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GENERAL INTRODUCTION 

工t is well known七hatspecimens of the ciliate protozoan 

parameciur~ show backward swimming due to reversed beating of 

cilia (ciliary reversal)， when they are transferred into a 

solution with high K+ concentration (Jennings， 1906). The 

backward swimming which continues for several ten seconds 

(depending on stimulus condition) is followed by forward swimming 

due to renorrnalization of beat direction of cilia. Mast and 

Nadler (1926) exarnined effects of various chernicals on the 

behavior of Parameciu~. They reported that 1) an increase in 

concentration of rnonovalent cations induced ciliary reversal， 

though its degree depended on cation species， 2) anions were less 

2+ effective than cations and 3) CaLT  ions antagonized the effec七s

of rnonovalent cations. On the other hand， when Pararneciurn is 

exposed to electric current， ciliary revE~rsal occurs at cell 

surface facing the cathode (Verworn， 1889). Based on the analogy 

with Pfluger's cathodal excitation in nerve and rnuscle cells， 

Bancrof七 (1905) 七hough七七hatthe cathodal ciliary reversal rnight 

correspond to rnernbrane excitation. 

Ciliary reversa 1 and ionic factor5 in the external solution 

Karnada and Kinosita (1940) exarnined effects of external K+ 

and Ca2+ concentrations on ciliary reversal. The duration of 

ciliary reversal was affected by both [K+]/[Ca2+] ratios of 

adaptation mediurn and 5七irnulationmediurn. Jahn (1962) introduced 

the Gibbs-Donnan principle to analyze relation between the arnount 

of cations bound to the mernbrane and the duration of ciliary 

reversal. He proposed 七hatrelease of bound Ca by an increase in 



the [K+JIJてca2+] ratio was responsible for ciliary reversal. 

Naitoh and Yasurnasu (1967) dernonstrated that external cations 

such as Ca2+ or K+ bind to anionic sites of Parameciurn mernbrane 

according to the law of rnass action and the rnernbrane can be 

regarded as an ion-exchanger. Naitoh (1968) found that factors 

which affect the duration of the ciliary reversal response are 1) 

the initial arnount of Ca bound to the cation-exchange systern of 

2+ the rnernbrane， 2) the arnount of Ca~T released frorn binding sites 

in the stirnulation rnediurn and 3) the concentration of Ca2+ in the 

stirnulation rnediurn. 

E lectrophysiology of Pararneciurn rnernbr a ne-

Electrophysiological researches of ~ararneciurn rnernbrane using 

intracellular electrode technique were started by Karnada (1934). 

By rnaking use of quartz capillary rnicroelectrodes， he rneasured 

the rnernbrane potential of ~ararnecium in various ionic solutions， 

and found that the potential， which was usually negative with 

reference to the external solution， depended strongly on the 

external cation concentration. Ciliary reversal was elicited in 

association with a transient depolarization of the rnernbrane 

(Yarnaguchi， 1960; Kinosita et al.， 1964， 1965; Naitoh， 1966). 

Naitoh and Eckert (1968a) exarnined in detail mernbrane 

electrical properties of in ~arameciuæ equilibrated in solutions 

with various concentrations of several kinds of monovalent and 

divalent cations. The results can be surnrnarized as follows: 1) 

The rnernbrane is depolarized rnore effectively by cations with 

higher binding affinity to the rnernbrane (K+， Rb+， Ba2+) than 

+ ，.._2+ those with lower binding affinity (NaT， Mg~T). An increase in 
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bound Ca reduces depolarizing effects of external cations. 2) 

Characteristics of the electrical responses to current injection 

are strongly affected by external [K+]IJてCa2+] ratio， rather than 

by the absolute concentrations of these cations. 3) The current-

voltage relationships also depends on the amount of membrane 

bound Ca. 4) The membrane resistance depends on the membrane 

potential and the bound Ca. These facts suggest that Ca-binding 

system of the membrane strongly affects not only ciliary 

responses but also membrane electrical properties. In response 

to outward current injection， Parameciua exhibits a graded action 

potential in CaC12-containing solutions， but it shows an all-or-

none action potential in solutions containing BaC12 (Kinosita et 

al.， 1965; Naitoh and Eckert， 1968a). Characteristics of the 

all-or-none action potential in Ba-containing solutions is 

dependent on the amounts of Ba and Ca bound by the membrane 

(Naitoh and Eckert， 1968b). Mechanism of action potential 

generation by outward current injection in solutions containing 

K+， Ca2+ or other cations was investigated electrophysiologically 

in more detail by Naitoh et al. (1972). The saturated peak value 

of the action potential increases with increase in the external 

Ca2+ concentration by a slope of about 25 mV to 10-fold increase 

in the Ca2+ concentration. This suggests that the action 

potential is caused by a transient increase in Ca conductance of 

the membrane， which is accompanied by an inflow of external Ca2+ 

into the cell (Eckert， Naitoh and Machemer， 1976). 

On the other hand， responses of Paramecium membrane to 

mechanical stimulation was investigated by Naitoh and Eckert 

(1969)， Eckert et al. (1972) and Naitoh and Eckert (1973). A 

3 



mechanical stimulation of the anterior portion of the cell 

produces a depolarizing receptor potential， which in turn causes 

an action potential. The receptor potential is caused by an 

increase in Ca conductance. Stimulation of the posterior portion 

produces a hyperpolarizing receptor response due to an increase 

in K conductance. The hyperpolarization is accompanied by an 

increase in beating frequency of cilia. Simultaneous recording 

of regenerative Ca response and ciliary movement revealed that 

ciliary reversal response was closely related to the Ca action 

potential (Eckert and Naitoh， 1970; Machemer and Eckert， 1973). 

Ciliary reversa 1 and i ntracellula r Ca2+ ions 

Relationships between intracellular ionic environment and 

ciliary movement were investigated by making use of glycerol-

(Naitoh， 1969) and Triton- (Naitoh and Kaneko， 1972) extracted 

models of Paramecium caudatum. 工onsand other chemicals in the 

external solution can flow freely into the cell through the 

extracted membrane. Ciliary reversal was found to occur when 

-6 CaL+ concentration was more 七han 10-v M in the presence of ATP. 

Eckert (1972) explained the membrane control of ciliary reversal 

response as follows: Depolarizing stimuli such as outward current 

injection or high K+ stimulation cause an increase in Ca conduct-

2+ ance of the membrane. External Ca~T ions flow into the cell down 

2+ the electrochemical gradient of Ca~T ions across the membrane. A 

2+ resultant increase in the intracellular Ca~T ions activates the 

mechanism for ciliary reversal. 
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Modification of the f unction of Ca channels in behaviora 1 mutanヒ

cells or deciliated cells 

K u n g (1 97 1) 0 b t a i n e d a be h a v i 0 r a 1 rn u t a n t 0 f P ei_f ~~ggi u m 

tetraureli a， which was insensitive to an increase in K+ concen-

tration and continued to swim forward. This mutant was named 

"pawn" because of its behavior. The mut.ant was found not to 

produce an action potential in response to depolarizing stimulus， 

while other electrical properties of the~ mutant were almost the 

same as wild type (Kung and Eckert， 1972). However， the mutant 

showed ciliary reversal in response to an application of Ca2+ 

ions together with ATP， when its rnembrane was disrupted by Triton 

X-100 (Kung and Naitoh， 1973). Schein et al. (1976) suggested 

that among genes relating to the rnembrane excitability， pw A gene 

was responsible for the depolarization sensitivity (i.e. gating) 

of Ca channels， and pw B gene was for the characteristics of the 

wall of Ca channels. 工nPararneciurrl 三主立d主主旦旦， mutants with 

malfunction in the voltage sensitivity of Ca channel were 

reported by Takahashi and Naitoh (1978). 

Parameciu~ whose cilia were rernoved by its treatment with 

chloral hydrate or ethanol lost its ability to produce the Ca 

action potential. The action potential was found to resume 

gradually as the cilia regenerated (Ogura and Takahashi， 1976; 

Dunlap， 1976， 1977; Machemer and Ogura， 1979). These results 

suggest 七hatdepolarization-sensitive Ca channels were localized 

in the ciliary membrane. 工ncontrast， rnechanoreceptor potential 

did not disappear even after rernoval of cilia. This suggests the 

rnechanoreceptor channels are present in sornatic rnernbrane (Ogura 

and Machemer， 1980). 
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Detailed characterization of ion channels 

Recently， ion channels of Paramecium membrane have been 

investigated by means of voltage clamp technique and micro-

injection of ions and other chemicals into the cell. Since EGTA-

injected cells become to produce a prolonged action potential 

with a plateau， inactivation of Ca channels and activation of 

delayed K channels may be caused by an increase in the intra-

cellular ca2+ concentration (Brehm et al.， 1978; Satow， 1978). 

Decrease in the resting membrane resistance seen in Ca2+ injected 

cells suggests that the resting K conductance is also affected by 

internal Ca2+ ions (Satow， 1978). Electrophysiological examina-

tions of Paramecium membrane with voltage clamp technique were 

reported first by Naitoh and Ecker七 (1974). Oertel et al. (1977) 

analyzed membrane currents in wild type cells and mutant "pawn" 

under voltage clamp condition (see also Satow and Kung， 1980a，b). 

Oertel et al. (1978) confirmed the previous finding that activa-

tion of K conductance was produced by hyperpolarization. Satow 

and Kung (1979) examined concentration e!ffects of external Ca2+ 

ions (i.e. Ca-stabilizing effects， see below) on the 

depolarization-sensitive Ca channels (Eckert and Brehm， 1979; 

Satow and Kung， 1981). 

Brehm and Eckert (1978) demonstrated Ca-dependent 

inactivation of Ca channels which causedl relaxation of transient 

inward Ca current during sustained depolarization (Brehm et al.， 

1980; Eckert and Chad， 1984). Voltage sensitive inactivation of 

Ca channels was also found by Hennessey and Kung (1985). 
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other excitable membranes 

Hodgkin and Katz (1949) suggested that the action potential 

in squid giant axon was caused by selective increase in Na+ 

permeability of the membrane. Hodgkin and Huxley (1952) quanti-

tatively described time courses of the changes in Na and K 

conductances during membrane depolarization under voltage clamp 

condition. The action potential can be interpreted by a 

transient increase in the Na conductance， which is followed by an 

increase in the K conductance. Voltage sensitivity of Na 

channels responsible for the Na conductance was confirmed by 

detecting a voltage dependent gating current (Armstrong and 

Bezanilla， 1973， 1974; Bezanilla and Armstrong， 1974; Keynes and 

Rojas，1973). 

Membrane excitation by rapid increase in the external K+ 

concentration were observed in Nitella cell (Hill and Osterhout， 

1938)， Ranvier node (Tasaki， 1959) and in squid giant axon 

(Tasaki et al.， 1966， 1968; 工noueet al.， 1973). Tasaki (1968) 

noted 七hatexcitable membrane has characteristics as a cation-

exchanger. He suggested that the ratio of divalent cations to 

monovalent cations in the membrane was important for the membrane 

excitation. The liberation of membrane bound divalent cations 

(Ca2+ ions) causes membrane excitation (see also Tobias， 1964). 

However， there are few studies on transient changes in the 

membrane electrical properties caused by changes in ionic 

condition of the external or internal solution of the cell. 

On ヒheother hand， relationship between membrane exciヒー

2+ ability and external Ca~T concentration was examined in squid 

giant axon under voltage clamp by Frankenhaeuser and Hodgkin 
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2+ (1957). They concluded that an increase in Ca~~ concentration 

was equivalent to hyperpolarization of the membrane. This hyper-

polarization-like effect of Ca2+ ions on the membrane was termed 

"Ca-stabilizing effects"， and seen in some excitable cells other 

than giant axon (Frankenhaeuser， 1957; Hille， 1968; Ohmori and 

Yoshii， 1977; Cota and Stefani， 1984; Byerly et al， 1985). The 

Ca-stabilization is attributable to a hyperpolarizing shift of 

the transmembrane diffusion potential by Ca binding to the 

membrane. 

Problems in t且三 membrane excitation c主立三三d註ヱ ionic stimulation 

in Paramecium 

ParameciufI1 membrane exhibits an increase in Ca permeability 

(membrane excitation) in response to an increase in the external 

[K+]/JTCa2+] ratio， therefore， to a decrease in the amount of 

membrane bound Ca. The permeability increase is rather indepen-

dent of the membrane potential (Naitoh， 1968)， although Eckert 

(1972) proposed 七hatan increase in Ca conductance is caused by 

membrane depolarization (Naitoh and Eckert， 1974). To find out 

causes for this discrepancy， relationships between ciliary 

reversal， changes in [K+]/JTca2+] ratio and membrane potential 

changes due to changes in ionic strength should be carefully 

examined. 工n response to an appropriate ionic stimulation， cilia 

reverse their beat direction for about 1 min， then they gradually 

resume normal beat direction. This suggests that an increase in 

Ca permeability (activation of Ca channels) by ionic stimulation 

is followed by its decrease (inactivation of Ca channels). 

However， there have been little electrophysiological evidences to 
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show the increase in Ca permeability (Kung and Saimi， 1982). 

Primary objective of the present studies is to reveal 

electrophysiological characteristics of the membrane correspond-

ing to activation and inactivation of Ca channels in ~aramecium 

seen during its ionic stimulation. Part 工 willdeal with changes 

in the membrane electrical properties and concomitant ciliary 

responses when the external ionic concentration was quickly 

changed. Part 工工 will deal with relationships between ionic 

stimulation and electric current stimlユlation，time courses of 

activation and inactivation of Ca channels and dependence of the 

inactivation on the internal Ca2+ ions. Part 1工1 will deal with 

detailed descriptions of characteristics of inactivation of Ca 

channels during ionic stimulation. Part 工V will deal with 

effects of ruthenium red (R.R.) on generation of Ca action poten-

tial and ciliary reversal response by ionic stimulation. R.R. is 

thought to bind to negative charges of sialic acid occupying the 

terminal region of polysaccharides on the cell surface. Negative 

charges of mucopolysaccharide layer of surface coat of the 

membrane were found to be closely correlated with the ion-

exchanger property of ~arameciurr1 membrane. Part V will deal with 

theoretical considerations about electrogenesis in Paramecium 

membrane. Transmembrane diffusion potential was found to be a 

function of the external [K+]/j了ca2+] ratio， and the potential 

decreased with an increase in [K+]/JてCa2+] ratio. 



Part 工

Activation of Ca Channels by Ionic Stimulation 

in Paramecium caudatum 
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工NTRODUCT工ON

工七 is well known that specirnens of the ciliate protozoan 

pararneciurn caudatum show backward swimming due to reversed 

beating of cilia (ciliary reversal)， when they are transferred 

in七o a solution with high K+ concentration (Jennings， 1906; 

Karnada and Kinosita， 1940; Naitoh， 1968). Ciliary reversal 

occurs when depolarization-sensitive Ca channels in the ciliary 

2+ membrane are activated and the intraciliary Ca~T concentra七ion is 

raised thereby (Eckert， 1972; Eckert and Naitoh， 1972; Naitoh and 

Kaneko， 1972; Eckert， Naitoh and Machemer， 1976; Naitoh， 1979). 

