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Abstract. S t ructure format ion and au towave processes in 
active media far from equil ibrium are the subject of a 
special division of the theory of nonl inear dynamic systems. 
In the present review the p ro top la sm of amoeboid cells is 
considered as an active med ium, in which gel-like s t ructures 
cont inuously assemble and disassemble. Loca l pa r t s of 
these s t ructures also spontaneous ly contract and relax, 
causing ra ther complex circular or shutt le- type flows of sol­
like p ro top la sm. W e consider several ma themat ica l models 
of the result ing movements , wherein dissipative s t ructures 
and the au towave processes mutua l ly generate each other . 
The main quant i ta t ive features of the p ro top la sm dynamics 
in Physa rum p la smod ium are consistent with a mode l tha t 
pos tu la tes the existence of posit ive feedback between a 
local deformat ion and the free calcium level control l ing the 
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ne twork cont rac t ion . The potential i t ies of different physical 
m e t h o d s used to determine the values of pa rame te r s in the 
ma themat ica l models are discussed. 

1. Introduction 
In recent years , owing to jo int efforts of physicists, 
mathemat ic ians , chemists, and biologists, au towave p h e ­
n o m e n a have become the mos t widely studied dynamic 
processes in open nonequi l ib rum distr ibuted systems [ 1 - 6 ] . 
Non l inea r interact ions between the variables of different 
na tu re evoke a loss of stability of s ta t ionary and uniform 
condi t ions when diffusion is t aken into account . This 
results in the format ion of s t ra ta in gaseous discharges, 
au tosol i tons in extended semiconduct ing and magnet ic 
media , and a variety of flame p ropaga t ion regimes [ 7 - 9 ] . 
The m o r e complex the physical objects, the greater is the 
diversity of au towaves and self-organising s tructures . The 
au towave chemical react ions as well as n u m e r o u s p h e n o m ­
ena in neurodynamics are r emarkab le examples [ 1 0 - 1 2 ] . 

As will be shown below, the nonl inear physics of the 
self-organisation of p ro top la sm moti l i ty is also based on the 
laws of au towave processes. However , in addi t ion to 
diffusion, h y d ro d y n ami c interact ion via s t reaming p r o t o ­
plasm plays an appreciable role in the regulat ion of 
spon taneous intracellular cont rac t ions . In this regard the 
self-organisation of p ro top la sm mot ion combines features 
of active mul t iphase media where au towaves appear and 
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systems in which hyd rodynamic instabilities arise. In the 
present review, using amoebo id cells as an example, we shall 
demons t ra t e h o w such intracellular self-movements are 
organised and wha t role they play in the mechanisms of 
cell migra t ion . 

The ability to move is one of the inalienable proper t ies 
of all living things on the Ea r th . F o r A n t o n van Leeu-
wenhoek , who invented the microscope and was the first to 
observe cell movements , moti l i ty was synonymous with life: 
'if it is alive it moves! ' All the movemen t s of which living 
systems are capable derive from mot ive activities within 
cells or g roups of cells. On the cellular level moti l i ty is 
displayed in mos t diverse forms. It is no t only the 
cont rac t ion of var ious types of muscle cells, result ing in 
an imal locomot ion , bu t also contract i le activity of p lan t 
cells, p roduc ing , for example, the movemen t of mimosa 
leaves. These are also p ro top lasmic flows and var ious types 
of intracellular t r anspor t , p laying an impor t an t role in the 
exchange and the dis t r ibut ion of substances within cells, 
individual movemen t s of subcellular organelles, for example 
the per iodic pulsa t ion of the cell nucleus, the separa t ion of 
ch romosomes , division of a cell into two daughter ones, etc. 
Mechan ica l activity is also observed in neu rons and is 
p robab ly no less impor t an t t han their electrical activity. 

Mot i l i ty is necessary b o t h for free-living unicellular 
organisms to react to the envi ronment (for example by 
avoiding toxic substances or, conversely, app roach ing food) 
and for tissue cells in multicellular o rganisms (for instance 
dur ing embryo genesis). All these p h e n o m e n a are based on 
the con t inuous process of self-organisation of locomot ion 
and, in the case of amoebo id cells, also on the self-
organisa t ion of the m o t o r a p p a r a t u s itself. The cell is 
considered as an open nonequi l ib rum t h e r m o d y n a m i c 
system, in which specialised s t ructures form and collapse 
cont inuously and au towave movemen t s arise. 

