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                An  Analysis of  Amoeboid  Mevernent

     III. Ionic Effect on  the kgechanical Properties of Surface
                        Structure of  Amoeba

                            PVith 9 Text-figures

                           Furnikazu KANNo

                 ILaboratory of  Biologu, Ebsei VbeiveTsity, 7bkyo

                       (Co"zmunieatedi by H. KINOSITA)

   It was  found in the previous  study  that a  certain  elasticity  gradient  of  surface

structure  existed  along  the longitudinal axis  of  monopodial  ameeba  which  was

in active  locomo'tion, the  elasticity  being the  highest at  the  posterior and  the

lowest at  the anterior  region  (Kanno, 1964,a). Suchagradient of  surface  structure

has also  been  found 'to exist  by  recent  werkers  (Allen and  Roslansky, 1959; Allen,
196e; Yagi, 1961). Moreover the effects  of  chemical  agents  on  the  rigidity  of

surface  structure  have been quantitatively  investigated by Hei!brunn and  Daugherty

(1932), Brinley (1928) and  Mast  and  Prosser (1932), An  extensive  study  on  the
effeets  of  various  ions on  the  

`plasma
 gel' was  made  by Heilbrunn and

Daugherty (op. cit.). They  proposed  that calcium  ions increase the  elasticity of

surface  structure.

    In the  present study  the effects of chemical  agents  on  the  elasticity  of  surface

structure  were  investigated by the  suction  methed  (Kanno, op.  cit.), using  a

single  organism  and  the significance  of  calcium  ions on  the maintenance  of

surface  elasticity  was  especially  di.scussed.

                          MATERmL  AND  METHoD

   A  clone  of  Amoeba  (proteus type),  cultured  in rice  grain medium  (Kanno, 1964b) was

used.  The  surface  elasticity  was  represented  by the reciprecal  of the  length of  the  surface

$tructure  pulled in a  glass capillary  (diameter: 15 micra)  applied  iocally on  the  cell  (Kanno,
1964a). Measurement  was  made  usually  three  seconds  after  appllcation  ef  sueking  force

of 1.18× 10m2 dynes, when  the length of  pulled part became steady.  The  amoeba,  adapted

for about  four hours in inorganlc culture  medium*  (Kanno 1964b) or control  solution,  was

introduced  into a  test solution  and  time  change  of the surt=ace  elasticity  was  followed. Test
solutions  used  were  isotonic solutions  of  CaC12. (MI750), KCI  (M1500), NaCl (M1500), MgC12

(Mf750), SrC12 (M,/750), BaCl･2 (M1750) and  o/E Na-ci'trate (M/leeO). EffecLL oi 10-S and  10-4M

EDTA,  a  strong  Ca-chelating agent,  was  also  examined.  pH  values  of  test solutions  ranged

   
'*
 The  rnedium  is composed  of  O.12g  of  NaCl, O.e03g of  KCI ancl  O.e05g of CaC12

clissolved in one  litre of  deionized pure  water.  Osmotic concentration  and  pH  of  the  medium

were  M1500  NaCl  eq.  and  6.0 respectively.

                                    63
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from  5.7 to 7.2, although  such  a  difference in pH  was  not  faund  to affect  the  suriace

elasticity  in this work.  Before  the experiment,  the survival  times of  animals  in each  so]ution

were  measured  in order  to test  the  toxiclty  of  the  agents  on  the  organism.  Simce the
mechanical  property  of  the anterior  region  of  amoeba  has been I<nown to be altered  even

by  a  slight  mechanical  stimulation  (Kanno, 1964a), the  elasticity  of  surface  structure  was

mea$ured  chiefiy  at  the  middle  region  except  where  noted,  Comparison  of the  effect  of

each  test solutien  with  that of  control  solution  was  carried  out  en  one  and  the same  cell

at  2oo-24oc.
                                 '

                                 REsuLTs

1. Survival of  organisms  in variotts  test solartions.

   Ten  organisms,  washed  repeatedly  by deionized water,  were  immersed  in a

test  solution,  and  the  number  of  survivals  was  counted  irom  time  to time. Such
a measurement  was  repeated  ten  times  for each  kind of  test solution.  The
results  are  summarized  in Table  1 in which  the  degree of  survival  is expressed

in percentage  of  the  number  of  survivals.  Most  of  the animals  were  found  to

                                 Table  1
            Percentage of  survival  of  amoebae  in various  test solutions
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advance  normally  at  least within  two  hours in these  soluLLIons except  in 10-3M
EDTA  solution  in which  the  organism  shrank  gradually and  became  reund.

2･ Elt7bcts of calcium  ions on  i'he elasticity  of suoface  structzere.