An increase in the external K+ concentration always depolarizes 

the mernbrane of Pararneciu~ (Kamada， 1934; Yamaguchi， 1960; Naitoh 

and Eckert， 1968). 工七 has been， therefore， believed by many 

authors that the K+-induced ciliary reversal is mediated by the 

K+-induced membrane depolarization. However， there is no 

elec七rophysiologicalevidence to show the ac七ivationof Ca 

channels during the long-lasting ciliary reversal (Kung and 

Saimi， 1982). 

On the other hand， an increase in the external Ca2+ 

concen七rationproduced a membrane depolarization in Paramecium， 

whereas this depolarization did not produce ciliary reversal 

(Yamaguchi， 1960; Kinosita， Dryl and Naitoh， 1964; Naitoh and 

Eckert， 1968). Moreover， Naitoh (1968) found that ciliary 

reversal occurred 工nassociation with a decrease in the ionic 

strength， if the ratio of K+ concentration to the square root of 

Ca2+ concentration (Ja ratio; Naitoh and Yasumasu， 1967: see also 

Jahn， 1962) was raised concomitantly with the ionic strength 

decrease. A decrease in the ionic strength always produces a 
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membrane hyperpolarization in Paramecium (Kamada， 1934; Naitoh 

and Eckert， 1968). These results read a paradoxical conclusion 

that activation of the depolarization-sensitive Ca channels by 

ionic stimulation (raise in the Ja ratio) is independent of the 

membrane potential (Naitoh and Eckert， 1974). 

工norder to solve the paradox， 1 examined changes in the 

electrophysiological characteristics of the membrane during 

ciliary reversal caused by an increase in the Ja ratio. Present 

results clearly demonstrate 七hat the Ca channels are activated by 

an increase in the external Ja ratio independently of membrane 

depolarization. 工nvolvementof the surface potential in the 

measured membrane potential in Parameci u型 was suggested by Eckert 

and Brehm (1979) and Hook and Hildebrand (1980). Theoretical 

analysis of surface potential and transmembrane diffusion 

potential described in part V suggests that the membrane 

depolarization seen upon increasing external ionic strength does 

not coincide with a decrease in the diffusion potential. 工t is 

concluded 七hatan increase in the Ja ratio， which produces an 

increase in the amount of membrane-bound K in exchange with 

membrane-bound Ca， causes a decrease in the diffusion potential 

(true depolarization of the membrane)， thereby activates the 

voltage sensitive Ca channels. Preliminary communication has 

been published in abs七ract form (Onimaru and Naitoh， 1982). 



MATER工ALSand METHODS 

Specirnens of J?ararneciurn caudatu~ (strain kyk201， wild type 

and 16A601， CNR rnutant) reared in bacterized wheat straw 

infusion， were washed well with a standard saline solution (4 rnM 

KCl， 1 rnM C~C12 and rnM Tris-HCl bufferi pH 7.2)， and 

equilibrated in the solution for rnore than 30 rnin prior 

experirnenta七ion.

As shown in Fig. 工-1，two glass capillary rnicroelectrodes 

(less than 0.5 prn in tip diarneter filled with 1 M KC1i about 108 

ohrns) ， one for recording of the rnernbrane potential (e1) and the 

other for current injection (e3)， were 工nserted into a specirnen 

(P). Tip of another rnicrocapillary electrode of sirnilar type 

(e2) was placed closely to the cell surface. External solution 

was virtually grounded through a thicker glass capillary 

electrode (e4i 0.5 mrn inner diameter， filled with 3毛 agar-3M 

KC1i 5x103 ohrns) ， which was placed 20 rnrn apart frorn e1 and 

connected in series with a current-voltage converter (Naitoh and 

Eckert， 1972). 

The standard saline solution in the experirnental vessel was 

first replaced with a given equilibration solution. An inserted 

specirnen was irnmersed in the equilibration solution for rnore than 

10 rnin. To stirnulate the inserted specimen chemically， a test 

solution in a thicker glass capillary pipette (0.5 rnrn in inner 

diarneteri T) was gently squirted (running ratei 5 rnrn/s) against 

ヒhe specirnen and kept running throughout. The opening of the 

capillary was placed less than 0.5 mrn apart frorn the specirnen. 

When the test solution reached the surface of the specimen， a 

potential change， which was due to rnainly tip potential of e2 but 
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included a small liquid junction po七ential (less than several mV) 

between the test solution and the equilibration solution， 

appeared between e2 and e4. This was served for monitoring 

approximate time of onset of the chemical stimulation (CH2). 

To examine electrical property of the membrane， an electric 

current pulse (200 ms) was injected into 七he specimen every 4 

seconds. Potential responses to the currents (po七ential

difference between e1 and e2) were amplified， displayed on the 

CRT and photographed (CH1 -CH2). The electrical examination of 

the specimens was made through three minutes after the onset of 

the chemical stimulation. A potential difference between e1 and 

e4 was also recorded by a pen-recorder to monitor long-term 

effects of chemicals on the membrane potential (CH1). 

Behavioral responses to ionic stimulation was examined 

according to methods described in Naitoh (1968) (Fig. 工-2) • A 

specimen equilibrated inヒhemedium (equilibration medium) was 

pipetted into a large vessel of stirnulation mediu日1，and the 

duration of its reversed swimming (duration of ciliary reversal， 

Fig. I-2-2) was measured with a stopwatch. This measurement was 

repeated 10 times with 10 different specimens under each 

condition， then calculated a mean and its standard error. 

PH of all the experimental solutions was adjusted to 7.2 by 

1 mM Tris-HCl buffer. All the experiments were done under room 

temperature ranging from 20 to 22 oC. 
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RESULTS 

A. Membrane potential response and ciliary reversal to an 

increase in the external ionic strength. 

工n the first series of experirnents the specirnens were 

equilibrated in a rnixture of 1 rnM KCl anel 1 rnM CaC12 (in final 

concentration; hereafter the solution will be described as 1 K + 

1 Ca)， then subjected to a rnixture of 20 rnM KCl and 1 rnM CaC12 

(20 K + 1 Ca). The Ja ratio， therefore， was increased frorn 1 to 

20 upon solution exchange. 工nthe second series of experirnents 

the solution was changed frorn 1 K + 1 Ca to 4 K + 16 Ca， so that 

the Ja ratio was kept unchanged at 1. 工n the third series it was 

changed frorn 4 K + 1 Ca to 0 K + 20 Ca， so that the Ja ratio was 

decreased frorn 4 七oo. 

As shown in Fig. 工-3，the rnernbrane was depolarized as soon 

as the external ionic concentration was raised， and kept depo-

larized in the solution with higher ionic concentration. Degree 

of depolarization， rneasured 2 rninutes after solution exchange， 

was 32 + 1.4 rnV (rnean土 S.E.，n=15) in the first series， 33 ~ 0.8 

rnV (n=13) in the second series and 26 + 0.9 rnV (n=13) in the 

third series of experirnents. Long-lasting (scores of seconds) 

ciliary reversal took place only when the Ja ratio was raised 

upon increasing the ionic strength (the first series; Fig. 工-3A)• 

The long-lasting depolarization was always preceded by a spike-

like poten七ial response (srnall arrows in Fig. 工-3). The spike 

was the rnost conspicuous in the first series and the least 

conspicuous in the third series. A transient (fraction of a 

second) ciliary reversal was always accornpanied by the spike. 
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B. Effects of an increase in the external Ja ratio. 

工n 七his series of experiments the external Ja ratio was 

increased from 4 to 20 upon changing solution. The external 

solution was changed from 4 K + 1 Ca to 20 K + 1 Ca， so that an 

increase in the ionic strength was accompanied in the firs七

series， from 10 K + 6.25 Ca to 20 K + 1 Ca， so 七hat the ionic 

strength was kept more or less unchanged in the second series and 

from 12 K + 9 Ca to 10 K + 0.25 Ca， so 七hata decrease in the 

ionic strength was accompanied in the third series. 

Membrane potentia 1 and c iliary response~ 

A typical result in each series is shown in Fig. 工-4. 工n

the first series (A) the membrane suddenly depolarized as the 

external ionic strength was raised. Then the degree of depolar-

ization increased rather slowly to its maximum， then decreased 

slowly to reach its steady value (26土 0.6mVj n=14) in about one 

minute. 工n the second series (B) the membrane depolarized slowly 

to its maximum value after changing the solution. Then the 

degree of the depolarization decreased slowly to its steady value 

(2.7 + 1.0 mVj n=7) in about one minute. 工n the third series (C) 

七hemembrane suddenly hyperpolarized as the external ionic 

strength was lowered. Then the degree of the hyperpolarization 

decreased slowly to its minimum， then increased slowly to its 

steady value (ー21 土 0.9mVj n=14) in about one minu七e. The 

resting potentials were 司 24mV in 4 K + 1 Ca and -16 mV in 10 K + 

0.25 Ca. 

A long-lasting ciliary reversal always took place in associ-

ation with an increase in the Ja ratio. Duration of the ciliary 

reversal was 42.9 ~ 1.0 sec (n=13) in the first series， 44.5土
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1.0 sec (n=13) in the second series and 32.7 + 2.4 sec (n=13) in 

the third series of experiments. Each duration (shaded bars in 

Fig. 工-4) seems to approximate the duration of the initial slow 

membrane potential shift (1-5 mV) towards depolarizing direction， 

which was superimposed on the membrane potential change seen 

after changing the solution (a portion of each potential record 

above half dotted line in Fig. 工-4). A spike response was 

observed when the membrane was depolarized by an increase in the 

ionic strength as mentioned previously. The spike， however， was 

not recorded in Fig. 1-4A because of larger time constant of the 

pen-recorder employed. 

change in the membrane electric response to an outward 

current pulse 

工n each series the Ja ratio increased from 4 to 20 upon 

solution exchange. Membrane potential response to an outward 

electric current pulse (0.6-0.8 nA~ 200 ms) injected every four 

seconds were recorded before and after changing the external 

solution. When an outward curren七 pulsewas injected into a 

specimen in 4 K + 1 Ca (Ja=4)， the membrane produced a Ca action 

potential which was followed by a more or less passive steady IR 

depolarization. The steady depolarization decreased quasi-

exponentially after the current was turned off (Fig. 工-5A 1 ) • 

Upon changing the external solution to 20 K + 1 Ca (Ja=20) 七he

amplitudes of the action potential and of the steady depolar-

ization quickly decreased to their respective lowest levels (Fig. 

1-5A2)， then gradually increased to reach their respective steady 

levels in a minute or two (Fig. 1-5A3， 4)0 Detailed time courses 
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of the changes are shown in Fig. 工-5A' together with the time 

change in the maximum rate of rise of the action potential. Time 

changes in the membrane potential response to an outward current 

in two other series were essentially similar to those in the 

first series (Fig. 工-5B，B'; frorn 10 K + 6.25 Ca (Ja=4) ヒo 20 K + 

1 Ca (Ja=20): C， C'; frorn 12 K + 9 Ca (Ja=4) to 10 K + 0.25 Ca 

(Ja=20)). Duration of the long-lasting ciliary reversal 

(indicated by shaded bars in Fig. 工-5A'，8' and C') approximated 

the period from the beginning of the solution exchange to the 

tirne when the rnernbrane potential response became steady in each 

new solution. 

change in the mernbrane electric response to an inward 

current pulse 

Membrane potential response to an inward electric current 

pulse (0.8-1.0 nA; 200 rns) injected every four seconds were 

recorded before and after changing solution. As shown in Fig. 工-

6A1， when an inward current pulse was injected into a specirnen in 

4 K + 1 Ca， the rnernbrane was hyperpolarized to a peak level， then 

degree of the hyperpolarization decreased to reach its steady 

value. The hyperpolarization decreased quasiexponentially to 0 

after the inward current was turned off. The hyperpolarizing 

response changed irnmediately after changing the external solution 

to 20 K + 1 Ca， i.e. 七hedegree of membrane hyperpolarization 

came to continue to increase during the inward current pulse， and 

the membrane produced a Ca action potential upon turning off the 

inward current pulse (Fig. 工ー6A2). This anode-break Ca action 

potential gradually became 工nconspicuouswith time after the 

solution exchange， and unobserved in about one minute (Fig. I-
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6A3， 4). Detailed time course of the change in the response to 

an inward current pulse associated with increasing the Ja ratio 

is shown in Fig. 工-6A'. Tirne changes in the hyperpolarizing 

response essentially sirnilar to those in the first series were 

observed in the second (Fig. 工-6B，B') and the third series (Fig. 

工-6C，C') of the experirnents. The period of tirne when the anode 

break action potential had been seen aftE~r raising the Ja ratio 

approxirnated the duration of the long-lasting ciliary reversal 

(shaded bars in Fig. 工-6). The long-lasting ciliary reversal was 

intermittently (every 4 sec) inhibited during each inward current 

pulse. However， the overall duration of the ciliary reversal and 

time change in the rnernbrane potential response were scarcely 

affected by the current pulse thernselves. 

change s in the mernbrane electrical properties in response to an 

increase in the externa 1 Ja ratio in CNR rnutants 

CNR rnutant has rnalfunction in its voltage-sensitive Ca 

channels (Takahashi and Naitoh， 1978). When a specirnen of CNR 

rnutant was subjected to an increase in the external Ja ratio 

七ogetherwith an increase in the ionic strength (frorn 4 K + 1 Ca 

to 20 K + 1 Ca)， it showed no ciliary reversal. The tirne course 

of the rnembrane potential change was essentially identical with 

that shown by a wild type specimen (Fig. 工-7A，see also Fig. 工ー

8A). However， it should be noted that the initial transien七 slow

depolarizing shift such that seen upon raising the Ja ratio (Fig. 

工-4) was not observed in CNR. Amplitude of passive I-R responses 

followed by a delayed increase in K+ conductance to outward 

current pulses (0.8 nA; 200 ms) suddenly decreased to a certain 
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level immediately after an increase in the external Ja (Fig. 工-

7B， B'). Amplitude of passive 工-Rresponses to inward current 

pu1ses (1 nAi 200 ms) a1so decreased to a certain 1eve1 after an 

increase in the externa1 Ja (Fig. 工ー7C，C.). The anode break 

response was not observed. 

c. A change in the ionic strength at constant Ja. 

工n the first series of experiments， the external solution 

was changed from 4 K + 1 Ca to 10 K + 6.25 Ca， and in the second 

series from 10 K + 6.25 Ca to 4 K + 1 Ca. The Ja ratio， 

therefore， was kept unchanged at 4 upon solution exchange. 

