

of membrane potential over threshold (about -95 mV) across 

the plasmalemma of the single membrane sample resulted in 

the current response of early transient phase , followed by 

slowly increasing outward phase. It is generally accepted 

that the membrane current I
M consists of two components 

except for minor leakage current I
L. One is the early 

transient current and the other is slowly increasing out-

ward current. Major part of the former is carried by Cl 

ions (and presumably by K+ ions as noticed in Discussion) 

and latter by K+ ions. Following the tradition ,the early 

transient current and the latter are denoted by I
C1 and IK, 

the corresponding channels by Cl channel and K channel, the 

corresponding ion conductance by gCl and g
K and the correspond-

ing reversal potential by VC1 and VK, respectively. The 

contributions of IC1, I
K and IL to the membrane current IM 

were very different in different samples . The sample was 

chosed for which I
K and IL were very small in a limited domain 

of time and membrane potential, so that the properties of I
C1 

could be studied separately. Fig.lO shows the membrane 

current IM at various V
M. In Fig.10, the inward transient
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Fig. 10 Membrane current IM through plasmalemma of 

Niteila axilliformis measured by voltage clamp technique. 

Membrane potential was changed stepwise at t=0 from the 

resting level of -140 mV to the level of VM indicated in 

each figure. Temperature was 23.7°C. Sample: 810515.
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current IC1 is pronounced compared to the slowly increasing 

outward current IK' which becomes appreciable only for 

VM>-50 mV. The peak value of II
C11 becomes maximum at -70 

mV in Fig.10. It decreases with increasing V
M and extra-

polation of this data suggests that the peak value becomes 

zero at VM of -31.5 mV. This reversal potential will be 

denoted as VCl below. 

Apparent delay in activation of ICZ 

      Fig. 10 demonstrates that there is a time interval between 

the stepwise change of VM at t=0 and the moment when change 

of IM becomes appreciable i. e., there is a delay in the 

occurrence of the inward transient current I
Cl. The delay 

is large at -90 mV and decreases with increasing V
M. The time 

of break point of activation, i. e., the apparent delay time 

S' decreases with increasing temparature as in Chara (Beilby 

and Coster, 1979 a, b, c). Fig. 11 shows temperature depend-

ence of S' at various VM. Data points in Fig. 11 is only 

three in each VM, but data of the other samples exhibit the 

similar property. 

Some checks about the factor of delay 

     During the measurements a doubt arose whether the delay 

of the membrane current is related to the low electric 

conductance of the external solution and / or the light 

illumination and / or propagation of the membrane potential 

change. The low electric conductance might result in a large 
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 6' which is defined as the time of break point in 

rising phase of ICl. The clamp potential is differ-

in each symbol as shown in the figure. Sample:790707.
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time constant in charging the membrane capacitance and 

 in an error in clamped membrane potential by large series 

resistance. The electrogenic pump enhanced by light might 

make the time course of the membrane current in the light 

different from that in the dark. The propagation could 

cause as apparent delay since the current source in the 

sample was point-like and thus space clamp of the membrane 

potential was not assured strictly. 

 (i) Effect of high resistance of external solution on the 

    de Zay 

      In order to examine the effect of the low conductance 

of the external solution, the membrane current was measured 

under voltage clamp first in APW and then in high ionic-

strength solution and again in APW. The high ionic-strength 

solutions were made by adding 10 mM LiCl , or 5 mM Li2SO4 

or 5 mM Na2SO4 to APW. The current measurements were done 

longer than 10 min after changing the external solution . 

Fig. 12 shows the membrane current after stepwise change 

of the membrane potential at t=0 from the resting potential 

Vr (about -120 mV) to -80 mV. The curve a is the result 

of the first measurement in APW. The curve b is the result 

in the high ionic-strength solution of APW + 10 mM LiCl . 

The curve c is the result in APW again . As is usually 

observed, there was a steady change in the current curve 

after immersing the specimen in the high ionic-strength 

solution. But if we normalize the curves by putting the 

maximum of the inward current equal to one , the initial
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parts of the curves become almost the same, as shown in 

Fig. 12, indicating. that the delay behaviour is not 

sensitive to the ionic strength. Similar experiments were 

repeated nine times using the various high ionic-strength 

solutions described above. In these cases we defined 

an apparent delay time as the time where the tangient 

of the current curve I(t) at the maximum negative slope 

intersects the straight line which passes the initial 

value of the current 1(0) and is parallel to the abscissa. 

The apparent delay time changed only within the range of 

-30 % to 8 % against 5 .2 to 7.7 times increase of the 

ionic strength in the external solution. These results 

prove that the low electric conductivity of the external 

solution is not an origin of the delay in current response. 

