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Synchronization of l.ocal rhythms

SI]MMARY

fo express the process of attaining s;rnchrony of local
rhythms i-n a segment of plasmodial strand exci.sed from a

network of Physarum plasmod.ium under isotonic conditions,

the entire segment of the isol-ated strand. was divided. into
subsegments with partieles attached as ind.ex markers and

their eyc11c changes in length were registered. in a set of
minor rrave trains. fhus entire vista of ].ocal- contraction

rhlrthms was obtained^. For convenience sake, one wave range

was separated. from the ad.jacent ones wj-th the tlme coord.inates

of the peaks of the major wavesr or of the rnaximal- eontractions

of the whol-e, strand.. Then the stand.ard. d.eviation of the time

coortlinates, when the j-nd.ivid.ua1 subsegments reached. their
maxinal length, r^/as caleulated. for each wave range. This

value d.ecreases with tj-me reaching after 50 rnin as sma1l as

t-5 sec or 7 ?'o of the peri-od. of the major waves. Under

isometrj-c conditions, the metb.od using index markers was

also useful, but rve d.emonstrated the synchrony also by the
fact that the amplitude, period and phase of the tension
r'/aves became ind.ependent of the length of the straJrd.. 0nce

the contraction-relaxation cycle of each segment in the

strand. 1s synehronized., it is mai-ntained. under isotonic as

well as isometric condj-tions. fhe facts presented here raj-se

a ne\\r problem as to how information about period and. phase

is transmitted so that local contraeti.le oscillations can

be unified.
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INTRODUCTION

A segnent of strand. excj.sed. from the network of myxonycete

plasmodium contracts and relaxes lvith a certain rhythm.

KAMIYA and. SEIFRIZ ( 1gE+ ) measured. twisting of the Phy_sarum

strand sj-multaneously with changes in length under isotonic
eonditj.ons and. demonstrated. directly rhythmie eontractile
aetivities of the material. In ord.er to gain further insi.ght
irTtn drrnamic charaeteri-stics of the plasmod.ia1 strand., KAMIYA*rl vv uJ

et a].. ( 1970, 1972ab, 1977 ) constructed. a sensitive
eleetromagnetic tensiometer which can record contractile
activities of the strand either und.er isometrie or und.er

j.sotonic cond.itions. Soroe important d.ynaroic properties of I

. the slime mould strand., such as aetivation caused. by load.ing
o or stretching, r{ere already d.escribed. in some detail. Rhythrnic

eontraction of the strand. is closely related. with cyclic
structural changes in microfilaments composed. primarily of
F-actin ( NAGAr et a1. 1975 1976, Fr,ErscIIER aJId woHtFARTH-

SoTTERMANN 1975, WOHI,FARTH-BOTIER}4ANN and trIEIScImR 1976 ).
Still unknown is how 1ocal contraction rhythms are

gradually unified. into a regular eontraetion rhythm. rn the

^ present report t & attempt was mad.e to describe the process
O

in vrhj.ch rhythms in different parts in a segment of plasmod.ial

strand. gain synchrony rrnd.er isotonic as lrell as isometric
eond.itions.

T
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MATXRIAI

The plasmodium of ?4ysarum polycephalum was used.

exelusively for the present experiments, The material was

eultured with compressed oats on sheets of wet filter paper

lining the botton and. sid.e wall of a plastic bucket.

Outgrowth of the plasmodium lras d.etached. together with'
filter paper from the side waIl of the bucket and d.ried.

sl.owl.y for one day" Sclerotia obtained. r.uith thj-s proced.ure

were stocked. in the d.esiccator,

- tr'or preparS.ng experimental materials, a sheet of the

sclerotium of a size of ea, 10 cnz was placed. on one edge

of the rectangular plate ( 20 x 50 cm ) of 1.5 % agar

prepared. with tap water and left there overnight. During

1J-2O }:r, the selerotium on the agar plate developed au.

active plasmod.iurn. Except the advaneing front ,zorre, the
/plasrnod.ium took the form of a network with many rarnifing

strand s. /

A segnent of smooth plasmod.i.al strand., 10-40 mm in
length and. 0"5-O.9 ma in d.iameter, was excised. carefull-y
from the network and served. as material.

METHODS

Using a speci-ally eonstructed. vertj-cal type tensiometer

vrith a sensitivity of coo O.1 mg ( FiS 1 ) , rhythmic

contraction of a segment of plasmod.ial strand was record.ed

accord-ing to the proced.ure stated before ( KAMIYA e:L a]..

197Ot 1972ab, 1973 ). The upper end. of the plasmod.i.al segnent
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was hung around e tiny CroSs bar attached to the sta■k of

the fine g■ ass hook. The termina■ region Of the strand

soon fused into a tiny mass of the p■ asmodium surrounding

the cross bar on the hooko The cross bar he■ ped prevent

s■ippage between the strand and the hoOko The hook was    、

connected to the tensiometё r by a piece of g■ aSs fiber. The

■ower end of the p■ asmodia■  strand was attached tO another

hook affixea tolthe bOttom of the nloist chamber. Either

isometric tens■ o■ production oF iSOtOnic shortening ana

e10ngation of the strand was recorded by setting a colnpound

switah.(s)of thё tensiometer at the appFopriate position.

Isotonic contraction

rn order to;reeofd local ehanges in length of the strand.

und.er isotonic conditions, plastic ( acrylonj.trile-styrene
resin ) particles, 0.2-0"5 rom in d.j-ameter, were attached

io one side of the strand as index markers at a nearly
equidistant interval- of 2-5 mm ( f,ig Z ). tr{hile isotonic
length changes of the vrho].e strand were reeorded. on a chart
of the pen-record.er, positions of these partj-cles were

recorded photographically at every 1o sec. Successive ctranges

in length of each segment ( e-f, Fig 2 ) between two acljacent
j-ndex particles lrere measured by serial photographs thus
taken.

I-so.metric eo+tract.ion

●
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markersr w€ used. also the following means to cheek synbhropy

of tension force prod.uction in d.ifferent parts of the strand.

a under isometric conditj-ons.
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A smooth plasmod.ial strand was held in the moist chamber

equipped. with one or two horizontal sliding rods ( Fig 3 ).
To the end of the sliding rod (SR) facing the plasnod.ial

strand. rvas cemented. a small piece of e1d.er tree pith (p).
fhe rod could be shifted. manual]-y through the sid.e rvalJ- of-

the chamber so that the tip of the rod., 1-2 mm wide, came

in contact vrith the strand.. Once the rod. end with a piece

of d.ry pith was attached to the strandr ho slippage occurred

any longer at the attached. area with the tension force

developed in the strand. If the plasmodi.al strand was clamped

on both sid.es gently with a pair of slmilar sliding rod.s,

the strand eould be held firm enough even when the upper

part of the strand. was stretched.. Sj-nce the stra.:ed. was

mechanically fixed. at the contact region, the tension recorded.

after the contact represented only that d.eveloped by the

portion of the strand above the fixed. region.
rf cyclic tension produetion in every part of the stran

was perfectly synchronized. und.er isometric cond.itions, the

.anplitude of cyclic tension ehanges must be ind.epend.ent of
the length of the strand. Heneer oo changes j-n anplitude
was expected. to occltr rvhen the effective length of the

strand was made shorter through mechanical holding, Were

there 1ocal discrepancj-es in phase, however, the amplitud.e

of tension waves rsould be larger the shorter the strand.

and there would. also be a shift of phase of the walres before

and after ihe mechanical elamping.
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RESUIITS

Isotonic contraction

After a segment of smooth p■ asmodia■  strand was ■so■ated

from the network and set to the tensiOmeter, 5-10 p■ astic

partic■es were attached with a near■ y equa■ interva■ to

One side Of the strand ( Fig 2 ). IWithin.5 min after a

segment of the strand was excised, e■ ectron■ c rёgistration

of isoton■ c chnnges ュn ■ength of the strand was startea and

at the Same time, positions of the partic■ es attached tO

the strand were recordea photOgraphica■ ■y as described in

the Methods section:

There Was a quiescent. stage ■a,ting lo-20 min for a

segment of the p■ asmodia■ strand after ■t was ■so■ated from

the network of the mother p■ asmodi■ m・  This quiescent stage t

ユS referrea tO in the present paper as ,stegeiLIF・  Whe■  the

stage tt e■apsea, the strana gradua■ ■y began to cOntract and

re■ax with wave patterns which were sti■ ■ irregu■ar. This

irregu■ar stage is designated as stage II. It ■asted for

10-20 min. Then the p■ aSmOdia■  strand entered the next stage

where the contraction.re■ attatiOn waves manifestea regu■ ar

periodicity and ёnhanced amp■ituae. This regu■ ar stage is

ca■■ea stage ェェェ.

Fig 4 ShOWs an examp■ e of isotonュ c ■ength changes of

a■l the suboegments ( a“ f ), each ca. う mm ■9ng, of a piece

oF strand ca。  20 mm ■ongo The tOta■ contra9ti9n was represented

by the sum of minute contractiOns of tt■  the segments。

This coin9ided with ■ength changes of the strand recorded

e■ ectron■ ca■ly On a chart Of the tens■ ometer.

ふ
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In the stage I of isotonj.c contractlon, appreciable rhythmiclty
v/as absent also in minor local segments ( f'fg 4-I ). [hus
lack of rhythmicity in total contraetion may not be interpreted
as a result of statistical cancellation of 1oca]. oscillations
which are not in phase on the visual level, .

Following the stage r, i.e. about 15 min after the strand.

was j.solated, subsegments of the strand began to contract
a:rd. elongate rhythmically, although d.urations of the stage r
dj.ffered. slightly aceord.i.ng to individua]. subsegments. rn the

subsequent stage r or stage f I, contractile rhythms in ind.ivid.ual

subsegments were still irregular, and time coordinates of
their peaks d.iverged ( Ffe 4-If ). Contraction of the whole

strand became o however, inereasingly regular by 3O mj.n. i

contraction-elongation rhythms of subsegments became also
regular and. ,synchronous ( Fig 4-III ). The sSrnchrony of
local actj.vities is shown by convergence of tines of trelongatj-on

maximarr or trough of the waves. Their positions are ind.icated
with short vertieal lines in Fig 4.