Membrane potentia 1 and c iliary responses 

A typical resu1t obtained from each series of experiments is 

shown in Fig. 工-8. The membrane depolarized when the ionic 

strength was raised (A)， while hyperpo1arized when the ionic 

strength was 10wered (B) as previous1y described. The 10ng-

lasting ci1iary reversal never took p1ace in either cases. 工t

should be noted 七hat the initia1 transient slow depolarizing 

shift such that seen upon raising the Ja ratio (Fig. 工-4) was not 

observed. 

Change i旦主主主 membranee1ectric response to an outward 

current pu1se 

As shown in Fig. 工-9，the membrane electric response to an 

outward current pulse (0.8 nAi 200 ms) was not affected by the 

solution exchange， whi1e the membrane potentia1 leve1 shif七ed

much upon solution exchange. Transient drops of the amplitude 

and of the maximum rate of rise of the action potentia1 seen 

immediately after changing the solution (Fig. 工-9A' and B') seem 
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to be caused by rnechanical agitation of the specirnen due to the 

solution exchange. 

change in the rnernbrane electric response to an inward 

current pulse 

As shown in Fig. 工-10，the rnernbrane potential response to 

an inward current pulse (0.8 nA; 200 rns) did noヒchangernuch by 

the solution exchange. Neither the anode break response nor the 

long-lasting ciliary reversal were observed. 

D. A decrease in the external Ja ratio. 

工n this series of experirnents the external Ja ratio was 

decreased frorn 20 七o 4 upon solution exchange. The external 

solu七ionwas changed frorn 10 K + 0.25 Ca to 12 K + 9 Ca， so that 

an increase in the ionic strength was accornpanied by the decrease 

in Ja in the first series， frorn 20 K + 1 Ca to 10 K + 6.25 Ca， so 

that the ionic strength was kept rnore or less unchanged in the 

second series and frorn 20 K + 1 Ca to 4 K + 1 Ca， so that a 

decrease in the ionic strength was accornpanied by the decrease in 

Ja in the third series. 

Mernbrane potentia 1 and c iliary responses 

A typical result in each series is shown in Fig. 工-11.工n

the first series (A) the rnernbrane suddenly depolarized as the 

external ionic strength was raised. Then the degree of depolar-

ization increased slowly to reach its steady value within one 

rninute. 工n the second series (8) the rnernbrane potential was 

alrnost unchanged， while fluctuation in 七hernernbrane potential 

level tended to increase. 工n the third series (C) 七hernernbrane 
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suddenly hyperpolarized as the external ionic strength was 

lowered. Then the degree of the hyperpolariza七iondecreased 

slowly to its steady value within one minute. 

The long-lasting ciliary reversal never took place in all 

cases. Contraction of the cell body was observed for several 

seconds after a decrease in Ja. 

change in the membrane electric response to an outward current 

pulse 

Membrane potential response to an outward electric current 

pulse (0.6-0.8 nA; 200 ms) injected every four seconds were 

recorded before and after changing the external solution. 工n the 

first series， Ca action potential was extremely suppressed upon 

changing the external solution， then gradually recovered (Fig. 工-

12A1，2，3). Detailed time courses of the changes are shown in 

Fig. 工司12A' together with the time change in the maximum rate of 

rise of action potential (M.R.R.) and in the steady depolar-

ization. The tirne course of change in the M.R.R. clearly 

indicates 七hatCa action potential was alrnost perfectly 

suppressed irnrnediately after changing the external solution. The 

steady depolarization gradually increased to a certain steady 

level. Tirne changes in the rnernbrane potential responses to 

outward current pulses in two other series were essentially 

sirnilar to those in the first series (Fig. 工-12B，B'; frorn 20 K + 

1 Ca to 10 K + 6.25 Ca: C， C'; frorn 20 K ・+ 1 Ca to 4 K + 1 Ca). 

change i旦主主主 mernbrane elect~j. ç response to三旦 inwardcurrent 

pulse 

Mernbrane potential response to an inward electric current 

pulse (0.5-0.8 nAi 200 rns) injected every four seconds were 
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recorded before and after changing solution. Upon solution 

exchange， inward going rectification became conspicuous in the 

first series (Fig. 工ー13A4). The peak value and the steady state 

voltage of the electric response decreased to their lowest 

levels， then gradually increased to reach their respective steady 

levels in a minute or two. Detailed time course of the change in 

the response to an inward current pulse associated with 

decreasing the Ja is shown in Fig. 工-13A'. Time changes in the 

hyperpolarizing response essentially similar to those in the 

first series were observed in the second (Fig. 工-13B， B') and 

third series (Fig. 工-13C，C') of the experimen七s.
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D工SCUSS工ON

工ncrease in the external ionic strenqth and activation of Ca 

channels 

An increase in the external ionic streng七h always produced a 

sustained membrane depolarization in P主主主meciurr1. The depolar-

ization was preceded by a Ca action potential (Fig. 工-3) which is 

always associated with a transient ciliary reversal similarly to 

the case of outward current stimulation (Naitoh and Eckert， 1968; 

Eckert， 1972; Ecker七 andNaitoh， 1972). The Ca action potential 

is thought to be produced by a local outward current generated by 

a localized depolarization of the membrane due to unequal 

application of the test solution to the specimen. The transient 

ciliary reversal was followed by a long-lasting ciliary reversal 

only when the Ja ratio was increased in association with an 

increase in the ionic strength (Fig. 工-3A). The long-lasting 

ciliary reversal also took place， even when the membrane was kept 

hyperpolarized by decreasing the external ionic strength， if the 

Ja ratio was increased in association with the decrease in the 

ionic strength (Fig. 工-4C). These results are consistent with 

those obtained by earlier workers (Naitoh， 1968; Naitoh and 

Ecker七， 1968)， suggesting that the long-lasting ciliary reversal 

is closely correlated with an increase in the Ja ratio and not 

with the membrane depolarization. 

工ncrease in Ja rati o and activation of Ca channels 

工t should be noted that an initial， small (1-5 mV)， slow 

depolariza七ionwas always superimposed upon the sustained 

membrane potential change produced by a change in the ionic 

strength， when the long-lasting ciliary reversal took place (Fig. 
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1-4; portion of each po七ential trace above the half dotted line). 

The initial slow depolarization was not observed when the long-

lasting ciliary reversal did not take place (Fig. 工ー7Aand Fig. 

1-8). These.facts， together with the previous findings 七hat

ciliary reversal of ~arameciurris produced by an increase in the 

intraciliary Ca2+ concentration (Naitoh and Kaneko， 1972; 1973) 

suggest that an increase in the Ja ratio produces a long-lasting 

activation of the Ca channels. 

Amplitude of the action potential and the following steady 

shift in 七hemembrane potential level in response to an outward 

current pulse were smaller during the long-las七ingciliary 

reversal than after cessation of the reversal (Fig. 工-5). On the 

contrary， they had been kept unchanged， when the ciliary reversal 

did not take place in such cases as constant Ja series (Fig. 工-9)

and CNR series (Fig. 1-7B). These results indicate that the 

membrane resistance decreases in association with the long-

lasting ciliary reversal. The decrease in the membrane 

resistance is consistent with the long-lasting activation of the 

Ca channels. Ca-mediated activation of K channels (Satow and 

Kung， 1980) might also be partially responsible for the decrease 

in the membrane resistance. 

The Ca action potential took place upon turning off the 

inward current pulse during the long-lasting ciliary reversal. 

The peak level and the ra七eof rise of the anode break Ca action 

poten七ial decreased with time， and the action potential became 

inconspicuous after the ciliary reversal ceased (Fig. 工-6) • The 

ciliary reversal was inhibited during passage of the inward 
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current pulse. This suggests 七hatthe activated Ca channels are 

quickly closed (deactivated) by the inward current (or by a 

resultant hyperpolarization). Ca channels open again upon 

turning off the inward current. This causes a regenerative 

activation of the Ca channels. Decrease inヒhepeak and the rate 

of rise of the anode break Ca action potential with tirne irnplies 

gradual inactivation of the Ca channels which is not rernoved by 

the inward current pulse. Terrnination of ciliary reversal 

concornitantly with disappearance of the anode break responses 

(Fig. 工-6A'，B'，C') suggests that this slow inactivation of the Ca 

channels is a key factor for deterrnination of dura七ionof ciliary 

reversal. The inward current pulse presently ernployed was not 

long enough to rernove the inactivation. ，Application of an inward 

current for several seconds was needed for rernoval of the 

inactivation (see part 工工工). These results， therefore， support 

the idea that an increase in the Ja ratio produces activation of 

the Ca channels， which are slowly inactivated with tirne (in 

rninutes). The inactivation of Ca current during sustained 

rnernbrane depolarization by current injection sirnilar in its tirne 

course to the present inactivation was reported by Hennessey and 

Kung (1985) (discussed in part 工工工). Hildebrand (1978) had 

reported an inactivation of ciliary reversal developing very 

slowly (in several 10 rnin) in a high-K+ solution. 

Mechanisrn of C呈 channelactivation亙ヱ主主 ra主主o increase 

As already noted， present results clearly dernonstrate that 

七heactivation of the voltage-sensitive Ca channels was closely 

correlated with an increase in the Ja rat:Lo independently of the 

mernbrane depolarization. Eckert and Brehrn (1979) suggested 
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involvement of the surface potential on the membrane in the 

potential difference recorded through an inserted microelectrode 

in fresh water protozoans such as Paramec主主旦 andTetrahymena (see 

also Satow and Kung， 1979; 1981). Based on the Gouy-Chapman's 

theory on the electric double layer， Hook and Hildebrand (1980) 

sugges七ed that the transmembrane diffusion potential was kept 

almost constant irrespective of the external ionic concentration， 

if the Ja ratio was kept constant. 工n part V，工 analyzed the 

relation of the Ja ratio in the external solution to both the 

transmembrane diffusion potential and the surface potential 

(Donnan potential) in ~aramecium based on the theories on the 

membrane potential of charged membrane proposed by Teorell (1935) 

and Meyer and Sievers (1936). The formulation clearly showed 

that the diffusion potential was dependent of the Ja ratio. An 

increase in the Ja ratio produces a membrane depolarization， 

while its decrease brings about a membrane hyperpolarization. 

Therefore， it can be said that the activation of Ca channels by 

an ionic stimulation is caused by a membrane depolarization due 

to an increase in the Ja ratio as conventional voltage-sensitive 

ion channels in nerves and muscles. Apparent independency of the 

activation from the membrane depolarization shown in the present 

paper is attributable to the presence of a surface potential at 

the outer surface of the membrane of Paramecium. 

An increase in the Ja ratio produces release of Ca2+ bound 

by the membrane in exchange with K+ ions (Naitoh and Yasumasu， 

1967). The membrane depolarization， therefore， can be said to 

occur in association with liberation of Ca2+ from the membrane 
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anionic sites. The idea that the liberation of Ca2+ directly 

activates the Ca channels (Naitoh， 1968; Tasaki et al， 1968; 

Hildebrand and Dryl， 1976) is not contradictory to the present 

findings. 

Decrease i旦呈呈 ratio呈旦d suppression of C呈ーchannelactivation 

When the external Ja ratio was reduced， the Ca action 

potential induced by injection of outward current pulse was 

extrernely suppressed， then it was gradually recovered. This 

response was independent of the direction of the rnernbrane 

potential change in association with change in the external ionic 

strength (Fig. 工-12). Mernbrane is truly hyperpolarized upon a 

decrease in Ja ratio， independently of change in the observed 

mernbrane potential (part V). Therefore， the suppression of Ca 

action potential in response to the decrease in Ja ratio is 

par七lyexplained frorn rise of the threshold by hyperpolarization 

of rnernbrane. Gradual recovery of action potential generation is 

attribu七ableto rernoval of Ca channel inactivation by 

hyperpolarization (see part 工工工). 



F工GURELEGENDS 

Figure 工ー1. Upper portion~ schernatic presentation of the 

experirnental arrangernent. e1~ intracellular potential electrode. 

e2~ external potential electrode. e3~ current injection 

electrode. e4~ potential reference and current drain electrode. 

cp~ a current purnp systern. P~ Pararneciurr!. T~ a glass capillary 

for chernical stirntユlationof Par~~gç!~æ. Other syrnbols have 

conventional rneanings. Middle portion~ potential recordings by a 

pen recorder. CH 1~ rnernbrane poten七ial responses to an ionic 

stirnulation recorded through e1. The external solution was 

changed frorn 4 rnM KCl + 1 rnM CaC12 to 20 mM KCl + 1 rnM CaC12・

Hyperpolarizing spikes on the potential trace are electric 

responses to inward current injected every 4 sec. CH 2~ 

po七ential change at the tip of e2 occurred in association with 

solution exchange. Lower portioni three exarnples of rnernbrane 

potential responses (Vrn) to an inward current injection. Each 

trace was recorded at a tirne indicating by an arrow with 

corresponding nurnber on CH1 trace in the middle portion. Vrn~ 

first order tirne derivative of Vrn. 

Figure 工ー2. Schernatic presentation of exarnination of behavioral 

responses of P二 caudatuato ionic stirnulation. Upper portion: A 

specirnen in an equilibration mediurn (K1， Ca1) was transferred 

into a stirnulation rnediurn (K20， Ca1)， then the duration of 

backward swirnrning due to ciliary reversal was rneasured with a 

stopwatch. Lower portion: Change in beating direction of cilia 

in response to ionic stirnulation. 1~ a non-stirnulated forward 
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swirnrning specirnen in the equilibration rnediurn. 2; a backward 

swirnrning specirnen due to ciliary reversal irnrnediately after its 

transfer into the stirnulation rnediurn. 3; a specirnen rotating 

about its posterior end due to ciliary beat around the peristorne， 

just before cessation of its backward swirnrning. 4; a forward 

swirnrning specirnen after due to recovery of norrnal ciliary beat. 

Arrows indicate swirnrning directions. Anterior end of the body is 

marked "a". (rnodified frorn Naitoh， 1968). 

Figure I-3. Mernbrane potential response of P二 caudaturn (Vrn) to 

an increase in 七heexternal ionic strength. The external 

solution was changed frorn 1 K + 1 Ca to 20 K + Ca in A， frorn 1 

K + 1 Ca to 4 K + 16 Ca in B， and frorn 4 K + 1 Ca to 20 Ca in C. 

st; change in the potential at the tip of the external 

microelectrode (e2 in Fig. 1) upon increasing the external ionic 

strength， showing approxirnate tirne course of the increase around 

specirnen. Shaded bars under Vrn traces show approxirnate duration 

of ciliary reversal. Broken lines; 七he reference level for 七he

Vm. Srnall arrows indicate Ca action poten七ials.

Figure I-4. Mernbrane potential responses of Pニ caudaturn (Vrn) to 

a change in the Ja ratio frorn 4 to 20. The external solution was 

changed frorn 4 K + 1 Ca to 20 K + 1 Ca in A， frorn 10 K + 6.25 Ca 

to 20 K + 1 Ca in B and from 12 K + 9 Ca to 10 K + 0.25 Ca in C. 