There are three main mechanisms of cell locomot ion , 
namely amoeboid , ciliary, and flagellar [13]. A m o e b o i d 
movement is the crawling of cells over a solid surface 
with the help of re t rac table extensions having the c o m m o n 
n a m e of pseudopod ia (i.e. false feet). In contras t to 
pseudopod ia , cilia and flagella are pe rmanen t special 
organelles al lowing the cells to swim. In doing so bacter ia 
use the ro ta t ing flagella whereas prot i s ta move in a liquid 
with the help of wavy bea t ing of cilia or flagella. These 
var ious forms of locomot ion have three c o m m o n features. 
Firs t , the great majori ty of cell movemen t s is carried out by 
a few molecular m o t o r s t ransforming chemical energy into 
mechanica l work . The work ing substances of these m o t o r s 
are pai rs of specific macromolecules called contract i le 
pro te ins . Three main pa i rs of the contract i le pro te ins are 
known : a c t i n - m y o s i n used in muscles and amoebo id cells, 
and tubul in - dynein and t u b u l i n - k i n e s i n b o t h work ing in 
ciliary mot ion and in the intracellular t r anspor t of o rga­
nelles. Second, in all moti le p h e n o m e n a the coupled 
pro te ins are sliding past one another ra ther than cont rac t ­
ing. A n d third, the energetic resources to keep these engines 
runn ing are available as a result of direct conversion of 
chemical energy of adenosine t r iphospha te , A T P . Myos in , 
dynein, and kinesin are ATPases , i.e. enzymes ensuring 
A T P hydrolysis . 

The emergence of contract i le pro te ins appears to have 
beenoneofthemajors tepsintheevolut ionofbiologicalcatalysis , 
the central role in which, in the opinion of BlyumenfePd 
[14], should be given to slowly relaxing mechanica l changes 

in enzymes. The s t ructura l and conformat iona l reorganisa­
t ions occurr ing in the contract i le pro te ins are so 
p ronounced tha t it is convenient to s tudy the main 
principles of enzyme act ion using them as an example. 
Moreover , this fits neat ly into the m o d e r n 'protein engine ' 
concept [15]. Hence , it is qui te p robab le tha t in living 
systems there is no physiological process in which the 
contract i le pro te ins do no t p lay an impor t an t role. 

F r o m the viewpoint of physics the p ro top la sm of an 
amoebo id cell is a t ruly un ique object for the s tudy of self-
organisa t ion in active dis tr ibuted media . In this review we 
shall describe h o w dissipative s t ructures and au towaves 
form in ac tomyosin solut ions and which mechanisms does 
amoebo id moti l i ty involve. Gel-like s t ructures cont inuously 
form and disappear as a result of assembly and b reakup of 
the ac tomyosin ne twork . The local regions of such ne tworks 
can spontaneous ly contrac t and relax causing complex 
circular or back-and- for th flows of a sol-like p ro top la sm. 
The cont ro l of these processes is performed by changes of 
the system pa ramete r s and b o u n d a r y condi t ions . S ta tement 
and solution of the p rob lem on establ ishment of flow in a 
closed vo lume with an active ac tomyosin med ium has some 
similarity with the p rob lem of Benard convect ion in a 
viscous liquid layer heated from below. As we shall see, in 
the case of amoebo id movement , the concent ra t ion of the 
chemical regulator of contract i le activity plays in some 
sense the role of the t emper tu re gradient . 

The peculiari ty of self-organisation in an active ac to ­
myosin med ium is the coexistence or, to be m o r e exact, the 
m u t u a l dependence of s ta t ionary spatial pa t t e rns or 
dissipative s t ructures and self-sustained wave processes. 
Before dealing with the m o d e r n theory of these processes 
we shall discuss briefly the biophysical bases of actin -
myosin interact ion and amoebo id cell movement . 