As a measure to quantitize objectively how these contraction
waves were gradually synchronized. with time after stage r,
we ad.opted. stand.ard d.eviatj-on (o) of time coord.inates of
elongation maxima of the component waves. In Fig j, the
time eourse of acquiring higher synehrony of contraction
waves ( a-f ) i" represented. lvith d.ecrease in e value. rn
ig 5, o was 1g see, or 13 g6 of the period. ( 142 sec ) in

the early part of the stage rr ( 18 min after isolation )

showing that the time coord.inate of elongation maxima d.iverged.

to a consi.d.erabLe extent. Although there was a slight
difference in length of the subsegmentsr w€ did not make

●
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correction for it in calculating the stand.ard. devi.ation in
the present case. The standard devj.ation d.j.minished. rapidly
at first until it reached. stage III, where o v,/as kept nearly

constant at 4 sec in average or 3 % of the period. ( 157 sec

in average ). This fact indicates distinctly that contractil
waves generated. ia different loci- j-n one and the same strand.

became highly but not completely synchronous with one anothe

as time elapsed after the strand was isolated..

Isometric contraetion

工f every part of an even■y thick segment of the p■ asmodia■

strand chnnged the tension force rhythmica■ ■y under isometric

conditions with the same periOd and in the・ same pheSё ; it

is expected that there are no ■oca■ change si in｀ ■ettgth and

that pattern and magnュtude of tens■ on production must be

independent lof the ■ength of the strama. IExperiments were

done in two different ways.

Experiment 工◆ In one group of the experiments, changes

in ■ength Of subsections of the strand separated with index

markers were measured at first under isotonic conditions

as was the case in the f6regoing experiment. After a whi■ e,

the ■soton■ c condition was converted into ■sOmetr■ c condition

ana the recOrding of index markers was continued。  3Later the

strnnd was brought back aga■ n to the ■soton■ c condition.

One of the resu■ ts of this kind of experiments iS

ShOWn in Fig 6. Under the isOtOnic cOnditions in stage ttII;

the p■ asmodia■  strand contracted and re■ axed with regu■ ar

periodicity. Changes in ■ength Of each subsegment of the

strand ( a‐ f )were sufficient■ y synchronized with one another.

●
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lhe pealc-to pealc amplitude of length changes of the whole

strand were 21 % of the average length. on the other hand,

changes in total length of the strand under isometric
cond.itions were practically null and. not deteetable ( less
than 10 pm for a load of 1oo nrg ) , showi.ng that tensiometry
of the r^lhole strand. wa.s performed. under an exaetllr isometrj-c
condition.

under this condition, segments &-f , whieh had cl:anged

their lengths by more than 20.% uncler isotonic cond.i.tions,

shor,red no longer aJry conspieous changes in length, but
mod.erate changes in length less than 5 o,/o were visible ]ocally.
one might think from this record that synehrony vias not
satisfactory as v/as supposed. from the prececling isotonic
record, but it is to be noted. in this case, that when a

locaI shortening occurs by a slight unbalance in tensj-on

f orce prod.uetion, the. strand must be passively stretched
elsewhere as the total length is fixed. This situatj-on has

an effect to exaggerate a slight d.iscrepancy i.n phase.

After converting isometric condition to isotonic condition
again, we realize that the six component naves \./ere highly
synchronj-zed. as far as their elongati-ng maxima \,/ere concerned,

Experiment rr. Another method. to confirm synchrony of
period.ic' tension force production over the strancl und,er

isometric eonditions is to clamp a part of the strand
mechanically and. to make the effective length of the strand
shorter, For this purpose, speci.al chambers vrith a pair of
slide arms hlere mad.e as described in the section of I{ethods
( Fig 1 ).

●
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An example of the results obtained rvas shown in Fig T

vrhere the original length of the rvhole strand. was represented.

by g. The length of the upper portion of the strand. proximal

to the tensj-ometer from the regi-on held, or the length of
the strand effective for tensiometry, was designated as

gr and. the lower portion including the axea attached to the

tip of the slid.ing rod. as b. The tirne vrhen the strand rvas

mechanieal-ly fixed. is indicated. by the arrow. After mechanical

fixation, isometric tensj-on force produced,in the strand. at
and beyond the fixed region was no longer measured.. Tension

waves after clamping in fig 7 represent those produced on]-y

by porti.on c, which. was 1/5 the length of the vrhole strand. a,

rt is shovin in Fig 7 that there were no changes in the

tension vraves after the mechanical clamp both in respect to
amplitude and period. Further no shift i-n phase l^/as observable
after the clamping. !'iere there any 1ocal d.iserepancies in
phase, the amplitude of tenslon changes measured under an

isometric cond.j.tion would beeome larger by making the length
of the strand. shorter. Fig B shovrs an example of such cases.

rf the strand is in full synchronSr, no changes in amplitud"e

are expeeted. after it.,was clamped. at vlhatever site and.

whatever phase of a eontraetion cycIe. The reverse must

also be true. ivamely, when there are no change in amplitude
and phase of the tension waves before and after clamping,
it rvill serve as evidence for synchronization.

●
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DISCUSSION

A segrnent of plasmodial strand excised from a netr,,rorlc

of tire mother plasmodiunr exhibited no apprecS-able periodi-eity

soon after it v/as isolated..'vle have never found the strand

rvhich showecl the period.icity immediately after isolation.
As viJ.l be discussed. in Chapter IY, there are reasons to

believe that the absenee of periodi.city after isolation is
not soleJ.y due to the injury caused by the operation, but

to the intrinsic characterj-stics of the mother plasmodlumt s

locus from r,vhere the segment of the strand. has origj-nated.

Accord.ing to our experiments to be deseribed. later, it is
likely that the periodic activity of the migrating plasmod.ium

resides mostly in the front zor7e. If this is the case, the

above fact irnpJ-ies that the strand had no active period.icity
in situ \^rhen'it rvas a part of the eaudal network of the

mother plasmodium and that rhythmicity is j.nitiated onJ.y

after a segment of the plasmod.ium becomes an independ.ent

whole detached. fron the mother plasmodium. Certainly this
ie an intriguing biological problem for which further
arralysis is needed.

t{hen the l.ag stage ( stage I ) lasting for 10-20 min

was over after the strand. was isolated from the network,

it began to ga5-n periodical activity 1oca11y ( stage II ).
Coneonitantly, the cyclic eontraction in each part of the

strand beeanre grad.ually synchronized.. Tvrenty to forty min

later, the l-ocal cyeli-c contractions in the strand. became

suffiej.ently, if not perfectlf, slrnchronous both und.er

isotonic and isometric cond.ltions ( stage IIf ). I{e are

●
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j-nieresiecl io }:aolv hor'r such s;rnchronizatj-on is rea] izecl.

. flrere r.rust be some mechanisin rviih rvhich d.ifferent loci

in tfue strand. are nutual.J-y informed. aboui period and. ptrase

of oscil-lation, i'/e shall consj-d.er ihis problen furiher in
the next chapte.r. i '
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rig l

A diagram of the vertical type tensj-ometer. Either

isonetric or isotonie contraction of the plasmod.i-al

strand. can be measured by pJ.acing a compound. si'rj.tch

(S) at the upper or lorrrer position. fhe p1-asmodial.

stra^nd, (pS) vras he1d. betrueen the upper hook cbn:aeeted.

to the eleetrobalance (m) and. the lower hoolc affixed.

to the bottom of the moist chamber (mC). I,: light
source, PR: photoresistor, .P, , P:,: potentiometers,

RP: raclt and pinion, C: clutch, 1{G: worm gear.

も

●

t

●

●



″

|-15-

Tenslon l‐ ronsducer

|

Fie 2

A segment of plasnodial. strand. (PS) set in position

for tensiometry. For measuri-ng isotonic contraction

of the rvhole strand., the lorver end of the strand.

conneeted with the lorver hoolc affixed. to the bottom

of the rnoist chamber moYes up and. d.own automatica-lly

so that the tension of th.e strand. is kept a}'rays

consta:rt*This movement is registered. on a chart

electronically, To record loca1 changes in length

snalL pl.astic paiticles serving as ind.ex markers

\rere attached. to the strand at nearly equj"d'ista:rt

interval. Changes i-n length of subsegments ( a-f )

d.ivided. by the marlcers were mqasured by taking

photographs every 10 seco
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Tension

tr'ig, 5

lhe moist ehamber equippecl. vrith the trorizontal 
I

sli6ing rods (SA) for holdj-ng the plasmo6ial strar.d.

(?S) to malce the effective lengih shorter- To on'e

end of the sliding rod facing the strand. j.s cemented

a sna1l piece of pith (f). The pith helps prevent

slippage between the strand. and. the roil vtren the trvo

come in contact.
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Time(品 in)

Fig 5

Isotonic length changes of subsegrnents ( a-f )

ancl. of the whole strand.. The figure represents

records covering 5-60 min after the strand. tras

isolated. According to the d.egree of synchronization,

the proeess was divid.ed into stages I, II, III.
Solid vertical tines on the ltaves represent tine
coord.inates of maxinal lengths of ttre subsegments

and of the vrhole strand..