Broken linesi membrane potential level before increasing the Ja 

ratio. Shaded bars under the Vm traces; approximate duration of 

the long-las七ingciliary reversal produced by an increase in the 
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Ja ratio. Half-dotted lines under the Vm tracesi steady 

potential level after increasing the Ja ratio. 

Figure 工-5. Change in the membrane potential response of 

P. caudatum to an outward current pulse (200 mSi 0.6 nA in A， 0.8 

nA in B and 0.7 nA in C) after increasing the Ja ratio from 4 to 

20. The external solution was changed from 4 K + 1 Ca to 20 K + 

1 Ca in A and A'， from 10 K + 6.25 Ca to 20 K + 1 Ca in B and B' 

and from 12 K + 9 Ca to 10 K + 0.25 Ca in C and C'. A， B， Ci the 

membrane potential responses (Vm) and their first order time 

derivatives (Vm). A'， B'， C'i time changes in the amplitude 

(open triangles) and the maximum rate of rise (solid triangles) 

of the Ca action potential， and in the steady 工R shift of the 

membrane potential level measured at the end of the pulse (open 

circles) (see the inset in A'). Abscissae in A'， B' and C' are 

time after the increase in the Ja ratio. Small arrows under the 

abscissae indicate the moments when the membrane potential 

responses shown in A， B and C were recordE=d. Number under each 

arrow corresponds to the number at the upper left portion of each 

potential trace in A， B and C. The poten七ial responses with 

number 1 were recorded just before the Ja ratio was increased. 

Shaded bars in A'， B' and C' show approximate duration of the 

long-lasting ciliary reversal. Vertical bars denote 20 mV， 2 V/s 

in A and C， and 20 mV， 5 V/s in B. Horizontal bars in A， B and C 

denote 100 ms. 

Figure 工ー6. Change in the membrane potential response of 

E二 Caudaturr1to an inward current pulse (200 ms， 0.8 nA in A and 
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C， 1 nA in B) after increasing the Ja ratio from 4 to 20 as in 

the cases shown in Fig. 工-5. Time-changes in the maximum 

hyperpolarization (open triangles)， steady level of the 

hyperpolarization measured a七七heend of the pulse (open 

circles)， the amplitude (open squares) and the maximum rate of 

rise (solid triangles) of the anode break Ca action potential are 

shown in A'， B' and C' (see the inset in A'). Shaded bars in A'， 

B' and C' show approximate duration of the long-lasting ciliary 

reversal. See the legend of Fig. 工ー5for the detailed explanation 

of the figure. Vertical bars in A， B and C denote 20 mV and 2 

V/s. Horizontal bars in A， B and C denote 100 ms. 

Figure 工ー7. Membrane potential response of CNR mutant of ~~ 

caudatum to a change in the Ja ratio from 4 to 20. The external 

solution was changed from 4 K + 1 Ca to 20 K + 1 Ca. Aj membrane 

potential change. Bj changes in the membrane potential response 

to an outward current pulse (200 ms， 0.8 nA). B'i time changes 

in the maximum depolarization (open triangles) in the electrical 

response and the steady 工R shift (open circles) at the end of the 

test pulse. Ci changes in the membrane potential response to an 

inward current pulse (200 ms， 1 nA). C'i time changes in the 

maximum hyperpolarization (open triangles) and steady level of 

the 工R shift at the end of the pulse (open circles). See the 

legends of Fig. 工-5 for the de七ailedexplanation of 七he figure. 

Vertical bars in B and C denote 20 mV， 2 V/sec. Horizontal bars 

in B and C denote 100 ms. 

Figure I-8. Membrane potential response of ~~ caudatum (Vm) ヒO
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an increase (A) and to a decrease (B) in the external ionic 

streng七h. The Ja ratio was kept unchanged a七 4throughout. 

Broken lines; rnernbrane potential level before changing the ionic 

strength. 

Figure 工-9. Change in the rnernbrane poten七ial response of 

Eュ caudatur~ to an outward current pulse (200 ms， 0.8 nA) after 

changing the external ionic streng七h. The Ja ratio had been kept 

constant at 4七hroughout. The ionic strength was increased (from 

4 K + 1 Ca to 10 K + 6.25 Ca) in A and A'， and it was decreased 

in B and B' (frorn 10 K + 6.25 Ca to 4 K + 1 Ca). See the legend 

of Fig. 工-5 for the detailed explanation of the figures. 

Vertical bars denoヒe 20 rnV， 5 V/s in A and 20 rnV， 4 V/s in B. 

Horizontal bars in A and B denote 100 rns. 

Figure 工-10. Change in the rnernbrane potential response of 

P. caudatua to an inward current pulse (200 rns， 0.8 nA) after 

increasing (A and A') and decreasing (B and B') the external 

ionic strength. The Ja ratio had been kept constant at 4 

七hroughoutas in the cases shown in Fig. 工-9. See the legends of 

Figs. 工-5and I-6 for the detailed explanation of the figure. 

Vertical bars denote 20 mV， 2 V/s in A and 20 mV， 4 V/s in B. 

Horizontal bars in A and B denote 100 rns. 

Figure 工-11. Membrane potential responses of ~.s:audatum to a 

change in the Ja ratio from 20 to 4. The external solution was 

changed from 10 K + 0.25 Ca to 12 K + 9 Ca in A， from 20 K + 1 Ca 
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七o 10 K + 6.25 Ca in B and frorn 20 K + 1 Ca to 4 K + 1 Ca in C. 

Broken linesj rnernbrane potential level before decreasing the Ja 

ratio. 

Figure 1-12~ Change in the rnernbrane potential response of P. 

cauQ~t~æ to an outward current pulse (200 rnSj 0.8 nA in A， 0.6 nA 

in B and C) after decreasing the Ja ratio frorn 20 to 4. The 

external solution was changed frorn 10 K + 0.25 Ca to 12 K + 9 Ca 

in A and A'， frorn 20 K + 1 Ca to 10 K + 6.25 Ca in B and B' and 

frorn 20 K + 1 Ca to 4 K + 1 Ca in C and C'. A， B， Cj the 

mernbrane potential responses (Vrn) and their first order tirne 

derivatives (Vm). A'， B'， C'j tirne changes in the amplitude 

(open triangles) and the rnaxirnurn rate of rise (solid triangles) 

of the Ca action potential， and in the steady IR shift of the 

mernbrane potential level rneasured at the end of the pulse (open 

circles). See the legend of Fig. 工ー5 for the detailed 

explanation of the figure. 

Figure 1-13. Change in 七hernernbrane potential response of ~ 

caudatua to an inward current pulse (200 ms， 0.8 nA in A， 0.6 nA 

in B and 0.5 nA in C) after decreasing the Ja ratio frorn 20 七o 4. 

Tirne changes in the maximum hyperpolarization (open triangles)， 

steady level of the hyperpolarization measured at the end of the 

pulse (open circles). See the legend of Fig. 1-5 for the 

detailed explanation of the figure. 
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Fig. 1-4 
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Fig. 1-6 
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Fig. (-7 

A 4K+1Ca-ー20K+1Ca

Vm 

B B' 

vmY一一一¥ー
2 (mV) 

一/一一」ー 20 

Vm--、ー回国rー咽 旬、一回一戸一
〉E 

作均一向3 J 一一ー¥一一 4 -/ーーー'-ーー
問、司園田園''--- 崎、帥岬嗣岨F自由

」 o 40 80 120 160 (5) 
↑↑ ↑ ↑ 
12 3 4 

C C' 
1 2 (mV) 
vm~ 一¥一一ノー一

10ほ卜宝8一肉声~Vm-f---~ーー -，，--一、ーー

3 4 
ー¥一一J 一一 ー¥ーー-f一一
-/'ー園田園、ーー -，-ーーー、ーー」 OL一」一一

o 40 80 120 160 (5) 
↑↑ 
1 2 3 4 

41 



Fig. 1-8 
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Fig. 1-10 
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Fig. 1-11 
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Fig.I-12 
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Fig. 1-13 
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Part 工工

Activation and 工nactivationof Ca Channels during Ionic 

stimulation in Paramecium caudatum: 

Their Time Courses and Ca-Dependency 



INTRODUCT工ON

Ciliate protozoan Paramecium caudaturn shows backward 

swimming due to reversed beating of cilia (ciliary reversal)， 

when it is transferred into a solution with higher K+ concen-

tration. Ciliary reversal is caused by increased intraciliary 

Ca2+ concentration by an inflow of Ca2+ ions in七o the cilia 

through the activated Ca channels in the ciliary membrane. As 

shown in part 工， Ca channel activation by ionic stirnulation 

depended on an increase in the external Ja ratio (the ratio of K+ 

concentration to the square root of Ca2+ concentration)， which 

caused the binding of K+ to the membrane in exchange with 

membrane bound Ca. Theoretical considerat:ions (in part V) 

revealed that an increase in the Ja-ratio produces a decrease in 

transrnernbrane diffusion potential， and thus activates voltage-

sensitive Ca channels. 工t is presumable 七hatCa channels are 

activa七ed showing a time course identical with七hatof the ion-

exchange reaction， then they are gradually inactiva七edwith 

slower time course. 工n part 工工， antagonism between ionic stimu-

lation and electric curren七 stimulationin the Ca channel acti-

vation was examined. Time courses of the activation and of the 

inactivation of the Ca channels during ionic stimulation (i.e. Ja 

ratio increase) will be discussed. Ca-dependence of the slow 

inactivation， which is responsible for termination of ciliary 

reversal during cont工nuousstirnulation， was also exarnined. 
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MATER工ALSand METHODS 

Specirnens of Pararneciurn caudatum (strain kyk201， wild 

type) reared in a wheat straw infusion were washed well with a 

standard saline solution， which contained 4 rnM (or 1 mM in 

sorne experirnents) KCl， 1 rnM CaC12 and 1 rn~1 Tris-HCl buffer (pH 

7.2)， equilibrated in the solution for rnore than 30 rnin prior 

to experimentation. Experirnental procedures were basically 

equal to those of part 1. Glass capillary rnicroelectrodes filled 

with 1 M KCl (50-100 MOhrn) were used for recording the rnernbrane 

potential and for constant current injection into the cell. The 

adaptation (standard saline) solution around the inserted 

specirnen was quickly exchanged (within 1 sec) with a given test 

solution by squirting the solution gently (5 mrn/sec) against the 

specimen frorn a thick glass capillary pipette (0.5 mm in inner 

diarneter)， the opening of which was placed less 七han 0.5 rnm apart 

frorn the specirnen. The test solution was kept flowing out of the 

pipette during experirnent. PH of the experirnental solution was 

adjusted to 7.2 by 1 rnM Tris-HCl buffer. All the experirnents 

were done under roorn temperature ranging from 20 to 220 C. 



RESULTS 

Antagonism between Ja ratio increase and i. nward current injection 

When specimens of Parameciua equilibrated in a mixture of 

1 mM KCl + 1 mM CaC12 (in final concentration; hereafter the 

solution will be described as 1 K + 1 Ca) were transferred into a 

high K+-test solution with constant Ca2+ concentration (1 mM)， 

they showed ciliary reversal. Duration of: ciliary reversal 

increased with increasing K+ concentration in the test solution 

( 1 0 mM K， 1 2 • 9土0.8 seCi 15 mM K， 27.6土1.4 sec; 20 rnM K， 42.4土1• 5 

sec: mean土S.E.，n=10). These results are consistent with 

previous results (Naitoh， 1968). The K+-induced ciliary reversal 

was inhibited by injecting an inward currE~nt into the cell. 

Intensity of the current to inhibit the ciliary reversal was 

higher when the K+ concentration was highE~r (0.3-0.4 nA for 10 

mM， 0.4-0.5 nA for 15 mM and 0.5-0.6 nA for 20 mM). 

A specimen of Parameciu~ equilibrated in 4 K + 1 Ca had been 

subjected to 0.8 nA inward current for 220 sec. The external 

solution was changed from 4 K + 1 Ca to 20 K + Ca 30 sec after 

onset of the inward current. Ciliary reversal was not observed 

upon solution exchange， while it was observed when the inward 

current was not applied to the cell. When the inward current was 

turned off during subjection of the specimens into 20 K + 1 Ca， 

ciliary reversal took place for about 40 sec (Fig. 工工-1) • 

Duration of the ciliary reversal was almost identical with 七hat

in the case without inward current. 

Electrical responses of the membrane to an outward current 

pulse (0.8 nA， 100 msec) were examined in order to find out 

changes in the membrane electrical properties during the 
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application of the inward current and K+ ions. The electric 

pulse was applied every 4 sec. Electrical response to the pulse 

before application of inward current consisted of an initial Ca 

action potential and following passive 工R potential shift (Fig. 

工工-1A1). The electrical response during application of the 

inward current was of more or less passive CR type without Ca 

action potential (Fig. 工工-1A2). When the external solution was 

changed to 20 K + 1 Ca while the inward current was passing 

七hroughthe membrane， the membrane became to show a Ca action 

potential upon application of the current pulse (Fig. 工工-1A3).

Since intensity of the sustained inward current was 0.8 nA， 

application of an outward current pulse corresponds to a stoppage 

of the inward current during the pulse. Amplitude and maximum 

rate of rise of the action potential tended to increase for about 

ten seconds after changing the solution， reaching each plateau 

value (Fig. 工工-1B) • 工R shift measured at the end of the pulse 

also tended to increase after changing the solution (open circles 

in Fig. 工工-1B) • 

These results suggest 七hatactivation of Ca-channels by high 

K+-stimulation is suppressed by an inward current， and it occurs 

when the current is turned off. The activation upon stoppage of 

the sustained inward current with three different durations were 

examined in 七henext series of experiments. The external 

solution was changed from 4 K + 1 Ca to 20 K + 1 Ca 16 sec after 

application of inward current. The inward current was turned off 

at 24， 44 and 100 sec after the exchange of external solution. 

Time changes of membrane electrical responses to short inward 
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current pulses (200 rnsec， 0.8 nA) applied every for 4 sec were 

deterrnined. 工n the case without inward current (Fig. 工工ー2A)， 

anode break responses sirnilar to those described in the previous 

section were observed after the solution exchange. When a 

sustained inward current was applied， the anode break responses 

were not observed till turning off the current. Tirne changes of 

the anode break responses after turning o:Ef the inward current 

are shown in Fig. 工工-2B，C and D. Degree of the response 

decreased rnonotonously. 工ncontrast， the degree first increased 

and subsequently decreased in the case without inward curren七

injection (Fig. 工工-2A). The period of time when the anode break 

response had been seen becarne slightly shorter with longer 

inward current injection. The period approxirnated the duration 

of the ciliary reversal which occurred af1こerturning off the 

current. 