(ii) Effect of electrogenic pump enhanced by Light on the 

     delay 

     Many workers reported that plasmalemma of Characean 

cells have electrogenic ion pump which is sensitive to 

light, pH of external solution, temperature and metabolic 

inhibitor and correlated to ATP concentration in cytoplasm 

(Kitasato 1961; Saito and Senda 1974; Richards and Hope 

1974; Shimmen and Tazawa,1977; Kishimoto, Kami-ike and 

Takeuchi 1980, 1981). 

     Voltage clamp experiments in this thesis were usually 

carreid out in the light. There is a possibility that 

the delay behaviour is caused by the light effect, e. g., 

by the contribution of electrogenic pump which is depressed
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in the dark as shown in Fig. 4. So that it was examined 

whether the delay behaviour in the dark is not different 

that in the light. Fig. 13 shows membrane currents I
M 

measured first in the light (a), the second in the dark 

(b) and the third in the light (c). The time course of 

IM in the light (a) is not quite different from I
M in the 

dark (b). This fact indicates that the light does not 

affect to the delay. Sometimes the amplitude of the 

current measured in the dark is much smaller than that 

in the light. Discussion will be done about this point 

in Discussion. 

(iii) Propagation of membrane potential change 

     In order to examine whether the delay is related 

with propagation of the membrane potential change, we 

measured the membrane potentials simultaneously at the 

center and the corner of the single membrane sample 

which was cylindrical in shape, with the diameter of 

0.34 mm and the length of 1.7 mm, which is longer 

than those used in other experiments. Results are 

shown in Fig. 14. The curve V
a is the clamped membrane 

potential at the center of the specimen, and Vb is 

the membrane potential at the corner. There is no 

delay in Vb against V
a, indicating that the delay 

in the current response is not related with the propa-

gation of the membrane potential change. The poten-

tial Vb is smaller than V
a by 2%3 mV presumably

from

30



0

   -10 

N 1 

  -20 

 2-30

-40

-50

a

c

b~

N C

       0 0.2 0.4 0.6 0.8 1.0 
              t(s) 

Fig. 13 Membrane currents IM measured first in the light 

(a) and then in the dark (b) and again in the light (c). 

Each measurement was made by voltage clamp from resting 

potential when the resting level became steady, (a:-14lmV 

b:-115mV c:-14lmV) to -60mV. Temperature was 23.7°C. 

Sample: 820910.
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Fig. 14 Simultaneous record of membrane potentials at dif-

ferent positions in a single membrane sample which is cylin-

drical with the length of 1.7 mm and the diameter of 0 .34 mm 

Va: clamped membrane potential at the center of the sample. 

Vb: membrane potential measured at the corner. The external 

solution was APW. Temperature was 23°C. Sample:791215 .
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because of a difference-in tip potentials of the micro-

electrodes. Resting potential of this sample was larger 

than usual, presumably due to damage of the membrane by 

the inserted three electrodes: one for current supply and 

two for potential recording. 

C. Time Course of Inactivation in Transient Current 

     Following Hodgkin and Huxley (1952b), time course of 

inactivation h(t) was tried to observe by changing the 

clamp potential in two steps. That is: Membrane potential 

was changed at t=0 from resting potential V
r to V1 (-70 mV) 

and then at various time (t1tit8) from V
1 to V2 (0 mV) 

as shown in Fig. 15a. The peak value of transient current 

ICl corresponding to each second step will be approximately 

proportional to h(t) at V=V 1 because Tm(V2) is much 

smaller than Th(V2). The current data in which membrane 

potential was changed to the second step at tl, t2 and t3 

exhibited the same peak values, suggesting that there is 

a delay in inactivation process. Fig. 16 shows the time 

course of inactivation h(V1, t), where the circles are 

the normalized peak values of outward transient current 

ICl at V2 in Fig. 15b.
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Fig. 15 Experimental demonstration of delay in inacti-

vation by voltage clamp. (a):Two step changes of membrane 

potential VM. The membrane potential is changed from V
r t

o V1 at t=0 and then to V2 at various times (i. e. ., t=tl, 

t2,---- or t8). (b):Observed membrane currents for eight 

measurements when the membrane potential was changed as 

shown in (a). The peaks of outward transient currents 

corresponding to the second stepwise changes at t1, t
2 

and t3 are almost the same values, suggesting the exist-

ence of the delay in inactivation. Sample: 820929.
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D. Excitation due to Hyperpolarizing Stimulus 

      The excitation of the giant axon of squid can be 

taken place not only depolarizing stimulus but also by 

hyperpolarizing stimulus (Hodgkin and Huxley 1952c, FitzHugh 

1976.). This phenomenon was also observed in two membrane 

system of plasmalemma and tonoplast of Chara (Ohkawa and 

Kishimoto 1975). In the present study, it is examined 

whether the single membane sample of NiteZZa axiZZiformis 

can be made exhibited the excitation by brief stimulus 

of inward current. Fig. 17 shows the response of . the single 

membrane sample to the brief inward current ( 50 ms) . 