Staacl.ard d.eviation j-n time coord.j.nates of elongation

mancina ( troughs"l) of subsegments shown in Fig 4

( a-f ). The tj-me course of attaining a higher

d.egree of synchronj.zation is represented' as a

d.ecrease of cr.
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Fig 7

8 10 12
Time(min)

Fig 7

Loё a■ ana tota■  changes in ■ength Of the strand

under ■sotOn■ c and isometr■ c conditions. Vertica■
|

■ines on the waves shOw time coordinates of troughs

( e■ongation maxima )of rOspective waveso Arrows

at the t9p indicate the times of conversion from
l            l

isotonic to ■sOmetrュ c or from ■sometrュ c to ュsoton■ c

cOnaitiOnso Waves wュ th also■ ide,line at the bottom

show isometric tension chttnges.
i                     l         i l _  |‐ ‐  i l  ‐   ‐

Isonletr■ c tens■on changes tefOreiandl aFter a Jとit

of the stFand was c■ampea to make the effective

■ength shottter. The Strand wa, a■ reaay in stage ェェェ。

a: ■ength of the whO■ e strana, b: ■ength of the

■ower part of the strand inc■ uding the reg■ on

attachea to the rOd end, c: ■ength of the upper

free part of the strand. After the strand was

c■amped at the time ■ndicated by the horュ zonta■

arrOl・7, tension recOrded represents On■ y that

produced in the upper part (ё )of the stゴムndt

Note no changes in period and phase.
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o 5 to t5 20 25
Time(min)

Fig 8

Isometric tensj.on changes uncler the condition
/

sinj-lar to Fig 7 except that the strand. .ruas in
the stage ( stage If ) vihere tension prod.uctj-oa
trras stilJ. irregular. ITote appearance of regular
r.raves after the effectj-ve length of the strand.

!/as made 1/5 the original ]-ength, Tiroe O on the
fi.gure represents 12 min after the strand. was

i-so1ated."
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]I Effeet of externally applied forces

SUMMARY

Rhythmic contraction of a segment of plasmodial strand

was record.ed under either isometrie or i-sotonic cond.itions.

When the strand rvas stretched. during isometric tension forc
measurementr or when the strand r^ras loaded vrith a higher

tension during isotonic length measurement, the amplitud.e

of the oscillation is augnented. 3ut these treatments

neither change the period. nor shifi; the phase of the cycle.

l{hen the strand was stretched instantaneously by as much

as 70-50 % of the whole length, the oscillation in tension

prod"uction became irregular or even lost for a while.
Nevertheless the waves recovered. subsequently are found.

in such a phase as to be expected. through extrapolation
from the waves before stretching. These facts suggest Ih"
presence of the latent cycle, the phase of whieh adva^nces

1Z---^_"1=, -
i.nd.ependently of the externally applied forces.
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INTRODUCTION

As reported in ehapter I, a segment of plasmod.ial

strand. of ?hyg,arlu| polyeeJphalum showed no oscillatory
aetivity soon after it was isolated. from the mother plasmod.ium.

In the lapse of 20-40 minutes vrhen Ioca1 contraction-
relaxation activities start oscillation and. are brought

in phase viith one another, the whole strand. began to contract
and relax regularly both und.er j.sometric and. isotonic
cond.ltions. To und.erstand. this phenomenon it may be necessary

●
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to postulate the presence of a nechanism with which inforrnation
. about phases of loca1 rhythms are transmitted". It is unlcrown

t that tensi-on force per se can act as the transmitting agent

of phase j-nformation. llhat has been mad.e clear so far is
that the amplitud.e of tension or length waves of the strand.

is j-ncreased. when the tension l-evel- is mad.e higher by

stretchi.ng und.er i.sometric cond.j.tions or by add.itional
loading nnd.er isotonic cond.itions ( fnlitfyX. g! al. 197O,

1972ab, 1975 ) . Further ii is lceol-n that the period of the
'i{ave is not affected in these cases ( raurya and yosHrMo[o

1972 ). rn the present paper r^/e studied the response of the

slime mold strand und.er several selected mechanj-cal cond.itions _\
at an attempt to rule out the possibility of tension force 

)

to be a cand.id.ate for a transmitter of phase information. I

●

●

●

'o

MATM.IAIS. and. IViETHODS

Segments of smooth plasmod^ial strand of ?hys_arurn

Pg1:rceplraLv.m, 10-40 mm in length and 0.5-0.9 mm in d.iameter,

served. as material. They were excised. from a netvrork of a

huge plasmod.ium developed. overnight from a sufficient amount

of sclerotia on the plain 1,5 % agar plate as reported.

a previously.

The method. for measuring and recording isometric tension
changes or isotonic length changes was also the same as

before. Further descriptions of methods for different
experiments will be made later in respective plaees.

■
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R3SUITS

E{{ect_ of stFetc4ing on rhyt_hmic tensign forge d.e.i4e1opme+t

und.er isometric conditions

After recording spontaneous tenslon changes und.er

isonetric cond-itj-ons, we increased. the iension of the strand

by stretching it quickly by 1O-2O % of the whole length

and, continued to record. the subsequent tensj-on force
generation.

Stretching of the p1asmod.1al strand by 1O-2O % of the

whole length was accompanied with tvro: ,'bo tenfold increase

in tensj.on force and simultaneously vrj-th marked. augmentation

of the amplitude of isometric tension waves. Jnerease in
non-periodic tenslon Ievel ( tfre axis of the waves ) relaxed
rapidly at first and grad.ually Iater. The period of tension
v/aves, howeverr.did not change after stretching. [his response

of the strand. on stretching was reported. before ( fAUfyl
and. YOSHIMOTO 1972 ).

Another j.mportant characteristics of the response on

the part of the strand. was that no shift of the phase of
waves was observed. after stretching. Fig 9 shows an example

of the results. The strand r,vas stretched twice, each time

by 20 % of the whole length. open circles and. closed circles
before stretchS.ng indicate positions of rrcontraetion maximatt

and. j-rr.€laxation maximatr of the tensj-on waves respectively.
Open and. closed cireles on the waves after stretehing indicate
presumpttve time coordj-nates of the contraction a:rd relaxation
maxima extrapolated. from the waves before stretching. As is

a shown in Fig 9, tfune coord.inates of the open and closed cireles

●

●

ヽ

‐

‐

‐

‐

′

ノ

●



25

wel-l coinclde with those of the maxima and ninima of the
. measured waves after stretchlng. This fact shows that the

I stretching of the strand caused. no shift in phase of the

eontraction-relaxation cyele .

● 3ffe.ct, of 1o.a9.ing on rhy_thmic contr.action and. _e_longajbi,on

under lsotonie conditions

In another series of experiments r,rhere cyclic contractile
activities rvere measured and recorded under isotonic conditions,
lre increased. the applied load. stepwi-se, each tj-me by 5-2O mg.

Such increase j-n 1oad. caused. j-ncrease in amplitud.e of cyclic
changes in length up to a critj.cal ].evel ( fmlfy.q. and yOSIIIMOIO

1972 ) " und.er isotonic cond.itions the applied tension is
kept eonstant there being no tension rel-axation suetr as seen

after stretching und.er isometric condltions. Augmentation

of amplitud,e'of the isotonic waves did not decrease in thj.s
case ( nis 10 ).

fhe ne:riod of the waves remained constant after add.itional
l-oad.j-ng. As is seen in Fig 10, vihen the load was j.ncreased.

as high as 50 mg, the strand. could. no longer hord it and

was elongated. irreversibly being snapped eventually. Even

in this process of elongati-on, there was neither change,- in ;.

period. of the waves nor shift j-n phase,

The foregoing results show that the amplitude of the
waves representing i-sometric tension changes or isotonlc
length changes depend clearly upon the applied. tension.
At the sane time they show that the osci]-].atory functionr or
pacemalcingr of contraetile activity is regul-ated. ind.ependently

of the external force+ fhis conclusion is further supported.
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by the foJ.lowing experiment.

Conversion between i-sometric and. isotonie eontractions

The tensiometer vrtrich we constructed mad.e it possible

to convert the measuring system for isometric contractj.on

into that .for isotonic contraetj.onn or Il99 verFa j-sotonic

contraction into isometrie contraction, insia::taneously

with a singLe srvitch at an arbitrary tirne ( fAUfyA et 3!.
1g7ot 1972ab, 1973 ). Hence, it j-s possible with this setup

to stud.y the phase relation between the two waves, one

representing isometric tension changes a^:ed. the other isotonic
length changes of the strand..

An example of the record.s j-s shoitrn in Fig 11. The two

measuring,,cond.itj.ons were converted. from one to the oti:er

three timeJ at different phases of waves. The length of the

strand und.er i-sotoni-c cond.itions vJas shown to inerease

d.ownvrard. and d.ecrease upward. on the ordinate in this case.

This is because changes in tensj.on and those i,n length are

opposi-te in si.gn. First, it should be noted that the phase

of ma:cimal tension in i.sometrie contraction wave coincld.es

w■th the shortest phase ュn ■soton■ c contraction wave and

not with the phase where the contraction iate is maxima■ .

A■though thiS iS a point extreme■ y ■mportant for gaining

■nsight into the mechan■ sm of contraCtiOn of thiS mater■ a■
,

ve shou■a ■ike tO restrュ ct our cons■ deration here to the

facts re■ evant to the preserlt context.

:    Fig ll ana many Other recoras of isimi■ ar experiments

revea■  that l)there was no._difference in periOd between

the two waves, isOmetric and isOtOnic, and 2)there was

●
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no shift of phase after convers■ ono No matter whether the

■eηgth of the strand was kept cOnstant under isometric

conditions or tension was kept constant under isotonic

conditions, the per■ od and phase of cyc■ ic contracti■ e

activities were the same indicating that the osci■■atory

mechanism is operated independent■ y of tension changes as

we■■ as ■ength changes.