Change 旦主 mernbraneelectrical properties during prolonged outward 

C urrent injection 

A prolonged outward current injection induced a long-lasting 

ciliary reversal as ionic stirnulation. The duration of ciliary 

reversal depended on intensity of the outward current (0.4 nA， 16 

seci 0.6 nA， 32 seci 0.8 nA， 41 sec). Norrnalization of ciliary 

beet direction during continuous injection of an outward current 

2+ irnplies inactivation of Ca~T channels sirnilar to that found 

during high K+-stirnulation. 

Figure 工工-3 shows electrical responses 七o inward current 

pulses (100 rnsec， 0.8 nA， every 3 sec) which were superirnposed on 

the prolonged outward current (0.8 nA). When the outward current 

was injected into the cell， a Ca action potential was elicited 
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(Fig. 工工-3-1)，then the membrane potential reached a certain 

depolarizing level in one or two minutes after it showed a 

temporary repolarization (open circle in Fig. 工工-3). Ca action 

potentials were observed upon turning off of each inward current 

pulse. The maximum rate of rise (M.R.R.) of the action potential 

decreased gradually with time after onset of the sustained 

current. Turning off of the inward current pulse corresponds to 

reapplication of an outward current after its interruption for 

100 msec during the inward current pulse. Therefore， the gradual 

decrease in M.R.R. indicates that degree of recovery for 

generation of the action potential during 100 msec interruption 

of the outward current gradually decreases. The application of 

repetitive pulses did not affect the total duration of ciliary 

reversal. 

Ca2+ dependence of i nactivation of Ca channels after their 

activations bヱhigh ~+-~timulation 

To examine effects of Ca2+ on the inactivation of Ca 

channels after their activation in high K+ solution， specimens of 

parameciu~ equilibrated in 1 K + 1 Ca first subjected to 20 mM K+ 

solution with 5 mM EGTA (20 K + 5 EGTA). The specimens continued 

to swim forward even after their transfers into 20 K + 5 EGTA. 

After the specimens had been immersed in the solution for various 

periods of time， they were transferred into 20 K + 1 Ca. They 

began to show ciliary reversal immediately after the transfer. 

Duration of ciliary reversal in 20 K + 1 Ca was plotted agains七

the period of the pre申 treatmentof the specimens with 20 K + 5 

EGTA. The duration was not different from that of control 
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without the pre-treatment with 20 K + 5 EGTA， and it became 

slightly shorter with pre-treatment longer than 30 sec. Membrane 

resistance in 20 K + 5 EGTA decreased below 10毛 of 七hat in 1 K + 

1 Ca (from 30-40 MOhm to 2 MOhm) in 2 sec. 

On the other hand， when specimens were pre-treated with 20 K 

without EGTA， duration of ciliary reversal produced by subsequent 

stimulation with 20 K + 1 Ca decreased gradually with period of 

the pre-treatment (open square in Fig. 工工-4) • 



orscuss工ON

The K+-induced ciliary reversal was inhibited by injecting 

an inward current. Ca channels can be activated by a decrease in 

the transrnernbrane diffusion potential (a rnernbrane depolarization) 

due to an increase in the Ja ratio of external solution (part v). 

An inward current injection into the cell apparently hyper-

polarizes the rnernbrane， thus， antagonizes rnernbrane depolarization 

by high K+ーstirnulation. An inward current， therefore， 

deactivates the K+-activated Ca-channels. Generation of Ca 

action potentials in response to short outward current pulses 

superirnposed on a sustained inward current (corresponding to an 

anode break responses， Fig. 工工-1) indicates 七hatCa channels are 

ready to be activated upon rernoval of the inward current. Tirne 

course of the change in the rnaxirnurn rate of rise of the short 

pulse-activated action potential corresponds to the tirne course 

of the Ca channel activation by the high K+-solution when no 

inward current is applied. The M.R.R. gradually increased to 

reach its rnaxirnurn level after subjection of the specirnen to a 

high K+-solution. The tirne course， therefore， corresponds to 

2+ that of liberation of CaL+ from the rnernbrane in exchange with K+ 

Thus， these responses have tirne constants of several seconds. 

The fact that the arnplitude of action potential and M.R.R. 

do no七 decreasewhile an inward current is applied indicates that 

no inactivation of Ca channel occurs in high K+-solution when 

inward current is applied， and hence ciliary reversal is not 

produced. When the inward current was turned off， anode break 

response to short test pulse and ciliary reversal were elicited 

(Fig. 工工-2). There are sorne differences in the tirne courses of 
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the change in the anode break responses during ciliary reversal 

by a high K+-stirnulus between the cases with sustained inward 

current and those without the current. 工n the forrner cases (Fig. 

II-2B，C，D) ，、the ion-exchange reaction have accornplished， so that 

the tirne course rnight correspond to the tirne course of inacti-

vation of Ca2+ channels. 工n the latter cases (Fig. 工工-2A)，the 

tirne course is a cornplexed one which is affected by both activa-

tion and inactivation. 

Ca channels of Pararneciurn rnembrane are activated by a 

mernbrane depolarization produced in association with ion-exchange 

reaction， and are inactivated rather slowly during high K+ー

stirnulation. Duration of ciliary reversal appears to be 

correlated with the period of tirne when the Ca perrneability is 

kept above a certain threshold during high K+ー stirnulation.

Therefore， the slow inactivation of Ca channels is responsible 

for termination of ciliary reversal. Two rnechanisrns of the 

inactivation of Ca channels in Pararneciurr1 mernbrane， one depends 

on the Ca ions entered into the cell during mernbrane depolari-

zation (Brehrn et al， 1980)， and the other on the rnernbrane 

depolarization itself (Hennessey and Kung， 1985) have been 

investigated. Present results indicate 七hat the inactivation 

during high K+ーstirnulationdepends on Ca2+ and not on the 

mernbrane depolarization (Fig. 工工-4 ) • 工n the case of prolonged 

outward current injection (Fig. 工工-3)，the slow inactivation 

occurred with a tirne course similar to 七hat in ionic stirnulation. 

Ca dependent rnechanisrn of inactivation seerns to be irnportant for 

regulation of rnernbrane Ca perrneability during ciliary reversal. 
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More detailed discussion on the inactivation will be appear in 

part 工工工.



F工GURELEGENDS 

Figure 工工-1. Membrane potential response of ~ faudatum to an 

outward current pulse (100 ms， 0.8 nA) under the influences of 

both an inrireased external K+ concentration and of prolonged 

application of an inward current (工 220 sec， 0.8 nA). The 

external solution was changed from 4 K + 1 Ca to 20 K + 1 Ca 30 

sec after onset of the inward current. Aj; the membrane potential 

responses (Vm) and their first order time derivatives (Vm). Bi 

time changes in the amplitude (open triangles) and the maximum 

rate of rise (solid triangles) of the Ca action potential， and 

the steady工R shift measured at the end of the pulse (open 

circles). Number under each arrow corresponds to number in 

membrane potential response in A. A shaded bar in B shows 

approximate duration of ciliary reversal. 

Figure 工工-2. Membrane potential responses of P二 caudatum to 

inward current pulse (200 ms， 0.8 nA) under the influences of 

both an increased the external K+ concentration and of prolonged 

application of an inward current (工 0.8 口A) of varied duration 

(0 sec in A， 24 sec in B， 44 sec in C and 100 sec in D). The 

external solution was changed from 4 K + 1 Ca to 20 K + 1 Ca 16 

sec after application of a prolonged inward current (B， C， 0). 

Open squares; time changes in the amplitude and solid trianglesi 

the maximum rate of rise of the anode break Ca-action potential 

(see the inset). Number under each arrow in 0 corresponds to the 

number in each membrane potential response in E. 
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Figure 工工-3. Change in the rnernbrane potential responses of P. 

caudaturn to an inward current pulse (100 rns， 0.8 nA) during 

prolonged outward current injection (0.8 nA) in 1 K + 1 Ca. Ai 

the rnembrane potential responses (Vrn) and their first order tirne 

derivatives (Vrn). The potential response with nurnber 1 was 

recorded at the onset of the outward current injection. Bi tirne 

changes in the arnplitude (open circles) and the rnaximurn rate of 

rise (solid triangles) of the Ca action potential. Nurnber under 

each arrow corresponds to the nurnber in each rnernbrane potential 

response in A. Shaded bar in B shows approxirnate duration of 

ciliary reversal. 

Figure 工工-4. Effects of the treatrnent of the cell with a Ca2+ー

free solution on the duration of ciliary reversal of空. caudaturn. 

Specirnens equilibrated in K + 1 Ca were treated with 20 K + 5 

EGTA (open circles) or 20 K + 0 Ca (open squares) for various 

periods of tirne， and then were transferred into 20 K + 1 Ca. 

Broken line corresponds to a rernaining duration of ciliary 

reversal which will be exhibited by the specirnens after their 

transfers into 20 K + 1 Ca. Therefore， the line shows usual tirne 

course of inactivation of Ca channels during high K+-stirnulation. 
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Part 工工工

Mechanisrn of 工nactivationof Ca Channels 

during工onicStirnulation 

in Pararneciurn caudatum 
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. 

INTRODUCT工ON

2+ 工n parts 工 and 工工， it was dernonstrated that Ca~T-dependent 

slow inactivation of Ca channels was responsible for terrnination 

of ciliary reversal during ionic stirnulation. This inactivation 

2+ can not be rernoved by reduction of internal Ca~T concentration 

below 10-6 M after the inactivation was once es七ablishedduring 

sustained s七irnulation. Part 工工工 will deal with rernoval of the 

inactivation by inward current injection or rnernbrane hyper-

polarization. Mechanisrn of the inactivation will be discussed. 

MATERIALS and METHODS 

Specirnens of ~ararneciurn caudatu~ (strain kyk201 or KyKy1， 

wild type) reared in a wheat straw infusion were washed well with 

a standard saline solu七ion，which contained 4 rnM (or 1 mM in sorne 

experirnents) KCl， rnM CaC12 and 1 rnM Tris-HCl buffer (pH 7.2)， 

equilibrated in the solution for rnore than 30 rnin prior to 

experirnentation. Experimental procedures ~~ere essen七ially

identical with those described in part 工.
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RESULTS 

Time course of i nactivation 

The external solution of a specimen af Parameciurc~ impaled by 

microelectrodes was changed from 1 K + 1 Ca to 20 K + 1 Ca， then 

membrane electrical responses to an inward current pulse (0.8 nA， 

200 msec or 800 msec) were examined every 10 seconds. The 

membrane produced Ca action potential upon turning off the inward 

curren七 (anode break response) as described in parts 工 and 工工.

Figure 工工工-1Ashows time change of the maximum rate of rise 

(M.R.R.) of the anode break response. 工n the cases of 200 msec-

test pulse， the M.R.R. decreased with single exponential time 

course (time constanti 26 sec， Fig. 工工工ー1B). The period of time 

when the anode break response was observed approximated the 

duration of ciliary reversal. 工n the cases of 800 msec-test 

pulse， time course of decrease in the M.R.R. consisted of two 

components with fast (32 sec) and slow (260 sec) time constan七.

Remova 1 of inactivation 主ヱ inward current injection 

Results shown in Fig. 工工工-1 suggest that inactivation of Ca 

channels during ionic stimulation is removed by injection of 

inward current. To examine removal of inactivation by inward 

current， an prolonged inward current was injected into the cell 

after ciliary reversal by ionic stimulation (from 4 K + 1 Ca to 

20 K + 1 Ca) ceased. As shown in Fig. 工工工ー2，duration of ciliary 

reversal seen after turning off the inward current was almost the 

same as 七hatof the first ciliary reversal. This resul七

indicates that the inactivation can be removed by prolonged 

inward current injection. The removal of inactivation was also 

clearly indicated by appearance of anode break response to short 
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inward test pulse after turning off the prolonged inward current. 

As shown in Fig. 工工工-2，tirne changes in arnplitude and the M.R.R. 

of anode break response after turning off the prolonged inward 

current were sirnilar to those observed during first ionic 

stirnulation. 

To exarnine tirne course of the rernoval of inactivation by 

prolonged inward current， an inward current (1 nA) was injected 

into the cell 3 rnin and 10 rnin after the subjection of the 

specirnen to 20 K + 1 Ca. The inward current was briefly 

interrupted (for 100 rnsec) every 2 sec， and the rnernbrane 

electrical responses seen at the rnornent of turning off the inward 

current (anode break response) were analyzed. The anode break 

response carne to be observed soon after injection of the inward 

current. As shown in Fig. 工工工-3，the M.R.R. of the anode break 

response increased with the subjection tirne， and reached a steady 

value in about 1 rnin (Fig. 工工工-3). The tirne change in the M.R.R. 

was fas七erand its steady value was larger when the current was 

injec七ed sooner after subjection of the specirnen into a high K+-

solution (cornpare 3 rnin with 10 rnin). 

Relationship between duration of the inward current and that 

of ciliary reversal seen after cessation of the current was 

exarnined. After 10 rnin subjection of the specirnen to 20 K + 

Ca， inward current (1 nA) was injected into the specirnen for 

various period of tirne， then duration of ciliary reversal seen 

upon turning off the current was rneasured. As shown in Fig. 工工工-

4， duration of ciliary reversal increased alrnost exponentially 

with the length of the inward curren七.
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Removal 立主己主2 K+ induced inactivation of C主 channelsbヱ

membrane hyperpolarization 

工n this series of experiments specirnens of Pararnecium 

equilibrated in 1 K + 1 Ca were first subjected to 20 K + 1 Ca， 

then to several solu七ionscontaining 0.1 rnM EGTA and K+ of varied 

concentrations (0.2-3.2 rnMi EGTA-K solution) for 20 sec after 

ciliary reversal subsided in 20 K + 1 Ca. Then the specirnens 

were transferred into 20 K + 1 Ca， and duration of ciliary 

reversal was rneasured. As shown in Fig. 工工工ー5，duration of 

ciliary reversal was longer when the specirnens were treatrnent 

with the EGTA-K solution with lower K+ concentration. Membrane 

potential of the specirnen was measured in each EGTA-K solu七ion，

and plotted in Fig. 工工工-5as a function of K+ concentration. The 

mernbrane was rnore hyperpolarized in EGTA-K solution with lower K+ 

concentration. 