When the current amplitude is smaller than the threshold 

RC response of negative direction and subthresold response 

of positive direction are observed. But making the amplitude 

larger than the threshold, the excitation occurs. The 

excitation is all-or-none type and its shape is similar to 

that induced by outward current stimulus. 

     The hyperpolarizing threshold potential was measured 

which is defined as the negative peak potential of RC 

response to brief inward current of minimum amplitude to 

induce the excitation. As shown in Fig. 18 temperature 

dependence of the hyperpolarizing threshold potential has 

positive slope against temperature that is different from 

the case of squid giant axon (FitzHugh 1976; Nakanishi 1980) .
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IV. Model Calculations 

A. Analysis of Delay 

      We examined to what extent the data presented in Fig . 10 

can be explained based upon various trial models . Common 

assumptions in the analyses are as follows: 

(a) The membrane current IM is assumed to consist of the 

early transient current I
Cl, the potassium current IK and 

the leakage current IL: IM ICl+I
K+IL' 

      In the previous study (Hirono and Mitsui 1981), we 

analyzed the membrane current during excitation according 

to the formulation by Beilby and Coster (1979 a,b,c) . That 

is, we assumed that there is a common delay in the m and h 

gating and, after the delay, ICl and IK are expressed by 

ICl-gClm3h(VM-VC1) and IM gKn4(VM V
K). The results of this 

previous study suggest that we may safely assume the following. 

(b) We assume mo=0 for the initial value of g
Cl when the 

holding potential is V
r. Walker and Hope (1969) demonstrated 

gC1<<gK at Vr. Our previous study (Hirono and Mitsui 1981) 

indicated that the peak value of gCl is more than 20 times 

as large as gK at the excitation. Therefore, it may be 

concluded that gCl at V
r is negligibly small compared to gCl 

at the excitation and thus mo may be approximated as zero . 

(c) IM, etc. just after the stepwise change of the membrane 

potential from Vr to VM will be denoted as IM(0), etc. Then 

ICl(0)=0 by the above approximation and thus I
K(0)+IL(0)=IM(0). 

The current IK increases very slowly, and the previous study 
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   (Hirono and Mitsui 1981)suggests that we may put I
K(t)+IL(t) 
   =I

M(0) for t<0.35 s, VM -40 mV; t<0.45 s, VM -50 mV; t<0.5 s, 

   VM -60 mV; t<0.59 s, VM -70 mV; t<0 .93 s, VM -90 mV. Thus, 

   in these time intervals, we assume 

            ICl=IM-IM (0) (1) 

  Values of ICl calculated by Eq.(1) with I
M and IM(0) in 

   Fig.10 will be given later by circles in Fig .20, 21 and 22.. 

   (d) We assume that h .=0 in gC1 for V,,,                                                     '=>-90 mV since the 

  previous study (Hirono and Mitsui 1981) showed ICl;0 for 

   t>4 s, VM>-92 mV. 

        On the assumptions (a)%(d), we examined validity of the 

  following four models . 

  (i) mph model 

        Keynes and Rojas (1976) reported that, in the squid 

  giant axon, the m 8 h model explained the initial part of the 

  observed membrane current better than the m 3 h model when 

  the delay parameter 8 was not introduced. We examined this 

  type of model, treating the power of m as a valiable 

  together with other parameters. Now I
Cl is given by 

            ICl=gClmph(VM VCl)' (2) 

  The activation and inactivation parameters m and h were 

  assumed to obey the same equations as Hodgkin and Huxley 

  (1952 c) proposed: 

             dm = 1 (m -m)           d 
T (3) 

m
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         dh = 1 (h -h) (4)         dt 
Th 

According to the assumption (b) and (d), m0=0 and h
o,=O, and 

we have 

           m=m.{1-exp(-t/T m)} (5) 

           h=hoexp(-t/Th). (6) 

Thus Eq. (2) becomes 

          ICl=gC1' {1-exp (-t/T
m) }pexp (-t/Th) (VM VCl) . (7) 

where 

            gclI=gclmoopho. (8) 

We determined p, T
m, Th and gcl' so as to get the best 

agreement between calculated IC1 and experimental ICl, which 

were derived by Eq.(1) with the data in Fig.10. The best 

agreement was not obtained with a constant p: p=21 for V
rl= 

-90 and -70 mV; p=15 for -60 mV; p=13 for -50 mV; p=15 for 

-40 mV. Also we were forced to assign very large values to 

gcl~' A relatively good agreement was obtained for the five 

values of VM by fixing p as 18. Table 1 gives values of T
m 

and Th and Fig.19 gives gCl' in the case of p=18. We see 

gcl' becomes anomalously large for low VM in Fig.l9. 