Tension force production of the strand e■ ongated ana

shortened periodica■■y by artificia■  means

To confirm the above conc■ usion further, we stretched

and shortenea the strand periodica■ ■y with a suitab■ e device

whi■e measuring the tenSiOn fё rce continuous■ y. Stretching

was performed as a sinusoida■  function of time at various

frequencies and amp■itudeso Fig 12-a shows the case in which

the strand was stretched by 5.5 % Of the tota■  ■ength with

a period of ぅ5 sec when the inherent period was abOut 120

seco An examp■e of stretchiュ g with a peri9d ■Ong9r than

the inherent period is shown in Fig 127b・  The inherent

per■ oa was about 96 sec whi■ e the per■ od of externa■■y

app■ iea stretching was 130 seC. In both cases, 五o shift

of the origina■  period to the period app■ iea from without

was observed. These resu■ ts ■ndicate that per■ odica■  changes

in tensiOn or ■ength superpOsed on natura■  activity cou■ a

nOt alter the intrinsic cyc■ e of aynamic activity of the

strand.
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[ens,io]l force pro.ductioT, .of p sys-Lem _compo.sed. of two,

,strgrd segme+t s_jr} se,Jlisg

To see whether or not cyclic tension cha^:rges in one

part of the strand. may exert some influence to the vrave

parameters of the other part of the stra::d. through mechanj.eal

transmission, we conneeted. the two different segments of
the strand ( PSr , PSz ) in series intervened with a piece

of delicate glass rod and measured. tension prod.ucti.oa in
this system ( fie 13 ). Ihe glass rod was equipped. with
two cross bars at its both end.s so that it can ho].d the
plasmodial strand conveniently. with this setup there was

no ehemical or electrical transmi-ssion between the tlvo

segments except that mechanical foree was-tfan'srnitted. .f,rorn

one to the other. r{ megh4nieal force i.s a transmitting 
\

agent of informatj.on about the. phase of cyclic tension
producti-on, each of the tvro segments of the strand. is
expected. to contract and relax in the same period., because

there.,is a mechanical coupling between them by which the
tensj.on foree in one segment can be conveyed. to the other.
rf the above assumption were actually the case, the tension
force of this compound. system rvould. be produced. as if the
system were a single segment of strand.

one of the results of this kind of experinents is shown

in Fig 14, The tension of the compound system changed in an

irregular pattern whlch a single segment of strand. rarely
exhj-bited, rt may ind.icate that tvro segments of the system

contracted. and. relaxed with their ovrn period independ.ently

of each other" Again thls is another piece of evidence
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showing that changes in tension or length do not play a

d.irect part in synchronizing contraction-relaxation rhythm.

Effeet of acute stretchi.ne

When the strand. was stretched. sud.d.enly by as much as

3O-5O % of tine whole length lmder isornetric cond.itions,

the cyclic tension change of the strand. was often prevented.

for a while. The inhibited stage lasted usually Z-jO min,

leaving asid.e the cause of ,,this phenomenon, we are interested.
to see whether or not the phase of cyelic eontraction wave

ad.vances d.uring the peri-od of inhj.bition. rf there were a

clock mechanism controlling the cycle of contractile aetivity
of the strand., the meeha:eism luhich is operated. independently

of tension produceil, the phase of the cycle would advance

d.uring this peri.od.

To see whether or not th.is is actud.J.J.y the caser w€

siretched the strand. instantaneously by as much as jO %

of the who]-e l-ength aad followed the time cou.rse of cyclic
tension changes of the strand. und.er an isometric cond.ition.
one of the results is shown in Fig 1 5 where open circles
and closed cj.rcles before stretehing indicate respectively
positi-ons of rr eontractj.on maxj-matt and trrelaxation maxirnatl

of the waves' Open and closed ci-rcles after stretcrring :

represent-tension leveJ.s at the mornent of presunptive
peaks and troughs extrapolated. from the pre-stretched.
waves with the assumption that the eloek. ad.vanced.

normal1y. As ls shor,rm clear].y in Fig 15 t the peaks after
the i-rregular period. were sufficiently coincident rvith
time coordinates of the expected peaks.
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Thj-s fact is a further example t'rhj-ch

the phase of the cyclic contraction
f="'l-

contraction pg gg is inhibited.

supports the vj.erv

can ad.vance even
/-:---.^ I

I I eytr'). l.'.r',i,. i CA
c

●

NISCUSSION

It was shoinnr previ ously that both und.er i-soroetric and"

und.er isotonic conditions of the plasmod.i.al. strand the

increase in tension enhanced. the ampJ-itude of the contraction

waves ( raMryn et a1.. 197o, 1972ab, 1977 ). rn the present

paper t{e d.emonstrated. that the ?hase of the cyclic confraction

ad.vanced. ind.epend.ently of tension changes or length changes.ri-
This conclusion is perfectly in conformity with the fact
shorrn by KAMIYA and NAKAJIMA ( 1955 ) tfrat the phase of

shuttLe streaming in the plasmodium ad.vaneed even when the

endoplasm was set to gel. through applieation of 10 % COz and.

the streaming was brought to a standstill. These facts suggest

that there must be a physiologi.eal eloek controlling the

peri.od of contraction-relaxation cycle and that neither

tensj.on changes nor length changes. play an essential- part in
operating the clock. Transmitter of information with tuhich

the local aslrnchrony is 'supposed to be unified. into a. si.ngle

rhyihm must be sought somervhere other than the mechanical

force, Recently we found sone evid.ence shor,,ring that it is
end.oplasnr that carries necessary information. l'Je sha1l

describe details of this problern in the subsequent chapter.
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Fig 9

nffect of stretching on tension prod.uetion of the

strand" i'Ihile measuring isor,retric tension changest

tlre strand. t'ras stretched stept*i se tr*ice by 20 96

of the rvhole length, Open circles and- closed.

circles before siretching shoiz maxima a.:rd. ninina

of cycli-c tension prod-uetion. Those after streictring
' represent coord.inates of the rvaves at presumptj-ve

rnonents of naxinal and ninirll tension extrapolated

from the pre-sJuretcfued. \./aves. iTote period. and. phase

have not been ehanged afier stretching.
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Fig 10

A reeord. of isotonie eontraction und.er stepltise

load.5-ng. Closed. circles before load.ing ind.icate

the eoord.inates of naximal lengtho and those after

load.ing the coord.inates of the l,Iaves at preslnipti.ve

momenis of roaximal elongati.on extrapolai;ed. from th'e

'ore-loaded. vraves. ITote these circles 'coinci.cle rtell

l.rith peaks of the l'/aves actually record'ed-.
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Fig ll

:\liernate conversi-ons'betrveen isometrie and isotonic
contractions of the plasmod.ial sirand" Ihe ordinates

for isotonic coniractions are shor*e inverted. i:Io

shift of the phase occured after eonversions. Upper

rraves: isone'cri-c tension changes, loiver lraves3

isoionic l-engi;ir cha^nges.
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Fig 12

changes in tension ivhen the strand. r,ias stretctred.

aad shortened. in a sine-r'rave patiern r,{ith period-

of 75 sec (a) a:nd. 15O sec (b) rrhi]-e the intrinsrc
period.swerecae12osec(a)a^ird.96see(b)"ITo

d.etectab].e.
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Fig 15

Tensj-on v/aves nncrer extreme stretching" The strand

\ras stretched. in a nroment by 5A % of the rvhol.e

length. Open ej.rcles ancl closecL eircles before

dieate coord.i.nates of maxirnal and-streiching ind.ieai;e coord-i

minj.mal tension phases, Open and. closed. circles

after stretching represent coord.j-naies of. tension

levels at the monents of presumptive pea^lcs and

troughs extrapolated. from ihe pre-stretched. ltaves o

i-{oie that tirey coincicle almost perfectly r'rit}r
aciual pealts a;nd. trougl:.s of the lraves except a

period afier stretching trhe:re iension ctevelopnent

r'ras inhibited"
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III Role of end.opl-asmic strearning in s;rnchronization

of loca1 rhythms

SWO咀RY

lⅢI:p■・Oasi3f llycli■ contiaatュ。F6f tw。 もepttatざ ||きもLttё轟11
of two p■ asmodia■  strands ( Physarulln po■ycepha■um )are

genera■■y differpnt, but if the two are bridged wユ th each

other w■ th anOther sma■■ segment of strana so that the three

segments are fused into one, the contraction cyc■ es of the

two previous■y independent segments become gradual■ y un■ fied

I either rrnd.er isonetric or und.er isotonie eonditj.ons. To cheek

●

●

the posslbJ.e role of endoplasm as information earrier in
synehronizationr w€ controlled. its streaming between the i;

tvro parts of the strand. using the double-ehamber techxrique.

Contraction-relaxation cycles of the truo halves of the strand,
which were once in good syachrony, became out of phase vrith
each other rvhen the endoplasm \a/as prevented. from florori-ng

betrveen the two" After the end.oplasm in the strand. was

allorved to stream freely again, the synehrony of their
cyclie contracti-on was soon re-established.. Thus it luas

eoncl-ud.ed that the end.oplasm flovring back and. forth in a

' plasmod.ial strand. must carry as yet unlcrorv:a factor(s)
nhich control the period and phase of contractj_on-

relaxation cycle. 
.
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INTRODUCTION

We have sholrn in the foregoing chapters that a segment

of the plasmodial strand or vein grad.ually acquires rhythmie

eontractlle activity after it is excised frorn the network

of a plasmod.ium of ?hysarum polircephal-V.m, and. that the phase

of eontracti-on-relaxatj.on cyele advanees independ.ently of

a change in tension or in length. In order to cheek the possibility
of end.oplasniiq streami-ng as an agent oaruying phase information

for synehronizationr w€ conducted. several experiments in
ruhich the streaming of the end.oplasm was nod.ified by one

way or otb.er, Firstrwe took advantage of the unique capaeity

of myxomycete plasmod.ia to be fused into a single larger i

plasmod.iu.m if brought in contact vrlth one atother or the

capaeity of a single plasmodium to be divid.ed. into smaller

plasnodia by cutting vrithout any il.L effect. In another

series of experi-mentsr wg controlled. the end.oplasmic streaming

in the strand. resorting to the d.ouble-chanber technique.

PiAlmfn S and METHODS

Segments of smooth plasmod.ial'strand ( or vein ) of
P]eyr?e{um po1.:rcephalum, whieh served. as rnaterial for the

present experiments, were 1O-40 mm in length and 0.5-0.9 mm

in d.iameter" The method. of their preparation vras the same

as d.escribed before.