S lower change of state of i nactiva七ion

Degree of removal of the inactivation by rnernbrane 

hyperpolarization was exarnined at various time after ionic 

stirnulation. Specimens equilibrated in 1 K + 1 Ca were 

transferred into 20 K + Ca for various periods of tirne， then 

they were returned to K + 

七ransferredagain into 20 + 

Ca for 30 sec. The specirnens were 

Ca and duration of ciliary reversal 

was measured. As shown in Fig. 工工工ー6，duration of ciliary 

reversal gradually decreased with increasing the period of tirne 

for treatrnent of the specimens by 20 K + 1 Ca with a tirne 

constant of several rninutes. 
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DISCUSSION 

Duration of ciliary reversal by ionic stimulation is closely 

related to the period of time when membrane Ca permeability is 

kept higher than a certain threshold level. The increased Ca 

permeability could be detected by the presence of anode break 

response to short inward current pulse. Termination of ciliary 

reversal is thought to be caused by inactivation of Ca channels 

responsible for the Ca permeability. The inactivation was found 

to be dependent of Ca2+ (see part 工工). Time course of the 

inactivation during ionic stimulation was single exponential 

(Fig. 工工工-1). The inactivation could be removed by injecting 

inward current into the cell (Fig. 工工工-2). Degree of the 

inactivation was found to increase slowly with time even after 

termination of ciliary reversal in 20 K + 1 Ca. This inactiva-

tion with longer time constant is thought to be different from 

the inactivation with shorter time constant seen earlier after 

transfer of the specimen into a high K+ーsolution in their 

characteristics. Removal of the inactivat:ion was dependent on 

degree of membrane hyperpolarization (Fig. 工工工-5 ) • 

Hennessey and Kung (1985) demonstrated 七hat slow 

inactivation， the time constant of which was tens of seconds， 

2+ depended on voltage but not internal Ca~~. They suggested that 

this inactivation was responsible for renormalization of the 

ciliary motion during maintained stimulation. On the other hand， 

as indicated in part 工工， the inactivation during ionic stimu-

lation， which also has t工meconstant of tens of seconds， depended 

on Ca2+ and was never caused by depolariza1:ion itself. However， 

this does not mean七hatCa2+-dependent slow inactivation does not 
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require rnernbrane depolarization. This inactivation is not 

rernoved even if internal Ca2+ concentration becarne below 10-6 M， 

once it was accornplished and rernoval of th4: inactivation depends 

only on rnernbrane hyperpolarization. 

工 proposehere a hypothesis for the rnechanisrn of Ca-channel 

inactivation. The inactivation consists of following three 

separable processes: 1) Ca-dependent closure of the channels 

activated by a rnernbrane depolarization， 2) fixation of the 

inactivated Ca channels， 3) slow adaptation of fixed inactivated 

channels. The first process had been reported by Brehrn and 

Eckert (1978) and Brehrn et al. (1980). 工nヒracellularCa2+ ions， 

whose concentration is elevated beyond 10-6 M due to Ca2+ inflow -6 

through Ca channels activated by a depolarization， bind to 

inactivation sites of inner surface of the rnernbrane. This leads 

Ca channels to close and its tirne constant is several ten 

rnilliseconds. The second process is rnost irnportant for 

renorrnalization of ciliary reversal during sustained rnernbrane 

depolarization. The inactivated channels changes their 

characteristics to be kept closed even if intracellular Ca2+ 

concentration is decreased below 10-6 M. 'rhis process depends on 

the rnernbrane depolarization and its tirne constant is several ten 

seconds (Fig. 工工工-1). Voltage dependent inactivation 

dernonstrated by Hennessey and Kung (1985) seerns to correspond to 

this process. Developrnent of inactivation in EGTA-injected cell 

reported by Hennessey and Kung (1985) does not rnean that this 

inactivation is independent on intracellular ca2+， because 

injection of EGTA into the cell can not decrease intracellular 
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ca2+ concentration below 10-6 M. This was demonstrated by the -6 

fact that ionophoretic application of EGTA never blocked ciliary 

reversal during depolarization (Brehm et al， 1980)， indicating 
2 + _ _ _ _ _ _.. _ _ ... ..: _ _ _ '-_ __ _ 1 ^ -6 

intracellular CaL~ concentration above 10-U M. Furthermore， 

they reported 七hatrnernbrane depolarization in the cells treated 

with W-7， which blocks Ca channels， also caused slow inactiva-

tion. Concentration of W-7 they employed blocked the inward Ca 

current by rnore than 90も There is， however， a possibility that 

internal Ca2+ concentration was higher than 10-6 M due to srnall 

rernnant Ca current sirnilarly to the case of EGTA-injected cells. 

The rnechanism of action of W-7 is unknown ~~Hennessey and Kung， 

1984). A possibility that W-7 acts to inactivation site is 

remained too. Third process corresponds to an inactivation 

reported by Hildebrand (1978). 工nactivatedchannels changes 

their characteristics progressively so as t:o become difficult in 

removing the inactivation by hyperpolarizat:ion. This process has 

time constant of several minutes (Fig. III-6). This may be 

concerned with long term adaptation of the cell. 

Mechanism of fixation of inactivation is unknown. 

工nvolvementof membrane depolarization is probable. However， 

other explanations are also possible; for E~xample ， enzymatic 

reaction， such as dephosphorylation (i.e. the removal of the 

phosphate group) inactivates Ca channels and plays a role in 

determining the functional sate of the channel (Eckert and Chad， 

1984; Chad and Eckert， 1986). The mechanism of fixation of 

inactivation is an 工nterestingsubject for future study. 
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FIGURE LEGENDS 

Figure III-1. A: Time change in the maximum rate of rise 

(M.R.R.) of the anode break response to an inward current pulse 

during high K+-stimulation in P二 caudatum. The external solution 

was changed from 1 K + 1 Ca to 20 K + 1 Ca at time O. 工ntensity

of the inward current pulse was 0.8 nA， and duration of the pulse 

was 200 ms (solid circles) or 800 ms (open circles). 工nset is an 

example of membrane potential response (Vm) to an inward current 

pulse (200 ms)， first order time derivative of Vm (Vm) and the 

inward current pulse (工5) recorded immediately after exchange of 

the external solution. The potential response corresponds to a 

solid circle pointed by an arrow. 

B: Semilogarithmic plots of the maximum rate of rise of the anode 

break response (all the data are shown in J¥) against time after 

exchange of the external solution. 

Figure 工工工ー2. Removal of the inactivation of Ca channels by 

prolonged inward current injection in P三 caudatum. The inward 

current (20 sec， 0.8 nA) was injected 40 sec after the external 

solution was changed from 4 K + 1 Ca to 20 K + 1 Ca. Time 

changes in the amplitude (Vm; open squares)i and the maximum rate 

of rise (M.R.R.; solid triangles) of the anode break response to 

an inward current pulse (200 ms， 0.8 nA， applied every 4 sec) are 

shown to indicate time change in the degree of activation of Ca2+ 

channels. Shaded bars show approximate duration of the ciliary 

reversal. 
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Figure 工工工-3. Tirne course of rernoval of the inactivation by 

inward current injection in ~ ~audaturn. Prolonged inward 

current (1 nA) was injected 3 rnin (open circles) or 10 rnin (solid 

circles) after the external solution was exchanged frorn 1 K + 1 

Ca to 20 K + 1 Ca. Maxirnurn rate of rise of anode break Ca action 

potential seen at the rnornent of interruption of the inward 

current for 100 rns every 2 sec was plotted against duration of 

inward current. 

Figure 工工工-4. Relationship between ciliary reversal and rernoval 

of inac七ivation. 工nwardcurrents (1 nA) with varied lengths of 

tirne were injected about 10 rnin after exchange of the external 

solution frorn 1 K + 1 Ca to 20 K + 1 Ca. Duration of ciliary 

reversal elicited upon turning off the inward current was plotted 

against the length of the inward current. 

Figure 工工工-5. Relationship between rernoval of inactivation and 

hyperpolarization of the rnernbrane. A specirnen of ~ararneciurn 

equilibrated in 1 K + 1 Ca was transferred into 20 K + 1 Ca. The 

specirnen was then treated with 0.1 rnM EGTA + 0.2-3.2 rnM K+ (EGTA-

K) solution for 20 sec after the ciliary reversal (about 60 sec) 

seen in the stirnulation mediurn. The EGTA-K treated specirnen was 

transferred again into the 20 K + 1 Ca. Duration of ciliary 

reversal seen in 20 K + 1 Ca (open circles)' was rneasured. The 

duration is regarded as degree of the rernoval of inactivation and 

plotted against K+ concentration of the EG1~A-K solution. Resting 

rnernbrane potential (open triangles) in each EGTA-K solutions with 
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varied K+ concentrations was plotted against the K+ 

concentration. 

Figure 工工工-6. Slower tirne change in the inactiva七ion in high K+ 

solution. A specirnen of P二 caudatu~ equilibrated in 1 K + 1 Ca 

was transferred into a stirnulation rnediurn (20 K + 1 Ca). After 

various periods of tirne in the stirnulation rnediurn， the specimen 

was returned to 1 K + 1 Ca for 30 sec. Then specirnen was 

transferred again into the stirnulation rnediurn and the duration of 

ciliary reversal was rneasured. Broken line shows the rernaining 

duration of ciliary reversal which will exhibited by the 

specirnens if the inactivation was not rernoved (control 

condition). 
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Part IV 

工nhibitionof Membrane Electrogenesis and Ciliary 

Response by Ruthenium Red in ParamE~cium caudatum 
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INTRODUCT工ON

Parameciua membrane behaves as an ion-exchanger membrane 

with negative surface charges (Naitoh and Yasumasu， 1967). This 

property seems to play an important role in generation of 

membrane potential and gating of ion channels (part V). 工thad 

been reported that there was a layer of acidic mucopoly-

saccharides， which were stained with Ruthenium Red (R.R.)， in the 

external surface of the membrane (Wyroba and Przelecka， 1973). 

R.R.， a poly-cationic dye (Luft， 1971 a，b)， binds to the sites 

with negative charge in sialic acid occupying the terminal region 

of polysaccharides and produces many effects on membrane 

functions such as transmitter release (Baux et al， 1979)， muscle 

contraction (DSrrsheidt-K~fer ， 1979~ Robertson and Wann， 1987) 

and membrane excitability (Bhattacharyya et al 1981). Sialic 

acid residues are possible to be main negative charges of 

membrane surface in Parameciurr1. 工n this part (工V)，effects of 

R.R. on physiological functions of ?aramec ium membrane will be 

described. 
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MATER1ALS and METHODS 

Specimens of ~aramecium caudatu~ (strain KyKy1， wild type) 

reared in a wheat straw infusion were washed well with a standard 

saline solution， which contained 1 mM KCl， 1 mM CaC12 and 1 mM 

Tris-HCl buffer (pH 7.2)， equilibrated in the solution for more 

than 30 min prior to experimentation. Experimental procedures 

were essentially similar to those described in parts 1， 工工 and 

11工.

Ruthenium Red (R.R.， [RU(NH3)40HC1]2H20， MW 858.5; Luft， 

1971) was obtained from K&K Laboratories and was purified to 

remove a violet complex present in commercial R.R. (Brooks， 

1969). Commercial R.R. was dissolved in 0.5 M NH40H. The 

supernatant was recrystallized in Acetone and desiccated. 
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RESULTS 

工. Effects of R.R. on the electrical characteristics of the 

membrane. 

Resting membrane potential 

Since the resting membrane of Paramecium is more or less 

permeable to both K+ and Ca2+ (more permealコle to K+ than Ca2+)， 

the external application of these ions results in a depolari-

zation of the membrane (Kamada， 1934~ Yamaguchi， 1960; Naitoh and 

Eckert， 1968). Concentration effects of these ions on the 

membrane potential were compared in the prf~sence and absence of 

R.R. in the external solutions. As shown Fig. 工V-1A，no 

appreciable effects of R.R. on the concentration effect of K+ was 

2+ observable. Concentration effect of Ca'~ was also not much 

affected by the presence of R.R. in the external solution (Fig. 

工V-1B).

Calcium action potential 

A membrane depolarization by an outward current produces a 

transient regenerative increase in Ca conductance (Ca-action 

potential) of the membrane of Parameciu~ ， which is followed by an 

increase in K conductance. Application of 0.5 pM R.R. in the 

external solution containing 1 mM KCl and 1 mM CaC12 (1 K + 1 Ca) 

brought about rapid inhibition of the action potential. A 

decrease in the amplitude of action potential and of its rate of 

rise (dV/dt) began to take place in 8 sec after application of 

R.R. (Fig. 工V-2B)，and the membrane became to behave as a passive 

parallel R-C network in response to an electric current (Fig. IV-

2C，D，E). The recovery of the membrane electrical activities 

after removal of R.R. needed long time and was imperfect (Fig. 
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IV-2H). Figure 工V-3Ashows the time change in the membrane 

electrical response to outward current pulse during long exposure 

of the specimen in R.R.-containing solution. 

Membrane respons e to h yperpolarization 

工n response to a hyperpolarization by an inward current， K 

conductance of the membrane increases rathE=r slowly， resulting in 

a slow decrease in IR potential (inward going rectification， Fig. 

IV-2工). Application of 0.5 pM R.R. brough'ヒabout a quick 

disappearance of the decrease in 工-Rpotential. The general 

shape of the potential response， therefore， became more or less 

passive R-C type (Fig. IV-2J，K，L). The recovery of the 

inhibition of inward going rectification a:Eter removal of R.R. 

from the external solution was also slow and imperfect as shown 

in Fig. 工V-2N.

Time change in the membrane resistance to inward current 

during exposure of the specimen in the R.R..-containing solution 

is illustrated in Fig. 工V-3B. The membrane resistance was 

calculated from the potential value at the end of the inward 

current pulse (150 msec) and the current intensity (0.8 nA). 

Long exposure of the specimen in the R.R.-containing solution 

resulted in an marked increase in the membrane resistance. 

Mechanoreceptor P9tgrrti~! 

A brief tap of the membrane of the anterior part of 

Paramecium by a glass microstylus mounted on a piezo-electric 

phonocartrige results in generation of a dE~polarizing 

mechanoreceptor potential which induces reqenerative Ca-action 

potential in similar way to an outward current stimulation (Fig. 
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IV-4A). While a brief tap of the posterior membrane produces a 

hyperpolarizing mechanoreceptor potential (Fig. 工V-4D) (Naitoh 

and Eckert， 1969). External application of R.R. resulted in 

dramatic retardation of mechanosensitivity of Paramecium 

membrane. As shown in Fig. 工V-4Cand F， both anterior 

(depolarizing) and posterior (hyperpolarizing) responses 

disappeared in min after the application of 0.5 ~M R.R. The 

anterior receptor membrane was found to be more sensitive to R.R. 

than the posterior membrane. The anterior receptor potential 

diminished in a solution containing R.R. of lower concentration 

(0.2 pM) than that effective to inhibit the posterior receptor 

potential (Fig. 工V-4B). 工t is noteworthy that the peak level of 

the hyperpolarizing posterior response significantly increased in 

a solution containing low concentration of R.R. (0.2 pMi Fig. 工V-

4E) • 

工工. 工nhibitionof K+-induced ciliary reversal by R.R. 