    At  first the elasticity  of  surface  structure  of  amoeba  was  measured  in the
- -
inorganic  culture  medium.  The  medium  was  completely  replaced  with  a  test
solution,  taking  care  not  to remove  the  cell  from the bottom oi  the trough･
The  elasticity  was  measured  in each  of  the mixtures  of  M1750  CaCIz and  Ca-free- -
morganic  culture  medium,  the  mixture  ratio  being O to 100, e.2 to 99.8, O,4 tO
99.6, O.8 to 99.2, 1.6 to 98,4, 6,6 to 93,4, 13.2 to 86,8, 19.8 to 80,2, 26,4 to 73J6,
50 to 50, 75 to 25 and  100 to O".

   Effect of  Ca-depletion, given by Ca-free inorganic culture  solutiDn  is ShOwn

in Figure 1. The  figure clearly  demonstrates that the elasticity  of  surface  structure
i$ lowered reversibly  in Ca-free solution.  Such  an  effect  was  found to be leSS

za.e,9bi-asoo>･"-rdoet
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    Flg.1. 0ne  of  the typical results  showing  the reversible  change  in the  surface  elasti.

 city  tit the  middle  region  of  amoeba  immersed in Ca-free inorganic culture  medium.

 Thick  solid  Iine on  the  abscissa  indicates time  of  application.

marked  in the  posterior region  than  in the middle  part. Yet 

'noteworthy
 effects

of  Ca-deficiency were  found  in the cell  immersed in 10m`M  EDTA  solution,  as  is
shown  in Figure2.  Elasticity decreased rather  rapidly,  though  the organism

centinued  nermal  locomotion. When  immersedin 10-3M  EDTA,  the  shrinkage

of  surface  occurred  and  the  animal  soon  assumed  a  spherical  form  with  a  number

of  small  pseudopodia  on  it. Figure3shows  the  reversible  change  in elasticity  of

surface  structure  of  an  animal  immersed successively  in 1073M  and  in 1074M
EDTA.  It will  be seen  that the  sttrface  elasticity  of  the rounded  cell  is almost
the  same  as  that  of  the  posterior region  measured  in the  control  solution.  It is
also  shown  in the figure that  the  surface  elasticity  of  the posterior region  is less
7-l'I6'the

 inorganic cliilttre medium  the  ratio  was  3.3 to 96.7.
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Fig. 2. Change  in elasticity  of  surface  structure  of  amoeba  immersed in 10-4M

  solution.  Thiek solid  line on  the ab$cissa  indicates tlme  of  application.
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     Fig. 3. Change ln elasticity  of  suriace  structure  ef  amoeba  in 10-3M  and  10-4M

  EDTA  solution.  llollow circles;  anterior  region,  solid  circles;  middle  region,  double

  clrcles;  posterior region.  Thick  solld  llnes on  the  abscissa  indicate times  of  immersiQn.

  The, diagrams at  the top indicate the  change  in shape  ancl  movement  (arrow) oi
 
amoeba.

affected  by  EDTA  than  that of  the  rnlddle  region.  In 10i`M  EDTA  the anterior

region  of  amoeba  came  to be cut  off by sucking  iorce more  readily  than in the

control  solution. Another effect  of  Ca-depletion was  found when  the  organism

was  immersed  in M/1000  Na-citrate solution.  The  animal  became  round  as  in

the case  of  10m3M  EDTA,  but after  a  short  period it began to move  normally.

The  surface  elasticity of  the middle  part decreased reversibly  as  in the  case  of

t-
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,Ca-free inorganic culture  medium  or  ot  IO-`M  EDTA,  while  that  of  the  posterior
region  did not  change  in this medium  as  is shown  in Figure 4.

   Contrary  to  the  above-mentioned  results  on  the  effect  of  Ca-deficiency, the

za･=.9v.sicolo.->-di5M
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                         Tirne (min.)
   Fig.4. Repeated  change  in the surface  elasticity  of  the organism  immersed in
MllOOO Na-citrate solution.  Solid circles;  middle  region,  double circles;  posterior
region.

 The  diagrams at the top indicate the change  in shape  and  moyement  .(arrew)
of  anioeba.2,5
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elasticity  of  amoeba  immersed in Mf750  CaC12 solution  was  found to
reversibly  (Fig. 5), while  the  shape  of  the moving  organisrn  in this

remained  normal.

changes  in surface  elasticity  of  arnoeba  immersed  in solutions  containing
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CaCl2 ef  various  concentrations  are  shown  in Figure 6a-j.