Isonetric contraction

●

●

●

Isometrie tension

segments of plasmodial

force prod.uctlon in two d.ifferent
strand or in tr'ro different parts of
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a single segment can be measurecl and recorded. simultaneously

using two sensitive spring balances ( S,, S.) mad.e of steel

fibersuchasused'previous1ybyus(r.o.urylarrdYoSHIMoT0
1972 ), As is shol^rj in Fig 16, each plasmodial strand ( PSr,

?Sr ) r^,ras held between two pairs of glass hooks. The upper

hooks, each with a tiny cross bar, were connected with the

two delieate spring balanees ( S,, S.) one for each by a

pieee of vertical glass fiber. The tt'/o lol,ver hooks l'/ere

affixed to the bottom of the moist chamber,

Vlith this setup, the dj-stanees betr,veen the free end.s

of the horizontal sprj-ng ( S, , S. ) and the ref erence bars

( Rr, R=) were changed. in proportion to the tension force

developecl by the respective strands. A slight change in
length of the strand was mechanically magnified by '1 .4 x.

The terminal-, parts of the springs and reference bars were

al-l brought to the same vertical plane so that changes in
position of the tips of the horizontal springs could be

focussed and. record.ed. simultaneously on the same photokymograph

nith optical magnifieatj-on of 12.5 x. Thus the total
magnification amounted to 92,5 x.

The detail of mechano-optical measurement was already

reported. ( faUfya and YOSEfMOTO 1972 ). By this roethod. the

tension development of the plasmod"ial strand. was measured

praeti.cally und.er isometric eonditions iuith possible changes

in J-ength less than 1 % of the total length.

When tensi-on force production in two 'halves of

one and the same strand. was:to be measured. simultaneously,

tlre strand was he1d. in a U:shape as shown in Fig 17. The

●
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two terminal encls of the strand. v{ere attaehed to the upper

. gLass hooks, while the eentral region of the strand was

, cl.amped r^rith a pair of lower hooks projecting from the

bottom of the moist ehamber. 3y this method, isometr5.c

tension changes in two segments of strand ( A, B ) were
o

measured. independ.ently of each other vrith the two spring

balanceso slnce the rnid.d.le smalL regi-on of the strand. (C),

was hel.d mecha:rically.

fsotonic contraction

fo measure ehanges in length of tvio parts of a plasmodial
3 sira:ed. und.er lsotonic cond.itions at the same time, a strand

was suspended in a moist ehamber in an inverted. U-shape as i

shorvn in Fig 20, The middl-e region of the strand was held

o with two glass hooks projecting from tlte upper cover of the

0●

chamber: A p■OpoF ■Oad (W)in the range of 5-50 mg was app■ ied

to each of the free ends of StFand uSing a sma■ ■ g■ass hoOk

such as used before. with this setup, the endop■ asm moved

bOCk and fOrth free■y betweё n thё two hanging segments ( A,

B )which are mechanical■ y independent. Isotonic ■ength

changes of the two parts Of the strand were recOrded  ‐

PhOtOgrap● ical■ y at every lo´ sece

Doub■e chamber method

In ord.er to measure isotonj-c length changes of the

plasmod.i-al strand. while controlling the streaming of end.oplasm

in the strand, the molst chamber divid.ed i-nto tlo compartments

r,ras constructed, As shown in Fig 24r two segments of the

strand ( PS,, PS,z ) \^rere hruegrone for each iai.,,the two compartments

●
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from the upper hook and the third segment ( fS; ) penetrating

the tight-fitting grove in the septum connected. the two

hanging strand.s to make an inverted U-shape strand.. The

construction vras such that tire left and right compatments

were divided air-tight .r"rhile endoplasm could. flovr freely
along the strand-, i"e., the vein '-vith the i,rall- of ectoplasmic

gel, between the tltro hanging strand-s in th; different
compartmentso To the lower free end of each of the hanging

strand. was attached a glass hook equipped. with the cross

bar. lle cou1.d. apply an appropriate weight through these

hooks.

l{hen there was no dj.fferenee in air pressure between

the two eoropartments, endoplasm fJ.owed back and forth
betvieen the two ha:rging strands ( PSz, PSz) through the

connecting strand PS3. 3y observing the end.oplasmie streaming
/

in the connecting strand at the middle region penetrating

the central septum vrith an aid of horizontal microseop€r

it was possible to keep the end.oplasm there at a standstil-l
by adjusting the air pressure in one of the two compartments

ei-ther higher or lolrer than the atmospheric pressure in the

other compartmentn The counter-pressure just sufficient
to stop the streaming, or in short tbe balance-pressure,

ehanged. spontaneously with time, Changes in balanee-pressure

as ind.icated by a manometer and changes in length of the

tt,'ro hanging strand.s ?S, and. PSz, were record.ed simultaneously

and suecessively r.,ri-th photographs at every 1O see.

'i . i i:::i
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NSSUIIS

.sn glrro-n i,f at-Lo. s!..,, 3.,Tld a pyn c Er,on iiz at i o n o f c ont ra c t i I e

fhJrth.ms on c.onnectlo+ and' di,scon-nection iq'i

-a, p1.asmodga.1. strand system

Rhythnic ehanges in tension force produced. in different

loci ln th.e same plasmodial strand. under isometrj.e cond-J.tionsu

or rhythmic changes in. length of the strand. und.er isotonic

eond.itions become sufficj.ently synchronlzed. with tine over

the vrhole-strand. as reported. before. ft is an interesiing

but stil1 unsolved. problen, however, how local regions in
the same plasmod.ial strand can pulsate in phase with the

same period.. l{e d.enonstrated already by the experi.ments

d.escribed. in the foregoing chapter that tension per se

plays no part in ihe s3rnchronizing mechanism of local rhythms.

In the prese'nt experiment, t{e observed as the first step

the behavior of the plasmodial strand. wj.th the experimental

setup shown in Fig 17, where the eentral region of a single

sefument of the strand. was held. with the two glass hooks

affixed. to the botton of the moist chamber.

Changes in cyclic tensj.on force prod.uced in tvro d.ifferent

parts ( A, 3 ) of the same strand. tlere thus record.ed.

simultaneously on the photokymograph. If the synehrony

Of the contraetion-relaxation cycles were brought about by

way of a mechanical factor, cyelic tension changes in two

segments of the strand. would not pulsate in the same phase

j.n this system, sinee the two parts trere mechanically

independ.ent of eaeh other. [he result was shown in Fig 18.

4
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Cyclie 'tension forces produced in two d.ifferent parts ( A,

Be cfo Fig 17 ) of a single strand und"er isometrj.c conditions

vrere sufficiently synchronized. r^rith each other in spite of

the lack of mechanical interaction between them' Further

to be noticed. is tha-i; there was a" close resemblance in
pattern of correspond.ing waves in the two wave trains, The

slmchrony is d.emonstrated. by good coi-ncid.ence in time coordinates

of maximal and minimal tension phases indj-cated. rvi-th vertical
lines in Fig 18.

When, however, the strand. roias cut at C ( cf. Fig 17 )

betr,yeen the tvro hooks on the bottom, the synchrony of

rhythmic contractions of two diseonnected. segments rvas

gradual.ly 1ost, They began to contract lrith d.ifferent

period.s as shown in Fig 19, Twenty seven minutes afier the

tvro segments A and. 3 vrere d.isconneeted, they were reconnected

agai.n with another short piece of plasmod.ial strand. at the

bottom. It is shor,rn in Fig 19 that the two segments regained.

their s;rnchrony in cyclic contraetion d.uring 3O-5O min.

The ti.mes of d.isconnecti.on and. Tecomlection were ind.icated.

with the arrows and phases of minimal tensionror frrelaxing

pealcstt lvere j.ndicated. with vertical lines in I'ig 19. The

time of reconnection, horuever, d.id. not show the time of

fusion. It took usually at least several minutes for
inafviarrai s"g*ents brought in contact before they were

fused. with one another to make a single eontinous strand..

Viriual.ly the same results were obtained in isotonie

contraction. In this case a long segment of the strand^ was

hung from a pair of glass hooks affixed. to the top of the

●
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chanber So that the entire strand took an inverted. U-shape

( l':.g 20 ) . By this means, the two vertical parts of the

strand. were meehanically separated. with each other.

.If-e 21 slows that the- two hanging parts of tlr.e

strand. ( A and B, cf . Fi.g 20 ) contracted. and relaxed

synchronously in the first part of the graph ( O-Zl min ).
When the two parts of the strand. were d.isconnected

atra region ( Co cf. Fig 20 ) between the two hoolcs,

they r,uere gradually d.eprived. of synchrony ( 22.5-47 min ).
The two segments of the strand. were then recorulected.

As is shown in Fig 21, they regained. the synehrony once

again just as lras the case under isometric conditions.

The above results show that the synchrony of the cyelic

contraction of the plasmodial strand is brought about by

a factor other than the mechanical- force. [his is true

both und.er isometri-c and lsotonic cond.itions.

Aslf4c.h.ro$y ,of two d.lfferent ,str?]rds . -

We measured isom6tric :.contractions of:'two .'segmenfs -:of

'btrands frbm d.ifferent'"'plbbmod.ia simultandously in f,hsr,:,.r,i

Briseiice and.::abse-nce,-of thel -connect5-ng strand .between them.

At first, isomelric tensl.oni"changes'in the,two strandS

( ?Sr, ?S1')':were record.ed using the setup shown in Fig 16.

The tvro strand.s were then connected vrith a short pi-eee of
plasmodial strand ( fSr ) at their lower end.s as shown in
Fig 22. Several minutes elapsed usually before they trere

fused. r,rith one another to make one U-shape strand.. Havi-ng

record.ed autonomous changes in tension of the previously

separate parts ( PS, , PSe ) of the strand for some ti-me,

ヽ
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PSr, and ?Sa v/&s disconnected. again by removing PS3 '

tvro different strand"s originated. frorn different plasmod"la.