When a specimen of Paramecium is transferred into K+-rich 

medium (stimulation medium) it shows long-lasting backward 

swimming due to its ciliary reversal， whose duration is depending 

on the ionic composition of both equilibration medium， in which 

ヒhe specimen is equilibrated prior transfer， and stimulation 

medium (Naitoh， 1968). Equilibration medium was 1 K + 1 Ca 

through out the present experiment. As shown in Fig. 工V-5，the 

duration of ciliary reversal was longer in stimulation mediurn 

with higher K+-concentration. 工t increased alrnost linearly with 

increasing K+ concentration frorn 22 to 38 while at constant (1 

mM) Ca-concentration (open circle in Fig. IV-5). The duration of 
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ciliary reversal became shorter by the presence of R.R. in stimu-

lation medium. The degree of inhibition of ciliary reversal by 

R.R. was greater in the medium with higher concentration of R.R. 

工norder to find competition of R.R. with cations in its 

inhibitory effect on the ciliary reversal ylaS examined in four 

series of test solutions with 4 kinds of R.R. concentration. The 

Ja ratio (K+/JCa2+) was kept constant at 30 in all the test 

+ __...:1 rt_2+ solutions， but absolute concentrations of fCT and Ca~T were widely 

changed (Ca 0.01-2.56 mM， K 3.0-48 mM). As shown in Fig. 工V-6，

the inhibitory effect of R.R. on ciliary reversal decreased with 

increasing the K+ and Ca2+ concentrations of the stimulation 

rnedium， and even R.R. of the highest concentration (1 rM) showed 

no inhibitory effect in the most concentrated solutions (48 K + 

2.56 Ca). 

The competition between stimulant cations and R.R. was 

further examined in the following experiment. A pair of 

stimulation medium with different ionic concentration was first 

determined so as the specimen of ~arameciu~ to show ciliary 

reversal of the same duration， when they are transferred into 

each solutions. Then the concentration effect of R.R. on the 

duration of ciliary reversal was measured. The duration of 

ciliary reversal was much more decreased with increasing R.R. 

concentrations of in the stimulation solution with lower ionic 

+ __...:1 rt_2+ concentrations of KT and Ca~T. The results with two pair of 

experimental conditions are presented in Fig. 工V-7.
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D工SCUSS工ON

R.R. exhibited no appreciable effects on the resting 

membrane potential of ~aramecium ， but it strongly inhibited 

generation of Ca action potential. R.R. also brought about a 

marked increase in the membrane resistance，. The inhibition of 

action potential appeared faster than the increase in the 

membrane resistance. R.R. also inhibited ciliary reversal by high 

K+ solution. 工nhibitoryeffect of R.R. on ciliary reversal was 

+ __..J ，，_2+ antagonized by coexisting K~ and Ca'~. The antagonizing effects 

of K+ + Ca2+ were stronger when concentration of these ions were 

higher. Therefore， it is thought that R.R. competes the same 

anionic sites of the membrane surface with K+ and Ca2+. 

The mechanism by which R.R. inhibits Ca-channel activation 

may be explained by a marked increase in the transmembrane 

diffusion potential (hyperpolarization) caused by binding of R.R. 

to membrane negative charges. According to theoretical analysis 

of Parameciurrmembrane described in the next part， the 

transmembrane diffusion potential increases without changing the 

membrane potential difference across the membrane (resting 

potential actually measured)， when the cations bind to the 

negative charges， if the cation is impermeable to the membrane. 

Gradual increase in the amount of membrane bound R.R. is followed 

by gradual increase in membrane resistance as a result of 

decrease in resting conductances of K+ and Ca2+. 

Competition between R.R. and Ca2+ and/or K+ to the same 

anionic sites leads to a conclusion that these negative charges 

are probably originate from sialic acid residues of 

mucopolysaccharide layer composing surface coat of the membrane. 
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It was suggested that this layer was irnportant in the rnernbrane 

electrogenesis of ~ararneciurn. 
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FIGURE LEGENDS 

Figure 工V-1. Effects of R.R. on resting membrane potential of P. 

2+ caudatum. A: Concentration effects of Ca~T on the resting 

potential in the absence (open circles) and presence (solid 

circles) of R.R. (0.5ドM). The K+ concentration was constant at 

1 mM. B: Concentra七ioneffects of K+ on the resting potential in 

the absence (open circles) and presence (solid circles) of R.R. 

2+ (0.5 pM). The Ca~T concentration was constant at 1 mM. 

Figure 工V-2. Effects of R.R. on the electrical responses to 

current injection. A-Hi responses to outward current pulses (150 

ms， 0.6 nA). 工-Ni responses to inward current pulses. A and 工;

responses in 1 K + 1 Ca without R.R. B and Jj C and Kj and D are 

responses 8 sec， 16 sec and 24 sec after an addition of 0.5 pM 

R.R. respectively. E and Li Fi G and Mj and H and N are 

electrical responses at 24 sec， 104 sec， 15 min and 25 min after 

remove of R.R. from the external solution respectively. Vi 

membrane potentials. Vi first order time derivatives of Vm. 工;

currents. 

Figure 工V-3. Time changes in membrane electrical responses to 

outward (A) and inward (B) current pulses ~[150 ms， 0.8 nA) in 1 K 

+ 1 Ca solution containing 0.5 pM R.R. Solid triangles (P)i the 

peak value of the electrical response. Solid circles (S)j steady 

工R shift of the membrane potential level measured at the end of 

the pulse. 
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Figure IV-4. Effects of R.R. on mechanoreceptor potential in Pニ

caudatum. A-C; depolarizing mechanoreceptor potentials. D-F; 

hyperpolarizing potentials. A and 0; mechanoreceptor potentials 

工n

1n 

K + 

K + 

Ca without R.R. B and 0; mechanoreceptor potentials 

Ca containing 0.2 pM R.R. C and F; mechanoreceptor 

potentials in K + 1 Ca containing 0.5 pM R.R. V; membrane 

potentials. V; first order time derivatives of Vm. MS; 

mechanical stimulation indicated as voltage of the pulses applied 

to drive piezoelectric element. 

Figure 工V-5. Effects of R.R. on the duration of ciliary reversal 

by high K+ stimulation. Specimens of P二 caudatu~ equilibrated in 

1 K + 1 Ca were transferred into the stimulation media with 

various K+ concentrations at constant ca2+ concentration (1 mM) 

in the absence (open circles) and presence (solid circles) of 

R.R. of various concentrations (0.25-8.0 pM). 

Figure 工V-6. Effects of ionic streng七h of K+ and Ca2+ on 

inhibitory effects of R.R. on ciliary reversal by high K+ 

stimulation. Specimens of P. caudatu~ equilibrated in 1 K + 1 Ca 

were transferred into stimulation media with various ionic 

strength at constant Ja ratio (30) in the absence (open circles) 

and presence (solid circles) of R.R. (0.25・・1• 0 pM). 

Figure 工V-7. Competition between external cations (K+， Ca2+) and 

R.R. Specimens of P二 Caudatu~ equilibrated in 1 K + 1 Ca were 

transferred into stimulation media with various concentrations of 
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R.R. (0-4.0 pM). Two pairs of stimulation media with different 

ionic strengthi one pair is 48 K + 2.56 Ca ( open circles) and 32 

K + 0.64 Ca (open squares)， and another is 38 K + 2.56 Ca (solid 

circles) and 24 K + 0.64 Ca (solid squares) were employed. 

Duration of ciliary reversal was identical in each solution of 

each pair. 
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Part V 

Theoretical Considerations of The Transrnernbrane Diffusion 

Potential in Relation to The [K+]/ノ了Ca2+] Ratio in The External 

Solution in pararneciurn caudaturn 
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1. Theory. 

According to theoretical analyses of membrane potential 

across an ion-exchanger membrane by Teorell (1935) and Meyer and 

Sievers (1936)， the electrical potential difference between the 

external bulk solution and the cell interior (E~) consists of a m 

diffusion potential across the membrane (Ediff) and phase 

boundary potentials (Donnan potentials) at both surfaces of the 

membrane (Erl~nn). Thus E~ is written aSi aonn' . ------m 

.，
 、
‘
.. ，，
 

4
a
『
，，E

、
E_ = E diff + ~odonn -工donn

where EOdonn (Eidonn) is the Donnan potential of the outer 

(inner) surface of the membrane (Fig. V-1)。

nd E~~~~ were formulated as a function of K+ and Ca2+ diff 

concentrations in the solutions of both sides of the membrane to 

propose a mathematical model of the membrane potential of 

parameciu~ according to the calculation methods by Watanabe et al. 

(1977) (see also Tasaki， 1968). The membrane of Paramecium 

behaves as a cation-exchanger (Naitoh and Yasumasu， 1967). The 

external solution as well as the internal solution of Paramecium 

consists mainly of KCl and CaC12 (Naitoh and Eckert， 1972). 工n

this ionic condition Ediff and Edonn can be formulated aSi 

RT [K]O (ro + 1) 
Edonn = ln ( 2 ) ， 

F [K]i (ri + 1) 

and 

RT s - r i+1 ) ( s ro -s + 
Ediff - ln ( 3 ) ， 

F 2s - ro + )(s r i-S  + 

where R， T and F have conventional meanings. [K]o and [K]i are 

K+ concentration in the external solution and in the cytoplasm 

respectively. s is the ratio of the mobility of ca2+(uca) to 
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X = (K)o + 2(Ca)0 = (K)i + 2(Ca)i ( 6 ) • 

that of K+(UK) in the membrane (s=UCa/UK). ro and ri can be 

written aSi 

ro = 1 + 8 k X no ( 4 ) ， 

and 

r i=1+8k  x n i ( 4 I ) ， 

where k is the equilibrium selectivity coefficient， X is the 

fixed charge density of the membrane， and no and ni are the ratio 

of Ca2+ concentration to the square of K+ concentration in the 

external solution and in the cytoplasm respectively. 

k can be written aSi 

k :; O
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where [Ca]~ and [Ca]~ are Ca2+ concentration in the external 
O 工

solution and in the cytoplasm respectively. (K)o and (Ca)o are 

K+ and Ca2+ concentrations at the outer surface of the membrane 

respectively， and (K)i and (Ca)i are those at the inner surface 

of the membrane. 

X， therefore， can be written aSi 

and nハ and n・ canbe written aSi 
O 工

「

4

a
 

T
U
 

一一
O
-

1
』-つ
ho

a
-
-
J
 

c
-
K
 

一一o
 

n
 

( 7 ) ， 
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( 7 I ) • 

Since [K]i and [Ca]i are assumed to be constant， ri is 

constant. 工t is， therefore， obvious from the Eq. (3) 七hatEdiff 

is a function of ro' thus of no ・ Thismeans that Ediff is 
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( 8 ) ， 

deterrnined by Ja ratio ([K]o/J[ca]o) independently of the 

absolute concentration of each ion in the external solution. 工t

should be noted 七hat the equation obtained by addition of the Eq. 

(2) with the Eq. (3) is identical with the equation of Tasaki and 

Kobatake (1968). 

A change in the Ediff (dEdiff) produced by a change in Ja 

can be forrnulated frorn Eq. (3) aSi 

RT 

where r01 and r02 are the values of ro before and after a change 

in Ja respectively. s was assurned to be less than 1， since UCa 

is srnaller than UK in an aqueous solution (Robinson and Stokes， 

1959). Actually， the value estirnated so as theoretical 

calculation to fit to experirnental results was 0.14 (see below). 

Since ro decreases with an increase in Ja， dEdiff becornes 

positive when Ja is increased， and negative when Ja is decreased. 

A positive dEdiff corresponds to a rnernbrane depolarization， and a 

negative dEdiff to a rnernbrane hyperpolarization. It should be 

ernphasized that these conclusion is dependent on only value of s 

(i.e. s<1) and independent of other pararneters. 

2. Voltage sensitivity of Ca channel. 

As clearly shown in Table 1 (see also Nai toh et al.， 1972)， 

resting potential of ~arameciu~ changes in association with a 

change in K+ and/or Ca2+ concentration in the external solution. 

Threshold depolarization for producing a Ca action potential also 

changes in accordance with the change in the resting potential 
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(Naitoh et al.， 1972). This means that the threshold depolari-

zation for activation of voltage-sensitive Ca channels to a 

certain degree changes in accordance with the change in the 

resting potential. 

Since resting membrane potential of Pa rameciurrl，vre St，i s 

presumable to consist of a surface potential and a diffusion 

potential， it can be written as; 

'- =①+  V_ res亡 s 'c ( 9 ) ， 

where ills is a sum of the surface (Donnan) potentials at the both 

surfaces of the membrane. Therefore，①s corresponds to Edonn and 

Vc to Ediff in Eq. (1). Vc is a voltage to which Ca channels in 

the membrane are subjected. 

工n the two-step voltage clamp from Vrest to a depolarized 

level， let Vmax be a depolarized level， where maximum inward Ca 

current，工， was evoked， Vm~v can be written as; YmaX 

=① + V max -s 'crnax ( 1 0 ) ， 

X
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change in ①s caused by that ionic change. 

change in ①S (d①s) can be led as; 

RT [K]O' (r 01 + ') 
d①s=dEdonn= 

F [K]02 (r02 + ') 

From Eq. (2)， the 
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where [K]o' and ro1 are [K]o and ro before the change in the 

ionic environment respectively， and [K]~2 and r~2 are those after 0- ---- -0 

the change. 
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When [Ca]o is changed， whi1e [K]O is kept constant， Eq. (11) 

can be written as; 

RT 、‘.a
，
，
園
、
‘
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According to Eqs. (4) and (12)， the va1ue for kX was determined 

so as the ca1cu1ated dE~~~_ to fit best to the actua1 data of donn 

dVmax shown in Tab1e 1 (Fig. V-3E). The va1ue was 1 20 mM. 

Determinatio~ of s: Magnitude of depo1arization corresponding to 

工，マ is:max' "max' --， 

マー V____ - V max VmaX - Vrest ( 1 3 ) ， 

Frorn Eqs. (9) and (10)， Eq. (13) is written aSi 

マ =rnax .crnax 'C 
( 1 4 ) • 

A change in Vrnax (dマmax) caused by a change in the externa1 ionic 

environment is attributab1e to a change in Vc (dVc) caused by 

that ionic change. Since Vc corresponds to Ediff in Eq. (3)， 

dVc can be written aSi 

RT s - r01 + 1 ) ( s r02 - s + 
dVc = dEdiff = 1n 

F 2s - r02 + ) ( s ro1 - s + 

According to Eqs. (4) and (15)， and using 120 rnM for kX， the 

va1ue for s was deterrnined so as the ca1cu1ated dV~~~~ to fit diff 

best to the actua1 data of dマrnax shown in Tab1e 1 (Fig. V-3B). 

The va1ue was 0.14. 

Using these va1ues for kX and s， ca1cu1ated dVdonn and 

dVdiff were cornpared with the actua1 data of dVrnax and dマmax

respective1y in other two series shown in Tab1e 1; 1) K+-varied 

at constant Ca
2
+ and 2) ionic strength varied at constant Ja. 

Each ca1cu1ated dVdonn and dVdiff fitted fair1y we11 to actua1 

data (Fig. V-3). 
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3. Calculation of Em. 