    The  results  show  that the mixture  containing  CaC12 in concentration  four
times  higher than that  an the control  solution*  was  enough  to induce a  remarkable

increase in the surface  elasticity,  the degree of  the elasticity  increase being nearly

unaffected  by further increase in calcium  concentration  (Fig. 6'f-j). On  the other

hand, the elasticity  decreased markedly  when  the  calcium  concentration  of  the
medium  is less than  one-fourth  of  that of  the control  solution  (Fig. 6a-c).

3. Elffbcts of other  divalent cations  on  the elastieity  of sttrface  si'rblcture.

   Isotonic solutions  of  some  of  the  divalent salts,  namely,  M1750 SrCl2, M/750
BaC12 and  M1750  MgC12  solutions,  were  used  for tests, The  animal  kept  normal

shape  and  locomotion in these media,  however,  contrary  to the case  of Mi'750
CaCI2 solution,  the  surface  elasticity  underwent  clear  ancl  reversible  decreased as

is shown  in Figure 7.
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   Fig, 7. Reversible  changes  ln

in various  divalent salt  so]ution,

Thick  solid  lines on  the  abscissae
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elasticity  oi surface  structure  of  the amoeba  immersed

 a,  M1750 SrC12; b, M/750  BaC12 and  c, Mf750  MgCI2,
indicate tirnes  of  immersions  in the  test solutions.

'

4 ELff12ct's of sodiztm  and  Potassietm ions on  the elasticity  of suifuce  structure.

   The  surface  elasticity  of  amoeba  decreased rnarkedly  and  reversibly  in solutions
of  isotonic KCI (Mf500) and  NaCl (M1500) as  is shown  in Figures 8a and  8b. The
organism  became gradually  inactive in isotonic solution  of  KCI, while  the animal

advanced  normally  in isotonic solution  of  NaCI, which  was  the chief  component

of  the inorganic culture  medium.  The  surface  elasticity  of  the  posterior region
was  found to be less affected  by M!500 KCI  than  that of  the middle  region  as

was  the  case  with  EDTA  and  Na-citrate $olution.

   
*
 Concentration of  CaCI2 in control  solution  was  44 × 10-6M.
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of  extended  surface  structure  was  examined  in order  to obtain  more  quantitative
informati,on on  the mechanical  property of surface  structure  in varieus  condkions.

Suction was  applied  at  various  regions  of  one  and  the same  organism  immersed
both  in the  inorganlc culture  medium  and  ift M1750 CaC12 solution  for more  than

one  hour (Fig. 9a, b and  c). Th'e figure indicates 't,hat the lenaff"[h of  extended

surface  structure  was  direculy proportlonal to the app]isd  pressure and  
'chat

 the

slope  of the  length-force lines, which  may  well  represent  the  elastic  property of

the surface  strueture,  in the case  of Mf750 CaCr2 was  about  
"Lwice

 as  steep  as  in
the control  solution,  irrespect, ive of  the region  selected  for measurement,  Therefore,
it may  be said  that  calcium  ions affected  evenly  whole  sur'face  of  the  cell, resulting

in increase of  its elasticity.

                                DIscussloN

   Suction method  used  in this experiment  was  considered  to be a  favourable

one  for measuring  the elasticky  of  surface  structure  ef  a[lvancing  amoeba  as  was

already  refered  to :,n the previous  paper  (Kanno, 1964a), T'he method  was

especially  suitable  for the  present $t.udy  because it enabled  the measuremenLL  of

the time-change  of  the  local surface  elasticity  of  a  single  animal  immersed  in

various  kincls of  salt  solutions,  The  surface  s'lruct-ure  of  a  cert･ain  region,

relatively  fixed to the cell, was  always  found to be pulled  to the same  extent  by
repea ±ed  appllcation  ef  a  constant  negative  pressure, although  the structure

itself was  always  circulating  (Kanno, 1964a).
    In this experiment,  measiirements  were  made  mai･nly  on  the  midclle  region

of  amoeba  because  of  the  following reasons.  The  anterior  region  was  ready  t'o

respond  to the  weak  contac't･ stimulakLion  glven by  a  glass capillary,  resulting  in

the momentary  cessa'tion  of  locornotlon (Kanno, 1964a), while  wrlnkles  oi' the

surface  usually  preventted the capillary  tip from tight'ly atttach;'ng  to the  cell

surface,  if weak  negatlve  pressure, such  as  applled  in mest  of  the present
experiment,  is applied  through  the  glass capillary  attached  to the  posterior surface.

    The  resuk  obtained  en  the increase in surfaee  elastic{ty  as  an  effect  of  excess

Ca ions coincided  well  witla  
`.'hose

 rep. erted  by former werkers  (Heilbrun･n and

Daugherty,  1932, 1934, Bripley 1928), although  
'their

 metheds  were  quite different

from the present  one.