They contracted and relaxed. ind.epend.ently with d.ifferent

perj-ods before they uere brid.ged. vrith a short piece of

strand. and. fused. luj-th one another. the period. and. phase

of the two seri-es of waves were unified in 30 minutes. This

s;mchrony in period and phase of cyclic contractions in trvo

different strands .eontinued. as long as the two were kept

connected" It is inportant to note, however, that there is
no correlation between the two contraction r.raves in respect

to the amplitud.e. The amplitude depend.ed. upon a leveJ. of

the tension of each contraction rvave as reported. before

( rauryn et al.1970, 1972ab, 1973 ). This ean be d.emonstrated.

more strikingly when one of the tvro strand.s vras stretched.

In this case tension 1evel of the stretched. strand was

heightened. and the amplitude of the contraction waves was

increased immediately, but the amplitude of rhythmic contraction

of the other segment was not affected ( at 97 min, mid.d.]-e

part of Fig 23 ).
The above facts shoru that some information regarding \ I

the perS-od. and plrase must be transmitted. from one segment I

Ito the pther through the eonnecting strand. whereas information/
I

about araplitude is not carried.. It is suggested that the I

●
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oscilLatory mechanism brlnging about cyclic contraction in

the plasmod.ial strand. is operated ind.epend.en-t1y of the

strength of tension force produced. in the same system.

lhe behavior of the plasmodial strand. d'escribed- above

:provir1es us wj.th the idea that something serving as information

controlling period.icity of contraetion is carried. by the

streaming of end.oplasm. In this ,conneetion it is to be acld"ed

,that the phases of eontractj.on waves of the tl',ro strands ha.d.,:r'.

a tend.eney to be less satisfactorily synchronized. vrhen the

eonnecting strancl became thin or when ihe corrnecting strand

mad.e lumps in vlhich the endoplasm 'r,\Ias aecuml-ated. Und.er

such cond.itions, the endoplasm'in the conneeting strand

d.j-d. not flow vigorously or regularly betvreen ihe two strand.s'

Cgntrol_of end.oplasmic strea{oi-ng

In ord.er to confirm a possible role of end.oplasmie

streamj.ng in synchron5'zationr w€ controlled. the shuttle

streamj.ng of the end.oplasm between the tvro segments taicing

ad.vantage of the double chamber technique d.escribed in .the

it{ehtod. section ( fig 2+ ). !r,,io segmentst,of, strand., PSTand

PS:, joined lvith each other via another piece of stran<i.,

\.tere hung in the double chamber, one for each eompartment

as 
lrr:;"ilJTio,,r" length changes of ps, ana rs"witrr

or without the shuttle,,r'streaming betrveen them. Beforb the

streaming 1,ras brought to a standstill, they contraeted.

synchronously as was the ease described before. lllhen the

balancing counter-pressure v/as given to one of the compartments

●
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so that the end.oplasm was prevented. from flowing, phases

. of cyclic length changes of PSz and, Pszbegan to shift vrith

) one another, and continued to contraet and. relax in d.ifferent
phases. fhq shaded bar at the bottom ind.icates the period

of time when the end.oplasm in the connecting strand. tiras

kept immobile. When the counter-pressure r.ras removed. and ihe

shuttle streaming betvreen PSTand. PSzwas allovred to occur

again, the sSmchrony in phase of contraction r,/aves tvas

regained sootlo

In the above experimentn endoplasm v/as stopped., but

the surface membrane and the ectoplasmic gel remained. intact.
Using a d.urnbbe1.l-shaped pl-asmod.iurir placed. in a double chambert

KAMIYA and. ABE ( fglO ) showed that the phase of rhythmie I

changes ln eleciric potential d.ifference betrveen the two

o blobs of the plasmodium advances no matter whether the

end.oplasm in the connecting strand. is kept free to flow

or brqught to a standstill. Hence it is reasonable to presume

that changes in electrj.c potential d.ifference proceed.ed.

between the tvro hanging segments of strand. d.uring the period.

in vrhich end.oplasm was hel.d quiet. l'Tevertheless the synehrony

of rhythmlc contractions of i;he two segments of strand.,was

a no longer maintained. if only endoplasm was prevented front

fl.olving.

Al1. in al-l, the above result shows cJ-earl.y that \
I

the end.oplasm plays the essential- part as information \

carrier in the mechanism for irnifying periods and phases I

●

of eontractj.on-relaxation cycle at different parts.

Eleetrical potential changes do not seem to have a significant
)?a role in synchroni-zing 1ocal rhythms.
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DISCUSSION

Sased on the foregoing experiments vre came to the

eonclusion that the information necessary for uni$-ng/\
phases of local contraction-relaxation cycles vras transmitted.

neither by eleetric signal through the membrane system nor

direetly by nechanical tension of the eetoplasm. It must

be carried. along vrith the strearni-ng of end.oplasm. Thj-s

fact may appear to be contradictory in itself, because if
the 1ocal contractions i-n one and the same strand. were

conpletely synchronJ.zed., there rvould be l.ittle d.ifference

in internal pressure and henee flow of endoplasm would.

hardly be brought about. fhe sequenee of events vrould

form the fo1-1owing 9yc1e:

1 Synehronization of loca1 contractions

2 Disappearance of internal pressure d.ifference

3 Cessation of streaming

{ Asynchronization of loca1 contractions

5 Restart of streaming

In other words, if ptr,ases of local contractions beeeime

completely synchronous and tlre flow of end.oplasm were almost

stopped., transmission of the phase information shouJ-d be

delayed, r.vhich must prod.uce a shift of phase among loea1

contractj-ons and. j.nduce the endoplasmic streaming again.

●
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Hence, it is ■ike■y that s■ ight shift in phase among ■9Ca■ のД肇|〔ら ヽ
contraction cyc■ es and intens■ty of stream■ng causea by   捲;:η 弓ケんDヶとニ

the shift may be ba■anced in v■ vo at a certain point.

This idea we■■ exp■ains the fact that the speed of

endop■asmic streaming in the strand is rather s■ ow as compared
●
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with that of mother plasmod.ium. Actually the motive force

of, endoplasmic streaming between the two synehronlzed.

strands was klr.own to be insignificant. fhe motive force

became grad.ually larger, howeverr os far as the endoplasm

r,vas kept at a standstil]. through application of the balance

pressureo Concomitantly the phase shift between two strand.s

becqme al.so greater,

In a spread. out plasrnod.ium vigorous shuttle streaming

is generally observed.. If all regions of the plasmod.ium

had rhythnnie eontraetile activitles evenly and their phase

were sufficiently synchronj.zed, such vigorous streaming

should not be caused. As wj.1l be shovrn in t{q€ Chapter IV, \
it is likeJ.y tha'b the eyclic contractile activity is localized )/
in the anterior region of a plasmodium spread.ing out j-n '/

a fan-like shape and not j-n the rear network region composed.

of nrany ramifying strand.s. Henee it may be reasonable
.\to suppose that the vigorous streaming in a plasmodium is I

I

caused. primarily by cyclic contraction of the anterlor zonel
I

rrrhile the rear region acts to mai.ntain a certain level of I
I

static tension, 'l{e r.rill repoTt d.etails about this problem ,/

in the next chapter. It remains to be revealed, however,

vrhat the entity of the messenger is that carried by the

endoplasmj-c streaming and. transmits the information leading

to synehrony in phase of periodic activj-ties.

●
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Fig 16

Spring ba■ nnces FOr measuring is6metric tension

f9iCe prO,uCtiOn in two different p■ aきm6aitt■  l

,trnmas ( IPS′ ,I PS2)・  On■y the mechanica■ p,7●t

is shO、 腱 .For eXp■ an,tiO準 , See teXt.      ||
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Spring Bolonces

rig 17

The plasmod.ial strand. held. in Il-shape t'rj-th. tr'ro

pairs of hooks, [ensioir force productioa of

vertj-cal strancl partse A antr 3o r'rere recorded.

vrith trvo spring balances shovnr in Fig 16-
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Time(商 in)

Fie 18

The isonetric tension rvaves procluced. in tryo d.ifferent
parts of one and. ihe same strand. ( A, B, cf . Fig 17 ).
Tirey rvere not onJ.y suffj-ciently s;rnchronized. nit}-
each otb.ern but bear a close resembla:ece i, trave

pattem.s, Vertical lines on the rraves i:odicate time

coord.inates of the naxi-naI and. mininral tensioa Dhases.
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rig 19

The isometrj-e tension lraves in tlro different parts
of the strand. (. A, 3, cf" Fig 17 ) r.rhen they 'lirere 

:

d,iseonnected. by cutti.ng the stra:rd. ( C, cf" Fig 17 )
betveen the tryo clanped. regions a:ed. connected agai-n

ryith anoiher sroa].l piece of the stra:rd. Vertical
lines on the l.raves sho,ry time coord.ilates of th.e

mininal tension phases,
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:     1  11 l Fig 20      ‐            . :‐

The p■ asmodia■ straILa hung in nn invetted U― shape。

ISOtOnic ■ength changes ■η tvo parts of the Strnη a

( A: B )ltrere recoFaea photOgraphica■ ■y。 | ‐■
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o 5 to l5 20 .25 30 35

40 45 85 90 95 . . tOO tos ilO
. Tt no (min)

Fig 21

The isotonic l.engih cha^nges 1n ii*o parts of the

strand. rrtren they r{ere clisconnected- for some tine
and. reconnected. later" Vertical lines on the rraves

iud.j.cate ph.ases of maxj.nal length of tbe uraves,
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Spring Bolonces

Fj.g 22

iwo separaie' segaents of pJ.asnodial. strand.s (. PSr ,
\.rs2) nung rn the moist ehanber are conneeted vrii;h

each other r'rith anoiher segrieni PS3ai ilr.e lower

ends 6
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Fig 23

Isometrj-c tenslon \taves ( PS, , ?Sz) of the tr'to

different strand.s \,/ith or r'rithout a connecti-ng

strand. bett*een 'birem. lengih of the strands l'Iere

shor,rn uncler respective tension t'Iaves.
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The d.ouble moist chamber for regulating tb'e

endoplasmic sireamS.ng. Isotonj.c length ch.anges

of tvro different strands ( PS,, PS2) lvere reeord.ed-

phoiographically rvhile the air pressure in ihe

rigirt conpartrnent r'ras controll-ed. so that the

sluttJ.e sireaming in the connecting strand (pSt )

r,/as kept at a standsiill-.
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Fig 25