According to Eq.(8), this fact implies that g
Cl increases 

anomalously at low VM since m. should decrease with decreas-

ing VM and ho is expected to be close to one. Therefore, 

the mph model was discarded.. 

(ii) mp{1- (l-h) q} model 
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Table 1 

model

Tm and Th determined by curve fitting in mph

Parameter
VM (MV)

-90 -70 -60 -50 -40

Tm (s) 

Th (s)

0. 

0

280 0.062 0.044 

092 0.104 0.122

0 

0

038 

125

0 

0

038 

112

p=18. gClI is shown in Fig. 19.
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               VM(mV) 

Fig. 19 gCl' vs. V
M where gcl'=gclmo,l8ho. A result 

of mph model when p was put equal to 18. Values of 

Tm and Th used for the calculation are given in Table 1.
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      We examined this mp{l-(l-h )q} model as an extension 

of the mph model since we have mph when we put q=l in 

mp{l-(l-h)q}. A physical meaning of this model will be 

discussed in the Discussion. The expression of I
Cl is 

         IC1=gClmp{1- (1-h) q} (V._ VCl) , (9) 

where 

            m=l-exp(-t/T
m),                       } (10) 

           h=exp (-t/Th) . 

Here we put mo=0, h .=0 according to the assumption (b) and 

(d), and m.=1, h0=1 for simplicity since calculations 

suggested values of moo and ho do not change the results 

seriously. Fig.20 shows ICl derived by Eq.(l) with the 

data in Fig.10 by circles, which will be called observed 

ICl below. We tested various values of gC1, p, q, T
m and 

Th so as to get the best agreement between the observed 

and calculated IC1. The solid lines in Fig.20 show calcu-

lated ICl for the best agreement. In order to get good 

agreement, however, we were forced to assume that both p 

and q change to large extents depending upon VM. Table 2 

gives values of p, q, Tm and Th. The values of p and q 

are indicated also in Fig.20. We see that very large 

values have to be assumed for p ans q for low VM, and thus 

this model was discarded. 

(iii) m3h-S model 

     This model was proposed by Beilby and Coster (1979 a, 
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Table 

Fig.

2 

20

Tm and T h used for calculation of ICl shown in

Parameter

VM
.

(mV)

-90 -70 -60 -50 -40

P 

q 

Tm (s) 

Th (s)

0. 

0.

61 7 

17 12 

128 0.121 

112 0.071

  7 9 

  2 1 

0.081 0.056 0. 

0.091 0.102 0.

11 

1 

050 

097

gcl-46 ms •cm-2. mP{1- (1-h) q} model.
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10. Solid lines: ICl calculated by Egs.(9) 

46 mS•cm-2 and VCl=-31.5 mV. Values of p 

d in each figure.. Values of T
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  are given in Table 2. 
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 b, c) for Chara coraZZina. The expression for I
Cl is 

3            I
C1_ -gClm h(VM VCl) (11) 

 It was assumed that m and h do not change during the initi al 

 delay. We assumed that m
,=1 and h0=1 as in (ii) , so that 

we have 

            m=0 and h=1 for 0<t<6, (12) 

            m=l-exp{(S-t)/T
m}, for t>6 (13) 

 and 

           h=exp{(S-t)/Th}, for t>S . (14) 

where S is a common delay time for the m and h gating . We 

determined gCl, T
m, Th and S so as to get the best agreement 

between the observed and calculated I
Cl. Obtained results 

are given in Table 3. Value of g
Cl was determined as 28 mS• 

cm 2. The values of all the parameters seem to be reasonable
, 

but the observed ICl curves are not reproduced quite well as 

seen in Fig.21. Especially discrepancy is evident in the 

rising phase of each curve, i . e., in the delay behaviour. 

As the delay behaviour was not explained well with the common 

delay S, next we introduced two delay parameters S
m and Sh 

for the m and h gatings and examined the following model . 

(iv) mph-6 m- Sh model 

     The expression for I
Cl is given by 

          ICl-gClmph(V-V 
C1), (15) 

where 

   m=0 for 0<t<6 ,                       
. - m } (16) 

           m=l-exp{(6
m-t)/Tm} for t>6m 
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Table 

Fig.

3 

21

Parameters used for calculation of I
Cl

shown in

Parameter
VM (mV)

-90 -70 -60 -50 -40

T 
m 

Th 

S

 (s) 

 (s) 

(s)

0.146 0.065 0 

0.126 0.112 0 

0.324 0.090 0

.065 0.061 0. 

.107 0.104 0. 

.056 0.044 0.