    The  elasticity  of  sur'face  structure  decreased markedly  in Ca-free medium.

The  surface  rigidi'L'y remained  normal,  i'f the  concentration  oE  calcium  ions in "L'he

medium  was  between  2.2× 10-iM  aRd  8.9× 10-5M.

    Contrary  to the  general effect  of  Ca-deficiency, an  increase in surface

elasticlty  was  found in a  stronger(10'n3M)  solution  of  EDTA,  a  Ca-chelating agent.

In this solution  the  animal  gradually took  a  rounded  shap.p., similar  
'to

 one  induced

by repeated  mechanical  stimulation,  According to Yagi (1961), amoebae,  rounded,

by repeated  mechanlcal  agitation,  lose their  in'L'racellular water,  resulting  in

gelation and  marked  decrease in cell  volume.  The  increase in surface  elasticity

in 10-3M  EDTA  solution  observed  in the present  study  rnay  be due to the  gelation

occurring  similarly  in such  spherical  cells.

    Though  magnesium,  barium  and  strontium  ions are  divalent and  alkaline  as

are  calciurn  ions, t.hese ions reduced  the elasticity  of  surface  st'ructure.  Similar
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effects  were  also  found in the  case  of  potassiurn  and  sodium  ions. However,  it
is sGill unknown  whether  these divalent and  monovalent  ions act  on  the cell  by
themselves  or  whether  the  effect  is due  to Ca-deficlency.

    It has been  reported  in the previous  paper (Kanno, 1964a) that  the relation

between negative  pressure  applied  and  extended  length of  cell  surface  structure

is linear. This relation  was  also  confirmed  in the present  experiment  in which

amoeba  was  immersed  in M!75e CaC12 solution.  It may  be considered  that the
inclination of  the lines is one  of  the exact  expres$iens  of  surface  elasticity  of

amoeba.  Similar extent  of  increase in the surface  elasticity  of  three  different
regions  of  the  animal  transferred to Mi'750 CaCl: solution  from  control  solution

might  clearly  inclicate that  calcium  ions act  on  the whole  surface  structure.

    In the study  of  the  effects  of  ions on  the surface  elasticity  of  amoeba,  all the
tormer  workers  (Chambsrs and  Reznikoff, 1926; Heilbrunn  and  Daugherty, 1932)
attempted  to use  solutions  which  are  considerably  hypertonic, namely,  M/60
CaC12, M/60 MgC]2  and  M/40  KCI  etc.  In such  hypertonic solutions  animals  used

in the  present study  became wrinkled  and  rounded  until  they cytolysed  within

an  hour. However,  the order  of  the  degree of  toxicity of  test solutions  determined
in this work,  namely  10-3M  EDTA,  M/500 KCI, 10''`M EDTA,  M1750  BaC12, M/500
NaCl, M,i750 SrC12 and  M1750 CaC12, was  feund to be not  much  different from
those  obtained  by these earlier  works.

 
'
 It has been frequently found  that amoeba  advanced  quite normally  in a

certain  test solu'tion,  in which  the  surface  elas"L'icity of  cell  underwent  a  definite
change.  Therefore it may  be said  that the  elasticity  oi  surface  structure,  a"L least
of  the  middle  region  does not  play an  important  roll in amoeboid  movement,

contrary  to the  view  supported  by many  workers  (e.g. Mast, 1926), that  the
contraction  of  the  ectoplasmic  gel  at  the middle  or  post･erior region  drives the
cell  forward,

    Although  the  mechanis;n  of  hardening  or  softening  the  surface  structure

has not  yet  been known, it may  be considered  that  the  effect  is superficial,

because the change  is reversible  and  occurs  within  a  cons:,derably  shor't  period.

                                SUMMARY

    1. Elasticity of  local surface  strudture  of  amoeba  immersed in various  solu- .tions
 was  measured,  using  suction  method.  

'

   2. Calcium  ions in higher concentrations  caused  a  reversible  increase in era-

sticity  of  surface  structure,  while  calcium  deficiency induceda  reversible  decrease.
   3. It was  considered  that  Ca-ions acted  evenly  on  the  whele  cell  surface.

   4. Potassium, sodiurn,  magnesium,  strontium  and  barium  ions caused  decrease
in surface  elasticity.

   The  author  wishes  to express  his hearty  thanks  to Professor T.H.  Ab6  of  Hosel
University for lgind guidance  and  encouragement  throughout  this work.  Thanks  are  also
clue to Professor H. Kinosita of  Tokyo  University  for his kind  advice  and  reading  the

manuscnpt.
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