Isotonic length changes of ihe .bt'ro strand.s hrrng

in the doub].e moist chamber ( .?ig 9 - PSz, PSz )

rtith or nitirou.i the shuttle streaning between

tbem. The shaded bar indicates tl:e period. of tj-nre

r+hen the shuttle streauing r'.ias made to stop at

the conneciing sirand. iriote ihe gradual shift

in phase betrveen 'che tt','o t'/ave trains during thj-s

period. and re-synchronization after this- period..
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IV localj.zation of the rhythmic contractiLe activitv

in the Plasmod.i.um

‐             SUMMARY

A thin rectangu■ ar piece of cytop■ asmic ge■ was dissected

out from the ant9riOr region of Physarum p■ asmOdium and its

contracti■ e properties were examined in COmparison with those

Of a segment of strand iOo■ ated from the network region of

the same p■ OSmodium. The enter■ Or piece,in spite of injury

cause, by surgiCa■  opera,■ on, began to contract and re■ a率

periodiCa■■y without appreciab■ e ■ag stage after it was

iso■ated. This is a piece of eViC

anteriQr regiOn Of a p■asmodium v

rhythmic contractlon. A segment c

netWork Of the p■ aSm6dium showed no s■gnificant rhythllliCity,

s00n after it Was iso■ated. On■y after a lag period ( stag9 ■,

cf. Chaptёr I )■asting fOr 10‐ 20 min,‐ the strand gradua■ ■y

exhibited rhythmicity.bottt under iSOmetric and isoton■ cl    ■ .

conditions.: Suё h behavior 6f the iso■ atea stiand is interpreted

to show that the network structure composea of many ramifyittg' |

strand behind the advancing front o■ ays n6 ■eading part in

bringュng abOut osC■■■ation when it is in situ.

INTRODUCTION

We demonstrated. in Chapter I that ruhen an excj"sed

segnent of the strand. gained a 'regular peri.odicity in
contracti.on, the phase of local contracti.ons became sufficiently
synehronous with one another. If all. the minute regions of

a plasmodium in sitU
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would contact and relax in phaserit would be difficult to
U

estabLish efficiently a local differen.]in internal- pressure,
t\

and hence vigorous shuttle streaming of the endoplasm such as

observed in the normal plasnodiun would not be expected. r

Probably contraction-relaxation activities are not evenly

distributed over the entire plasnodiun but localtzed to its

specific region.

The purpose of the present paper is to demonstrate that

the periodical activity is localized nainly in the front
region of a plasnodium inigrating in a fan-1ike shape.

I{ATF,RIAIS And. IVIETHO}S

The preparation of the material was the same as described

before. To compare contractile properties of the anterior zone

of the plasmodium with those of the network, we dissected out a

slender piece of cytoplasmic gel (5 - 15. mm in length and 500

1000 ;rn in width) from the front zone in the direction normal to

the front ( Fig 28-A ). This excised segment suffered injury
of cutting along its entire length, but could be set to the

tensiometer just like a segment of plasrnodial strand. We

measured tension produced by a segment of the front zone and that
produced by a segment of the plasmodial strand to make comparative

studies on their contractile properties.

To measure the lateral contraction prod.uced by the strand. j-n

we resorted to the sor:called contact technique first used by

Wohlfarth-Bottermann (1975). As shown in Fig 3Q , a glass rod

weighing 53 mg was hung from the tension transducer in such a

way that its lower end came just in contact with the plasmodial

●
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strand. spread.ing on the agar surface. Changes in tension
. thus record.ed surved as a measure representing lateral

osci].l-atlon.

To 1oad. and. unLoad reversibly the longitudinal tension

o upon the strand during isometric contraction, we used.

a tensiometer of a horizontal type ( I{AMIYA et a1. 1972,

1973 ), vrhich enab].ed us to measure tension prod.uced. by the

strand. while keeping the speeiment on the surface of water

j-n a pool ( Ffs 37 ). The construction of this type of

tensj.ometer was sirnilar 1n principle to the vertical type

tensiometer d.escribed. before'

RESUITS

Contractile proqerties of gterior-i.one andJetwork
a

,. Tegion of_ a Blasmgd.j.um I

a) longitud.inal contraction

As reported before ( Chapter I ) ' it takes 10-20 min

for an isolated. strand" to start rhythmic contraction und.er

O isometric as we].l as under isotonic eonditj-ons ( l'is 26-arb ).
l{e have never found that the strand. which extribited rhythmic

contraction immed.iately after it was isolated- from the network
a

of the plasmodium"

Und.er isometric conditions the strand contracted strongly

soon after it vras isolated from the network and kept a high

tensj-on level for a while before it exhibited. rhythmieity

( fig 26-a )" There is a possibility that the strand. is kept

t und.er a high tensi.on 1evel when it is in the original netvrork

of the plasmod.ium, because'a segment of strand und.er isometrj-e
a

tensiometry and. the strand. j.n s_itg on the agar surface share
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a common condition in that both are not allowecl to change

their length. To check this possibility, lre shortened. the

strand. before and. after it startecl oscillation until the

tensj-on reached 0 rng. Fig 27 shows an example of the experiments

of this kind. As soon as the tensj-on was loosened., the strand

eontracted. strongly and. regai-ned. the former tension l.evel- in
a few minutes" But once the strand started to contract and

relax rhythnrically, it could never regain the former tension

1evel rvhen it rvas Loosened " This resul-t j-s in eonformity wittr \
the id.ea that the network composed of many stra.nds is irnd.er 

)
/high tension with no periodie activity.

If the network of the plasmod.ium has no periodic activity
in situ-, the source of periodic aetivity, rvhich brj-ngs forth
remarkable back and forth endoplasmj-c streaming must be attributed.

to the anterj-or zone of the plasmodium. To Brove the val-i-dity

of this line of thought we examined contractile properties of

the anterior uone of the plasmodi-um in the fol.J.owing way.

lie excised a slender rectangular segrnent (l'ig 2B-A) of

eytoplasmi.c geJ. from the anterior ?orre of the plasmod.ium, and.

measured its tension production rurder isometric cond.itions,

Iig 29-A shows one of the resultso where the rectangular piece

of the anterior zone began to contract and relax period.ically 
.

soon after it was exeised. and set to the tensiometer. But in the

case of the strand (f ig 2B-B) isolated from the posterior netrvork

of the same plasmodium, there was a typical non-oscillatory stage

(stage I, cf. Chapter I) lasting for 14 nrin before ter:,sion

oscll.Lation started. (FiS 29-B), This is a fact which strongly
supports the view that it j-s mainly the anterior zone of the
p■asmodium that is responsib■ e fOr periodic eCtivity in situ ano

that the network behind the anterior zone keeps a certaj-n level
of quiescent tensi-onc
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b) Irateral contraction

llohlfarth-Sottermann ( 1975 ) measured rhythmic rad.ial

contraction of the strand. in qitu by eombining a pi.ece of

eontact glass (or rnetat) roa with the tenslometer.He sholved. that

radial contraction persisted even lrhen the strand was cut

on both sid.es of the contact area. In the amputated,,

segment diseonnected from the mother plasmodium there was

no or Iittle streaming of end.oplasm. From this fact, he

believed that radial pulsation of the strand is not the

passive phenomenon caused. by the shuttle streaming of the

end.oplasm but is a manifestation of j-ntrinsic acti.vity of

the strand.. It iso however, not lcrrown whether the rhythmic

radial activity of the strand. measured by Wohlfarth-Sotter

pre-existed in ,g"ifu, or was irfduced as a resuLt of contact

of the rod. end to the strando

To answer this questionr we perforrned the fol-lowing

series of experj.ments using the contact technique deseribed.

in I{ehtods secti.on"

1) A part of the strand. network was amputated. at ttio loci
leaving 5-2O mm long segment where no or littJ.e strearning

rvas visiblen We started to measure lateral oscillation

!r situ immed.iately after amputationn In this case the

cut segment clid not show any rhythrnie pattern in its
lateral contraction at first. Rhythmicity appeared only

1O-5O min after amputation ( fig 31 ).
2) Oscillation was neasured in situ at first und.er the normal

condi.tion. If the strand. was cut soon after the start of

measurement, oscillatory activity was lost at the moment
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of anputatj.on a3d. was recovered. subsequently ( S'iS 52 ) '
il [he strand was amputated. several tens of minutes after

+ the onset of measurement with the contaet technique. In

this ease oscj-llation persisted, although in some cases the

amnl-itude d.ecreased to a mod.erate extent ( Fig 33 ).
o

Consequently the rad.ial activity of the strand. showi3.

by Wohlfarth-Bottermarrn. soon after the onset of measurement 
I

Iis interpreted. to represent a passive phenomenon caused by 
)

the shuttle streanting. It i-s also reasonable to suppose /

that radial acti-vi.ty recorded. several tens of minutes later f]\,/
represents the oscilLatory activity newly acquired. by the ;.r'
strand. through its contact with the glass rod.n If r're d.etach.