057 

097 

047

gCl-28 ms •cm 2. m3h-S model.
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in Table 3.
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and 

          h=l for O<t<Sh 

                              } (17) 
          h=exp{(Sh-t)/Th} for t>Sh 

We tried to get the best fit between the observed and 

calculated IC1 by changing values of g
C1, p, Sm' Sh, TM and 

Th. Very good agreement was obtained as shown in Fig .22, 

with gC1=15 mS'cm2, p=8, S
m=O. Values of the other 

parameters are given in Table 4. The result of S 
m =0 seems 

to be noteworthy and will be discussed in Discussion .
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Table 

Fig.

4 

22

Parameters used for calculation of ICl shown in

Parameter

VM . (mV)

-90 -70

0.318 0.087 0 

0.100 0.100 0 

0.530 0.190 0

-60 -50 -40

T m 

Th 

Sh

(s) 

(s) 

(s)

.066 0.056 0. 

.104 0.102 0. 

.130 0.110 0.

056 

094 

113

p=8, S
M= 0,

2 g
cl-15 mS • cm . mph-6-6 h model.
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                 t (s) 
Fig. 22 Time courses of I

C1 at various clamp potentail VM
6 mph-d m-6h model. Circles: the same as in Fig. 20. Solid 

lines: IC1 calculated by Egs.(15)n,(17) , with p=8 and dm 0. 
Values of other parameters used for calculation are given 

in Table 4.
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 B. Reconstruction of Action Potential 

      Curve fitting of ICl by m8h-d
h model resulted in good 

 agreement between the calculation and observed data . In 

 this section, m8h-Sh model was examined by reconstruction 

of action potential. The reconstruction was made using two 

 sets of data obtained from two specimens (i .e., sample 

Nos.810515 and 781124). First the parameter set in Table 4 

 (sample No.810515) was used to express T
m and Th as function 

of VM. Tm is assumed to be expressed by: 

           Tm 1.1999+0.084075V
M+0.0022922VM2+0.000027699VM3 
             +0.00000012666V

M4 (18) 
where VM is clamp potential (mV). T

h can be approximated 
as 0.1 s at each VM: 

          Th 0.1 (19) 

As for 6h' it is not appropriate to express 6
h as a function 

of VM when VM changes. Fig. 23 shows the relationships 

between Sh and V
M in two samples. Circles in Fig. 23 

are the same data in Table 4. In these data 6
h is approxi-

mately two times as large as T
m, that is, in voltage clamp 

m=l-exp(-2T m/T
m):=l-exp(-2) at t=6 h= 2Tm. So that it can 

be assumed that h begins to change when m=1-exp(-2) . 

      In the model calculation, I
K was assumed to be very 

small and constant for t<0 .35 s, VM -40 mV; t<0.45 s, VM 

-50 mV; t<0 .5 s, VM-60 mV; t<0.59 s, VM-70 mV; t<0 .93 s, 

VM-90 mV. It is assumed that these limited domains in 

which IK+IL is constant can be extended to the duration 

of reconstructed action potential .
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781124.

54



      Simultaneous derivative equations of V
M, m, h, n are 

expressed as follows: 

         dtM C {I gKn4(VM VK) gClm8h(VM VC1)} (20) 

M 

                                                (21)        dt = T (nom n) 

n 

            dm __ 1 (m -m)          dt 
T (22) 

m 

        dh = 0 for t=>0 and m<l-exp(-2) ,     at 

} 

        dt = T (ham h) for dt<0 or m>1-exp (-2) (23) 
h where CM 0.001 mF'cm-2,gKn(0)4=0.044 mS'cm-2, 9C1=15 mS•cm 

VK=-140 mV, VC1=-31.5 mV. I
L=gL(VMVL) is neglected for 

simplicity. Boundary conditions are assumed as: 

           VM(0)=-140 mV 

           gKn(0)4=0.044 mS•cm-2 

          m(0)=0 

          h(0)=l 

           gKn4=0.044 mS•cm-2 (24) 

   mo,=0 for VMS-95 mV 
            m00=1 for VM>-95 mV 

            hCO=1 for VM<-139.99 mV 

            h 00=0 for VM>-139.99 mV 

Fig. 24 shows calculated action potential from Egs.'(20)ti 

(24) by Runge-Kutta method with stimulation of 50 ms 

outward current. Amplitudes of the current is 3 .5 uA-cm-2 

(a), 4.4 iA•cm-2(b) and 6.6 iA•cm-2(c) . 

     Another reconstruction of action potential was made

-2
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parameters given in Table 4. a: Subthreshold response to 
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6.6 pA-cm-2 (c). Duration of the stimuli is 50 ms .
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for the sample of which data were used in the analysis in 

1979 (Hirono and Mitsui 1981). In this sample I
K is not 

negligible during excitation and voltage dependence of 

n ., m., h., Tn, Tm and Th are expressed by: 

           n .=l/[l+exp{(-127-VM)/27.3}] 

             mw= 0 for VM<-94.99 mV, mom= 1 for VM>-94.99 mV 

             h .= 1 for VM<-119.99 mV, h.= 0 for VM>-119.99 mV 

           Tri 1+0.052exp(-VM/14.43) 

          Tm=0.42/[1+exp{(VM+89.4)/3.71}]+0.05 

          Th=0.32/[1+exp{(-82-VM)/11}]+0.1 

The simultaneous derivative equations are the same as 

Egs.(20)ti(23), where g
K=0.344 mS•cm-2, gC1=2.9 mS•cm-2. 