+ __....J ，，_2+ Em in various mixtures of KT and Ca~T was calculated 

according to the Eqs. (1)， (2) and (3)， and the calculated Ems 

were compared with the membrane potential of Parameciurr1 measured 

in each corresponding mixture by Naitoh and Eckert (1968)， Naitoh 

et al (1972) and Naitoh (unpublished data， Table 1). [K]i is 

assumed to be 18 mM (Naitoh and Eckert， 1973). [Ca]i is 

negligible (Naitoh and Kaneko， 1972). 5 = 0.14 and kX = 120 mM 

were used. Fig. V-4 shows the calculated Em and Ediff together 

with the corresponding observed Em ・ Eachcalculated Em fits 

fairly well to the observed Em ・ Deviationof the observed Em 

from calculated Em is seen in a lower Ca2+ concentration range in 

a series of varied Ca2+ at constant K+ (Fig. V-4B). This might 

be attributable to some leakage of K+ ions from the cell and 

resultant increase in the Ja ratio near the outer surface of the 

cell. 

4. Relation between diffusion potential and membrane bound Ca. 

According to Naitoh (1968)， the percentage of membrane bound 

Ca (PCa) to total binding sites is 

100 100 -PCa 
PCa = or Ja = ( 1 6 ) ， 
kNJa + 1 kNPCa 

where kN is the equilibrium constant. Relationship between 

diffusion potential and mernbrane bound Ca ~las calculated from 

Eqs. (3)， (4)， (7) and (16) by introducing the value of kN (0.35) 

(Naitoh and Yasurnasu， 1967). The result is shown in Fig. V-5. 
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5. Some phenomena expectable from the theory. 

In the case that s is 1 arge r than 1 

s (UCa/UK) is assumed to be less than 1 in the usual ionic 

condition in Parameciurr1 membrane. 工f s is more than 1， it is 

expected that a change in Ja ratio produces a change in the 

diffusion potential toward a direction opposite to that in the 

case of s<1. 工t is obvious from Eq. (8) that membrane is hyper-

polarized by an increase in Ja and depolarized by a decrease in 

Ja. 

工t is assumed 七hat s might be more than 1 if we introduce 

Cs+ ions instead of K+ ions， since UCs is thought to be smaller 

than UCa • Therefore， specimens of ~arameci旦旦 were equilibrated 

in 1 Cs + 1 Ca for various periods of time， then transferred into 

20 Cs + Ca. When equilibraヒiontime was less than 60 min， the 

specimen showed ciliary reversal for 18.4 + 2.5 sec upon their 

transfer into 20 Cs + 1 Ca. However， when equilibration time was 

more 七hanthree hours， they did not show ciliary reversal. When 

the specimens were first equilibrated in 20 Cs + Ca for more 

than 90 min， they showed ciliary reversal for 60.1 ~ 11.7 sec 

upon their transferring into 1 Cs + 1 Ca. 

Cs+ ion is known to reduce membrane permeability remarkably 

to monovalent cation (Hennessey and Kung， 1984). When paramecium 

is adapted in a Cs-Ca solution， K+ ions bound by the membrane and 

intracellular K+ ions are exchanged by Cs+ ions with time. Thus 

the mobility of monovalent cation in the membrane might decrease， 

and s， therefore， becomes more than 1. 

工n the case 七hat s equal s 0 

In excitable membranes such as nerve and muscle， an increase 
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2+ in the externa1 Ca~~ ions produced a shift of activation curve of 

Na channe1s toward positive direction a10nq vo1tage axis with 

1itt1e change in resting membrane potential， and， therefore， made 

the membrane 1ess excitab1e (Frunkenhaeuser and Hodgkin， 1957). 

This phenomenon which was ca11ed a 'Ca-stabi1izing effect' was 

attributed to an increase in the diffusion potentia1 (hyper-

po1arization) associated with a decrease in surface potentia1 by 

2+ binding of Ca~~ to the negative surface charges of the membrane. 

Change in the surface potentia1 was ana1yzed by Gouy-Chapman 

equation for the diffuse doub1e 1ayer (Ohmori and Yoshii， 1977; 

Cota and Stefani， 1984; Byer1y et a1.， 1985). 

This phenomenon is we11 understood a1so based on the present 

2+ theory. When the mobi1ity of Ca~~ in the rnembrane is assumed to 

be neg1igib1e (s=O)， in other words， Ca permeabi1ity is very 10w 

as in nerves and musc1es， Eq. (3) can be written as~ 

E..:l.!cc = diff -

RT 

1n 
ri + 

F ro + 1 
( 1 7 ) • 

From Eqs. (2) and (17)， tota1 membrane potentia1 is represented 

as~ 

RT 

E_ = E donn + Ediff = 
F 

[K]"， 

1n 
[K]i 

( 1 8 ) • 

工t is obvious from Eq. (18) that， when externa1 Ca2+ concentra-

tion is changed， Em does not change (showing equi1ibrium poten-

tia1 of K)， whi1e diffusion potentia1 changes to an extent 

identica1 with that in the surface potentia1 but in opposite 

direction. 
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6. Discussion. 

Hook and Hildebrand (1980) analyzed transmembrane potential 

(Vc) in ~arameciuITaccording to Gouy-Chapman theory for the 

diffuse double layer. 工n their analysis， Vc was not represented 

as a simple function of Ja ratio. However they demonstrated 

that， when ionic strength was increased so as to keep Ja ratio 

constant， Vc was kept almost constant， because the surface 

potential (①s) and the resting potential (Vrest) decreased 

concornitantly. There are still sorne difficulties in explaining 

the Ja dependency in membrane excitation by ionic stimulation， 

because their calculation depends on too rnany parameters. 工n

contrast， Ja-ratio dependency of Vc can be explained by the 

present theory independently of parameters in the equation (8) 

with only an assurnption that s is less than 1. It should be 

noted 七hatVc can be forrnulated and analyzed independently of ①s 

in the present theory， while Vc is given as a difference between 

the Vrest and the theoretically calculated IDs in the analysis 

using Gouy-Chapman theory. 

The duration of the ciliary reversal in response to ionic 

stirnulation is affected by 1) the initial arnount of Ca bound to 

the mernbrane， 2) the arnount of Ca2+ released frorn binding sites 

in the stimulation rnediurn and 3) the absolute concentration of 

Ca2+ in the stirnulation rnediurn (Naitoh， 1968). The first factor 

may be related to the threshold level of activation of Ca 

channels， because it deterrnines the depth of transmembrane 

diffusion potential (i.e. Vc). The second factor corresponds to 

the arnplitude of depolarization by a Ja-ratio increase. The third 

factor affects the electromotive force acting on Ca2+ ions which 
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flow into the cell through activated Ca channels. 

In contrast， transient inward current (Ca-current) induced 

by depolarizing voltage clump was dependent on the Ja ratio 

(therefore， the amount of bound Ca) but not absolute Ca2+ 

concentration in the external solution (Table 1， Imax in the 

condition of Ja ratio constant). AmplitudE~ of inward Ca current 

2+ depends on Ca~T concentration in just outer side of Ca channels. 

Therefore， the actual electromotive force for the transient 

inward current depends on the amount of membrane bound Ca. 工n

this case， equilibration between external bulk solution and 

membrane is disordered transiently in association with inflow of 

Ca2+ due 七o its fairly fast reaction. On the other hand， in the 

case of ionic stimulation， the equilibration is scarcely 

disordered during long-lasting activation of Ca channels because 

of its slower reaction. Therefore， the actual electromotive 

2+ force for the long-lasting inflow of Ca~T depends on Ca 

concentration of bulk solution. 

Ja ratio-dependency of Ca-channel activation by ionic 

stimulation in paramecium membrane was clearly interpreted with 

the present theory; an increase in Ja ratio in the external 

solution causes a decrease in the diffusion potential. Present 

theory can simulate fairly well the resting membrane potential 

and voltage sensitivity of Ca channels in ~arameciurr1. Th is 

theory is applicable to general excitable membranes other than 

paramecium membrane. 
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Figure V-1. Schematic presenta七ionof the distribution of 

electrical potentials near and across the membrane of Parameciurr1. 

OUT; external solution. 工N; internal solution. [K]o and [Ca]o; 

K+ and Ca2+ concentrations in the external solution respectively. 

+ __..:1 ，，_2+ [K]i and [Ca]i; KT and Ca~T concentra七ions are those in the 

+ __..:1 ，，_2+ internal solution. (K)o and (Ca)o; KT and Ca~T concentrations at 

the outer surface of the membrane respectively. (K)i and (Ca)i; 

K+ and Ca2+ concentrations at the inner surface of the membrane. 

Em; observed membrane potential. EOdonn and Eidonn; Donnan 

potential of the outer and the inner surfaces of the membrane 

respectively. Ediff; diffusion potential across the membrane. 

Figure V-2. Schematic presentation of the relationship between 

the surface potential and the transmembrane potentials relating 

七o activation of Ca channels. ①s; a sum of the surface 

potentials at the both surfaces of the membrane. Vrest; observed 

resting membrane potential. Vc; a voltage to which Ca channels 

depolarized level of membrane potential where maximum inward Ca 
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工max.

Figure V-3. Comparison between calculated Ediff and measured 

shifts inマrnax (dマrnax~ upper) and Vrnax (dVmax~ lower) in 

three different ionic conditions. dマ anddV____ are measured max ---- -. max 
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relative to those in 2 rnM K + 1 rnM Ca solution. Experirnental 

data (open circles) corne frorn Naitoh (unpublished) (Table 1). 

Solid lines are shifts in calculated transrnernbrane potentials 

(dEdiff)・ A and D; varied K+ at constant Ca
2+ (1 rnM)・ B and E; 

varied Ca2+ at constant K+ (2 rnM). C and F; varied ionic 

strength at constant Ja ratio (2). 

Figure V-4. Cornparison between calculated and rneasured rnernbrane 

potentials of Pニ Caudaturn. Experirnental data are frorn Naitoh and 

Eckert (1968) (open circles)， Naitoh et al. (1972) (solid 

circles) and Naitoh (unpublished) (Table 1) (open squares). 

Solid lines are calculated rnernbrane potentials (Ern). Broken 

lines are calculated transrnernbrane diffusion potentials (Ediff). 

Ai varied K+ at constant Ca2+ (1 rnM). Bi varied Ca2+ at constant 

K+ (2 rnM). C; varied Ca2+ without K+. D， E and Fi varied ionic 

strength at constant Ja ratio， 1， 2 and 8 respectively. 

Figure V-5. Relationship between the arnount of bound Ca (PCa) 

and transrnernbrane diffusion potential (Ediff). Ediff was 

calculated frorn Eqs. (3)， (4)， (7) and (16) in the text as a 

function of PCa. Ja ratios which correspond to PCa are indicated 

on the abscissae. 



+ __...:1 ，，_2+ Table 1. Concentration effects of K~ and Ca~T in the external 

solution on the membrane characteristics in voltage-clamped 

paramecium caudatum. 

[K+] 
O 
[Ca2+] 

O 
Ja VreS七 工max マmax dマmax Vmax dVmax 

(mV) (毛) (mV) (mV) 
-32.0 109 46.5 4.2 1 4. 5 1 • 0 

2 2 -28.8 100 42.3 O 1 3. 5 O 
4 4 -20.6 86 38.4 - 3.9 17.8 4.3 
8 8 -11 • 0 72 31 • 5 -10.8 20.5 7.0 
1 6 1 6 + 1. 0 23 21 .0 -21 .3 22.0 8.5 

2 1 0 0.63 -10.3 106 50.0 6.7 39.7 25.2 
2 2 -28.8 100 43.3 O 1 4. 5 O 
2 o. 1 6.3 -35.7 67 33.3 -10.0 - 2.4 -16.9 
2 0.01 20 -46.0 54 19. 5 -23.8 -26.5 -41 .0 

0.5 0.063 2 -60.5 98 46.0 一 0.5 -1 4. 5 -32.0 
0.25 2 -45.5 99 46.5 O 1 .0 -16.5 

2 2 -29.0 100 46.5 O 17.5 O 
4 4 2 - 9.5 1 01 46.5 O 37.0 1 9. 5 

工max; the largest peak value of the early inward current 

determined in the 工-Vrelationships for the peak inward current. 

マmax; magnitude of depolarization corresponding to 工max.

Vmax; depolarization level of membrane potential where the Imax 

is evoked， equal to Vrest +マmax.

工ー『ー. dマ and dV~_.. are relative to values for 2 mM K + 1 mM Ca max' ~'max ---- -'max 

solution. (from Naitoh unpublished data). 
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Fig. V-3 
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Fig. V-5 
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SUMMARY 

1. Electrophysiological evidences for increase in Ca conductance 

of Pararneciu~ rnembrane during ciliary reversal elicited by ionic 

stirnulation were presented. Activation of depolarization-

sensitive Ca channels of Paramecium was dependent on an increase 

in the external Ja ratio but not on depolarization of the 

rnernbrane. 

2. Activation of Ca channels by an increase in the Ja ratio was 

followed by slow inactivation of the channels. The activation 

proceeded in association with the ion-exchange reaction on the 

rnernbrane (binding of K+ to the rnernbrane in exchange for mernbrane 

bound Ca). The tirne constant of the activation was several 

seconds. The inactivation required an increase in the internal 

Ca2+ concentration. The inactivation was responsible for 

terrnination of ciliary reversal. Tirne course of the inactivation 

had a tirne constant of several ten seconds. Duration of ciliary 

reversal was concerned with the period of tirne when the Ca 

perrneability was kept above a certain threshold for the ciliary 

reversal during high K+-stirnulation. 

3. The inactiva七ionwas not rernoved even if internal Ca2+ 

-6 concentration was reduced below 10-0 M， when it was once 

accornplished with the Ca dependent rnechanisrn. The change in the 

state of inactivation was terrned Itfixationlll of inactivated Ca 

channels. The rernoval of the inactivation depends on mernbrane 

hyperpolarization. 
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4. Ruthenium Red (R.R.)， which binds to the anionic sites of the 
+ __ 1""1_2+ 

membrane in competition with K? or CaL ?， inhibited activation of 

Ca channels and ciliary reversal. 工t is suggested that negative 

charges of mucopolysaccharide layer composing surface coat of the 

membrane are important in the electrogenesis and the property as 

an ion-exchanger of Paraæ~çiym membrane. 

5. Electrogenesis in ~arameciurrmembrane was analyzed according 

to a theory for the potential generation across an ion-exchange 

membrane. The transmembrane diffusion potential could be 

presented as a function of the external Ja ratio. The theory 

clearly interpreted Ja ratio-dependency of Ca-channel activation 

by ionic stimulation. The theory could sirnulate fairly well the 

resting membrane potential and the voltage sensitivity of Ca 

channels in Parameciurrl. The theory is applicable to general 

excitable membranes. 
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