-bhe tip of the gLass rod from the strand. after t hr or later ,

r.re find.r &s a matter of faet, a smal1 newly developeO. aiivancing

front at the very region ir"itf, wfricn the giass \{as rn cont ^"t. - fl
Using the saroe contact method., we measured. the oscillation

also at the front area. ff we d.j-ssected out a "*ttt 
piece ;f

plasroodial ge1 from the front area and in'rmed.iately measure 
\
I

the trlatera].t? aetivityr w€. could. get vigorous osci.llation 
I

rvithout a lag phase ( l'ie 14 ). Even when the specimen was I
cut into smaller pieces, os'cillation did not d.isappear"

Sased on the above observationsr we have come to the \

eonclusion that the strand. forming the network at the rear

region is‐ oeVoid oft active contracti■ e rhythlln in both radia■

andl■ongitua■ na■ airecti6nst  l

I「・・「TTT下■
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Aesuirenlent aJrll maintainanee. o{ periodic ..a.ctivity in
a. pJqsmodia]. stra,nd undqr .the Aero_-tension .c.ondjtj.on

To investj.gate whether or not the tension 1s necessary

for the strand. to d.evelop rhythrnicity after isolation, we

norrn3111ed. the following experiments. After having exeiseda l!,v&4v'

●

a segment of the plasmodial strand. from the network, we left
it on the surface of the agar plate which was slightJ-y

flood.ed with watero The thin fil.m of r,rater on the agar

surface helBed the segment prevent from being attached. to 
\

the agar and henee prevent from establishing the stress in
ltseIf. After 40-50 min, the segment of strand. was suspended.

in the moist chamber and its isometric contractlon or isotonic
.l

contraction was record.ed.. lhe result vras shovrn in Fig.. 75,

The strand. segment, vrhich had been J.eft on the agar surface,
started. period.ic contraction and retr'axation without appreciable

J.ag stage rr.nd.er isometrj-c as vtel.l as und.er isotonic cond.itj.ons
\

( Fie'51-ayprr) , This is a fact to shovr that the initiation \
of physiologi.cal rhythm is not triggered by tension imposed. 

I
I

upon the strand. but by some other condltions accompanying II
isolation of the segment from the mother plasmod.j.um.

Next we cond.ucted. two seri-es of experiments at an attempt
o to see whether or not the tension is necessary for the strand.

to maintain once started. oscillation.
The first series of experiments rrere d.one as follows.

While eyclic tensj-on changes of the strand. were being recorded.n

r're d.iseonnected. the strand from the tensiometer and. lai-d.

Lt onto the agar surface covered with thin r,yater film.
The d.j.seonnected. piece of strand. did not ad.here-i;he agar

●
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surface and. the strand. was lrept und.er zeTo tenslon u3d.er

this cond.ition" After 50-60 minr \ve set the strand. again to;

the tensiometer and. restarted. th" 
""cord.ing 

of isometrie

tension changes of the strand.. The resu-lt is shown in Fig'5q.

The strand began to contraet and. relax period.ically without

lag period when the record.ing was resumed. after 45 minutes' , 
,,

stay of the strand. on the agar surfaee. Thus it may be conclud.ed \
that the tension is not necessary for the strand. to continue l
the cyclic contractiotlo 

)

To confi.rm this conclusion further, the second. series \

of experiments were d.one using the hor:,zontal-type tensiometer

( KAMIyA g! al"'1972, 1973 ), r.rhich enable to measure contraetion

and. relaxation of the strand. floating on the surface of the I

tap liater in a small vessel. ( Fig 7? ). While rhythmic
t tensj.on changes of the strand. were recorded on the chart,

vre brought one terminal end. of the strand. eloser to the

other so that the strand lvas bent asid.e and longitudinal

tension was nu11ified.. After 1O-3O min lve brought the sparl

of the two strand. terminals to the original. length and
/\

resumed the recording of isometric tension changes. As (is )\/
shown in f ig58. the strar:.d began to contract and. relax
period.ieally without any lag as soon as the strand was

stretched to the former length. Again this j-s another

piece of evid.ence d.emonstrating that the strand. d.id not

lose the periodic activity when the strand vras kept i:nd.er

zero tensiono
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DTSCUSSION

It was shown that the cyclic contractile activity of

an advancing plasmodium is localized. at the anterior front"

The network structure composed of many ramifying strands

behind the anterior zone has no oscillatory activity. In

other woIds, the anterior part 'of a plasmod.j-um 5.s mainly

responsible for giving rise to period.icity to the end.oplasmic

streamlng. If the internal pressure in the posterior network

is higher than the time averaged. internal pressure in the \

anterio T zorLe iJI qitu, endoplasm may flow to the anterior
zone and a part of it w5.lJ- be converted. into the ectoplasnt

forming a nev/ anterior zone, when the plasmod.j-um advs.rtceSr

KAMIYA ( 1975 ) shorved. i+ith a highly sensitive polarizing\

microscope that birefringence of eytoplasmie fibrj.llar
structure in the anterior zorte of a typieal fan-lilce expacrse

of the plasmod.ium changes rhythmical.1y. In the phase in whieh

streaming takes place away from the front, these birefringent
fibrils appear clearl.y and in the opposite phase in which

the streaming takes plaee toward the front ttrese fibrils
almost d.isappear. This observation agrees weJ.l. with our

conclusion,

l'ie reported. before that the mechanical tension regulates

the anplitude of cyclic eontraction of the plasmodial strand,

butn as was shown by the present work clearly, tension
d.oes not participate directly in regulation meehanism of,

pace-malcing" Thus it rnay be concluded that the regulation

of the period. and, phase and regulation of the amplitude

are performed. lndependently of each othern
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r How active rhythmicity j-s Iocalj-zed in the front. region

of the plasmod.ium and. not in the network behind. i-t, and why

isolation of a sma1l segment of strand from the network

gives the segment the motive for starting oscj-llation in
a contraction are intriguing problems r,rhich await further

stud.ies.

REFERENCIES

O      Kamiya, N。
, R.Do A■‐en, and R. Zeh, 1972 : Oontracti■ e

properties of the slime mo1d. strand. Acta Protozoologica

lf , 113-124"

i{amiya, l{., 1973: Contractile characteristj-cs of the

myxgmycete plasmodirrm. ?roc. Symposial papers, fV Intern.
a

Siophysics Congr. ( Acad.emy of Sci-ences of the USSR ),

447 -465 '

Wohlfarth-Bottermann, K. E. 1975: Tensiometric demonstration

of endogenous, oscillating contractions in plasmod.ia of

Phf,sarum polycsphaluJn , 7.. Pflanzenphysiol. 15, 14-27 .

. Acim.owled'gment

I wish to express my thanks to Professor Noburo Kamiya for

suggesting this j-nvestigation as well as for constant guid.anee

in the eourse of the work.

●

●



- 7う  ―

（
Ｅ
Ｅ

）
ｆ

Ｏ
ｃ
ｏ
Ｊ

（
Ｏ
Ｅ

）

●
２

∽
“
ｏ
ト

●

30

20

:0

0
8.5

7.5

6.5

40100 20 30

α

b

■:2.6

二:2.3
=0:310

」 :3.2

40

30

20

:0

20
Time(min)

Fュg 26

Time courses of iSolnetric (a)and iSOtOnic (b)

cOntraё tions of seghents of strana s00n after

they were iso■ ated from_the netWOrlc of a p■ asmodiuna。

Iso■ ation of each of the stranas t・ Jas done abOuti

l min before time zerO, beCause it tOok thisl

much time for preparation of the mater■ a■ to be

ready for meaSurement. Note the presence Of ■ag

phase ■aSting for 15-20 min before actiVe osCi■■ation

was started。
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Fig 27

Tensj.on of the strancl in response to suclden shortening
d.uring qui-escent stage ( stage I, cf. Chapter f ) and.

regular stage ( stage III ). In each stage, one end

of the strand. vas brought eloser to the otrrer unti]-
the 'bension force reached. nuLl. 
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Fig 28

A sketch of a plasnrodiu-lr spread.ing in a fan-like
shape on agqr surface. h: a slender reetangular

segmeni to be isolated from the anterior zone,

3: a segment to be excised frorn the strand. region.
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Fig 29

Isometric contractions of the trvo d.ifferent plasmod.ial

parts exclsed from the a.nterior %one (A) and. from

the posterior netr^rorl< (l). It ioolt less than 1 mj-n

before record.ing \.{as started after.the samples t'/ere

isolated fron the mother plasmod.ium, I'iote oscillation
started. rvithout clelay fn (A) ruhile th.ere lras a quiesceni i

stage in (g) before rhythnicity appeared"i
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Tension

Fig う0

Diagrammatie representation of the methocl for

measuring lateral contrac'bj.on of the strand. j-n situ.

The gLass rod (n), the Lorver end. of vihich is brought

j-n contaet r'rith a dorsal part of the strand., is

connected to the tension transd.ucer of a vertical

type"
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Fig 51

1Latera■  Osci■■ation of a Segment of ,trand.:   |

ReなistratiOn started as soon as the strand wasl

cut on both sュ aes of the contact areao Length

of the segnlent: ca。  20 mm。
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Fig 52

lateral osciLlation of the strand in situ
l

At the time marked. vritll the arrorv the strand. 
I

l,ras cut on both sides of the contact area.

i'iote the presence of lag stage before regular

waves appeared.
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lateral oscillation of the strand. in situ, i

A.'-At the iime marliecl ryj-th the arrolr ( ZS min

after the measurement r+as started ) the strand

t'ras d.isionnected. from ihe nother plasmod.j-um.

i'Tote there lras no longer any lag stage.
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0     5    1o    15    20    25    30    35

Time(min)

rie 34

Jrateral oscillation of the ad.vancing front area

as measured. by the contact nnethod. ldote there

r,/as no lag stageo
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}ig 35

Isometric (a) or j-sotonic (b)

of strand. before the speeimens

the r'ret agar surface for 40-60

r.ras no Iag phase",
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Fig 36

Isonetric eontracii-on before and after the strand.

r.ras Laid onto the agar surface. During the period.

2O-7O mj-n lasting !O rnin, the strand. r'ras clisconnected

from the tensiometer and laid onto the agar surface.
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Fig 37

A setup for measuring the cyclic eontraction of the

strand. floating on the surface of the tap nater.
T: .Horizonial-type tensiometer, PS : pJ.asmodial

strand. o
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Fig ,8

.Isometric eontraction of the stra::d. floating on

the tap water. During tlr.e measurement, the s'r;rand.

l'Ias loosend for 17 nin to remolre the tension,

fhe brolien line represents the d-istance be-bryeen

the tvo terminal end.s of ihe strand, not the aetual

length of the strand..rvhich vas bent aside"
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