VK=-120 mV and VC1=-50.4 mV. Initial values are 

          VM(0)=-120 mV 

           n(O)=0.564 

          m(0)=0 

         h(0)=l 

Fig.25A is reconstructed action potential with 50 ms 

outward current of which amplitude is 2 pA'cm2(a) , 2.25 u 

A'cm-2(b), 4.5 pA•cm2(c). Observed action potential in 

the same sample, of which voltage clamp data was used to 

reconstract the action potential in Fig .25A, is shown 

in Fig.25B. The peak hight and the duration of calculated 

and observed action potentials. . are relatively in good 

agreement in this sample.
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V. Discussion 

      As was described in the Introduction, the excitation 

in Chara and NiteZZa is associated with Cl efflux and 

K+ efflux, and ICl in NiteZZa and Chara has the same 

function as IN
a in squid giant axon. In the present 

study, ICl is investigated. Separation of I
Cl from IM 

should be made by changing the reversal potential of I
C1' 

if possible, as was made by Hodgkin and Huxley for I
Na in 

squid giant axon (Hodgkin and Huxley 1952a). But it is 

difficult to change only the reversal potential V
C1 

without changing gC1(V,t) by increasing external Cl ion, 

because increase of Cl concentration induces irreversible 

change in gC1(V,t) of plasmalemma. So that experimental 

separation of IC1 from IK and IL was difficult by changing 

VC1. This difficulty was avoided by using the specimen in 

which IK was very small compared to I
C1 as was mentioned 

in Experimental Results and will be discussed later . 

     Another point of difficulty in the analysis of the 

excitation is that NiteZZa and Chara have two membranes. 

Internodal cells of NiteZZa and Chara have large vacuoles 

which occupy more than 85% of the cell volume and cyto-

plasmis layers between plasmalemma and tonoplast are very 

thin(tilO pm). A microelectrode for recording membrane 

potential is usually inserted into vacuole. It is not 

easy to analyse the excitation observed via plasmalemma 

and tonoplast, because membrane potential via plasmalemma 
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will change even if membrane potential via plasmalemma 

and tonoplast is clamped. Cosidering this point , 

Beilby and Coster (1979a, b, c) used young whorl cells 

of Chara corallina, which have larger space between 

plasmalemma and tonoplast than grown-up cells. They 

inserted a microelectrode for voltage recording, into 

cytoplasm between plasmalemma and tonoplast , and a wire 

electrode for current supply, into the central vacuole. 

On the other hand, we used single membrane samples from 

which major parts of vacuoles were removed by centrifu-

gation and could easyly insert-a microelectrode into 

cytoplasm of the sample. As the sample was very short 

(nil mm in length) we inserted another microelectrode for 

intracellular current supply. It was experimentally 

proved that propagation does not affect the time course 

of excitation in the sample,that will be discussed later. 

     As mentioned in Experimental Results, some specimens 

gave very small IK compared to IC1 in a limited domain of 

membrane potential and others gave relatively large IK. 

We used specimens of the former type and could study the 

properties of IC1 separately. In the study we tacitly 

assumed that the variation in the ratio of IK to IC1 is 

caused by variation in density. of channels from specimens 

to specimens. We examined three specimens in which I
K was 

very small. Obtained values of T
m, Th and 6h for one sample
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were given in Table 4. Values of the parameters for the 

other two specimens were the same order of magnitude as 

those given in Table 4 except for gCl. Values of g
Cl which 

should depend upon the density of Cl channels were 15, 3 and 

20 mS•cm2 for three specimens. These results suggest 

that our assumption is close to reality. 

      The experimental results shown in Fig. 12 indicate that 

the delay is not caused by the low electric conductance of 

the external solution. 

      The data in Fig. 13 demonstrate that the delay is 

observed both in the light and dark and is not related to 

the light effect. Recently many workers reported the 

existence of electrogenic ion pump in Chara and NiteZZa 

as was described in Experimental . Results. Voltage clamp 

data of membrane current which were measured in the light 

will contain the contribution of pump current , because 

the electrogenic pump is activated well in the light . 

Kishimoto el. al. (1981) proposed a model of electrogenic 

H+ pump in which pump conductance is voltage dependent 

but not time dependent. Following this model , pump current 

during voltage clamp will be constant and involved in 

IL, so that it will be subtracted by Eq .(1). 

     The time course of I
Cl observed in the light is similar 

to that in the dark and delay behaviour did not seem to 

change by the light. The amplitude of I
Cl after setting 

the sample in the dark does not change or becomes smaller
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than that in the light. This property of I
Cl was 

emphasized by decreasing the holding potential in the 

dark to the resting level in the light for 10 min . 

Therefore, the decrease of I
Cl may be caused by not 

only the change of resting potential but also other 

factor. The amplitude of I
Cl did not recover well 

after setting the sample in the light again. 

     The data given in Fig. 14 prove that the delay 

is not related to the propagation of change of the 

membrane potential. The propagation velocity of the action 

potential in an internodal cell of NiteZZa fZexiZis was 

reported as 200ti430 mm's-1 in tap water (Sibaoka 1958) . 

The specimen used to get the data in Fig .l4 was cylindrical 

with the length of 1.7 mm and the diameter of 0 .34 mm. 

Therefore, the propagation will be finished in about (1 .7/2) 

/200 s = 4 ms, which is negligibly small in the time scale 

in Fig.14 and thus the coincidence of the time courses of 

Va and Vb is reasonable. From these observations we may 

conclude that the delay in current response to the stepwise 

change of VM is inherent in the plasmalemma of NiteZZa 

axiZZifovmis. 

     The existence of the delay required some modification 

in Hodgkin and Huxley's m3h expression for the early 

transient current ICl of NiteZZa plasmalemma . We have 

examined the four modifications: (i) mph , (ii) mp{1-(1-h)q},
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(iii) m3h-S and (iv) mph-6m Sh models. In the models (i) and 

(ii) we examined whether the observed hehaviour of I
C1 could 

be explained without explicit introduction of delay parame-

ters such as S in (iii). 

      In the model (i), the expression mph corresponds to 

assuming p pieces of m gates in series. Larger p values 

results in slower onset of IC1 and thus an apparent delay . 

We were, however, forced to assume the sharp increase of g
Cl 

at low VM to explain the experimentally observed behaviours 

of IC1 and discarded this model. Then we tried to introduce 

some modification in the h gating in a way similar to 

changing,p-in mph. Here it should be noted that hq has 

mathematically the same meaning as changing T
h as far as h 

is put proportional to exp(-t/Th) and that effects of 

changing Th were already examined in the model (i). In terms 

of the channel model, mph q stands for a series connection of 

p pieces of m gates and q pieces of h gates. Fig.26A 

illustrates the case of p=3 and q=2, where each gate is 

depicted as a switch in a box and m and h mean the probabil-

ities that the corresponding switches are on, i. e ., the 

gates are open. If we change the connection of h gates from 

series connection (e. g., Fig.26A) to parallel connection 

(e. g., Fig.26B), the expression mph q turns into mp{l-(1-h)q}, 

i. e., the model (ii) . If we put h=exp (-t/T
h) in f (h) = 

1- (1-h) q, we have f(h)=l-(t/-r h) q for t<< -r 
h* Thus f (h:q>2) 

causes slower decrease of I
C1 than f(h:q=1)=h=exp(-t/T h), 
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resulting in an apparent delay in inactivation . With this 

model, however, we could not keep both of p and q constant to 

explain the observed ICl• 

      In the model (iii), the common delay 6 was assumed in 

the m and h gatings following Beilby and Coster (1979 a , b, 

c). We could not explain well the delay behaviours of I
C1 

for NiteZZa axiZZifopmis as seen in Fig -21. The delay 

parameter, however, does not seem to-be necessarily common 

in the m and h gatings since they are different processes . 

In fact the time constant T
m and Th depend upon VM differently 

in Table 3. Therefore, we examined the model (iv) , the 

mph-6
m-6h model. After many calculations with various 

trial parameters, we have found a very good agreement between 

the observed and calculated IC1 as seen in Fig.22, with p=8 , 

6
m=0 and the values of 6h, Tm, Th given in Table 4. The 

result 6m 0 means that we do not have to assume a delay 

mechanism in activation process of C1 channel if we put p=8 . 

On the other hand, it is inevitable to assume the delay in 

inactivation process. Thus the delay observed in onset of 

IC1 has the following two origins. Firstly eight m gates 

contribute to activation of the C1 channel so that the onset 

of IC1 is slower than the m3h case, . resulting in an apparent 

delay. Secondly the h gating has an intrinsic delay 6
h. 

In Table 4, we see that 6h and T
m decrease with increasing 

VM from -90 mV to -50 mV and then become rather steady . 

Since Tm is approximately the time needed for the m gates 
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to open, this fact suggests that the h gates start to close 

after the m gates get open, resulting in delay 6
h in 

 inactivation. One possible mechanism causing this delay 

might be as follows. In the resting state most m gates are 

closed and h gates open, so that the membrane potential 

drops effectively across the m gates , and much less across 

the h gates. The potential drop across the h gates will 

become appreciable when the m gates open associated with 

the stepwise change of V.
M. Thus h gates start to close 

after the m gates open. Waiting for the increase of 

potential drop across the h gates will be observed as a 

delay in inactivation. 

      In the model (iv), the time course of I
C1 is expressed 

by Egs.(15), (16) and (17). Therefore , there occurs a 

discontinuity in tangent of the calculated curve of I
C1 at 

t=6h as seen at t=0.19 s for VM -70 mV and at t=0 .53 s for 

VM=-90 mV in Fig.22. These discontinuities were caused by 

the phenomenological introduction of constant 6
h by Eq.(17). 

It will be possible to remove these discontinuities by 

considering the mechanism causing 6
h such as described 

above. 

      Several authors reported a time lag in'the inactivation 

process in excitable membranes., According to Armstrong 

(1970), inactivation of gN
a begins after a short time lag 

in Dosidicus axons. Goldman and Schauf (1972) observed a 

delay in inactivation of g
Na in MyxicoZa giant axons. In
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giant axons from LoZigo peaZei and Dosidicus gigas, Bezanilla 

and Armstrong (1977) observed delayed onset of inactivation 

and proposed the model that the activation and inactivation 

processes are coupled in the Na channel and the inactivation 

does not occur until the channel opening is completed . 

      The value of V
C1 used in the calculations was -31.5 mV, 

which was determined by extrapolation of the maximum inwa
rd 

current vs. VM curve, by using the data shown in Fig . 10 

VC1 thus determined for several samples were distributed in 

the range from about -50 mV to about -20 mV . The concentra-

tion of Cl was reported as 27 mM in protoplasm of NitelZa 

fZexiZis (Tazawa et. al. 1974). The concentration of C1 

in our APW was 0.25 mM. With these values , the Nernst 

potential of C1 across the plasmalemma is estimated as 118 

mV, which is much larger than the above mentioned values of 

VC1, -50 mV ti -20 mV. One possible explanation for this 

difference is that ions other than C1 also contribute to 

the transient current which we have denoted as I
C1. The 

Nernst potentials estimated for Na+ and K+ are -50 mV and 

-185 mV respectively . Presumably K+ can pass through the 

"C1 channel" and contribute to "IC," and reduce the "V
C1if 

from 118 mV to -50 mV 'L -20 mV .
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                       Appendix 

Electric Circuit for Measurements 

Analog Circuit 

      Operational amplifires were used to compose the analog 

circuit for measuring and controlling the membrane potential 

and / or the membrane current of the sample. Fig.A-1 shows 

the diagram of the circuit which was used in most of this 

study. It consists of eight operational amplifiers: Amp .l 

and Amp.2, model 1026 (Teledyne Philbrick); Amp. 3 and Amp.5, 

model LF356 (National Semiconductor); Amp.4, model 40J (Analog 

Devices); Amp.6, model 1032 (Teledyne Philbrick). The voltage 

of power supply are + 15 V for Amp.l Amp.5 and + 110 V for 

Amp.6. The circuit for measuring membrane potential which 

consists of Amp.lti3, is high input impeadance, differential 

amplifier. Voltage gain of the circuit is 10. Amp.4 and 5 

compose a current-voltage converter. Output voltage of the 

the converter is given by: V=2x106•I. With Amp.lti3, Amp.)6 

composes negative feedback loop as to the membrane potential 

via plasmalemma (i.e., glass microelectrode for voltage 

record - Amp.1 y Amp.3 - Amp.6 -, glass microelectrode for 

current supply ' membrane potential). As the glass micro-

electrode is of high resistance, Amp.6 needs to have high 

gain and high voltage output enough to charging the membrane 

capacitance instantaneously. 
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Digital Circuit 

      The block diagram of data entry system in the present 

study are illustrated in Fig. A-2 . The data of V
M and IM 

measured with the analog circuit shown in Fig . A-1 are selected, 

converted to digital data with A/D converter AD80AG -12 (Micro 

Network Corp.) and stored into semiconductor memory by 

micro-computer (Lkit-16). Afterr a measurement , the digital 

data are converted to analog data with D/A converter DAC-HZ12BGC 

(Datel Systems, Inc.) and drawn on the chart of X-Y recorder . 

The speed ratio of reconstructing the data to sampling the 

original data can be changed from 1 " 1/2560 . The digital 

data used for analyses is recorded on the magnetic tape with 

digital cassete MT-2 (TEAC). The data can be transmitted from 

MT-2 to micro-computer MINC-11 (DEC) or mini-computer PDP 11/34 

(DEC) via micro-computer H68/TR (Hitachi) and GPIB interface 

with MC68488 (Motorola).
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