2. The basic phenomena of amoeboid motility 
2.1 Characteristics of cell locomotion 
A p a r t from proper amoebae m a n y an imal cells are capable 
under certain condi t ions of exhibit ing the amoebo id 
mot ion . Hence , this type of movement is closely connected 
with a wide variety of impor t an t biological p h e n o m e n a . In 
par t icular , it is involved in morphogenes is , i.e. s t ructure 
format ion dur ing individual development , carcinogenesis, 
and immuni ty . The migra t ing cell represents a polar 
s t ructure, at the front of which is an advancing 
p seudopod ium. The central and rear pa r t s of the cell are 
referred to as b o d y and tail, respectively. At least two 
condi t ions must be met for a cell to move . Firs t , the cell 
mus t be able to form pseudopod ia the growth of which is 
accompanied by flow of the cell content into their space. 
Second, a solid subst ra te is required to which the 
pseudopod ia could a t tach themselves. The shape of the 
pseudopod ia and specific features of locomot ion vary 
widely depending on the cell. 

L o b o p o d i a — w i d e b lunt extensions — are characteris t ic 
of large fresh-water amoebae [ 1 6 - 1 8 ] . A region of clear 
ectoplasm free of granules , the so-called hyaline cap, is seen 
in their advancing pa r t (Fig. 1). The inner granula ted region 
of the cell conta in ing the nucleus and other organelles is 
named the endoplasm. The endoplasm flows towards the 
front of an advancing p s e u d o p o d i u m and immediate ly 
behind the hyal ine cap divides into lateral s t reams. This 
region, resembling a fountain, is called the fountain zone. In 
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Figure 1. S c h e m a t i c v i e w o f a m e d i a l c r o s s - s e c t i o n o f Amoeba proteus 
( a d a p t e d f r o m Ref . [41]): ( 7 ) t h e h y a l i n e c a p , ( 2 ) t h e p l a s m a ge l shee t , 
(3) t h e ge l - l ike e c t o p l a s m i c w a l l s ( s h a d e d a r e a ) , (4) t h e so l - l ike e n d o ­
p l a s m , ( 5 ) t h e p l a s m a m e m b r a n e . T h e a r r o w s s h o w t h e d i r e c t i o n o f 
f low. 

this zone the liquid endoplasm changes into gel-like 
ectoplasm, which forms new walls of the cell. In the 
hyaline cap there appear circular waves accompanied by 
pulsa t ions of cap surface with the per iod of 10 s [18]. These 
pulsa t ions are mos t p robab ly connected with periodic 
de tachments of thin layers of cortical gel from the 
m e m b r a n e at the tip of the p s e u d o p o d i u m . Endop lasmic 
liquid squeezes t h rough this p lasma gel into the hyaline 
region and pushes the front edge of the m e m b r a n e forward. 
Contrac t i le pro te ins conta ined in the endoplasm serve as 
mater ia l from which a new gel layer is formed. Then the 
cycle is repeated and pu lsa to ry progress of the cell 
cont inues . 

Large amoebae tha t reach abou t 1 m m in linear size, 
such as Amoeba proteus (an amoeba capable of manifest ing 
different forms) or Chaos -chaos (pay a t tent ion to the 
'synergetic ' sense of these old names!) , can s imultaneously 
extend several p seudopod ia in different directions. These 
extent ions compete a m o n g themselves and the ones tha t win 
are those which have sensed favorable gradients of chemical 
or physical factors: a t t rac tan ts , i.e. substances a t t rac t ing a 
cell, humidi ty , light intensity, electric fields, etc. As the 
velocity of amoeba migra t ion is abou t 1 um s _ 1 and tha t of 
p ro top lasmic flow is abou t 10 um s - 1 , these flows are easily 
detected under the microscope. In all cases of amoebo id 
locomot ion the following chronological pa t t e rn of cell 
moti le behaviour can be dist inguished: the stage of 
p s e u d o p o d i u m pro t rus ion , the stage of its distal a t t ach­
ment , and the stage of b o d y cont rac t ion which causes 
de tachment of the tail [13, 19]. 

In m a m m a l i a n cells one can observe pseudopod ia of 
ano ther type; these are lamel lopodia of var ious shapes. 
W h e n cells of the connective tissue, the fibroblasts, spread, 
the lamella forms a r ing of 1 um or less in thickness 
a r ranged a r o u n d the granular endoplasm [ 2 0 - 2 2 ] . The 
advance of the lamella in the course of spreading or 
migra t ion is accompanied by ruffling. Tha t is, local 
per iodic p r o t r a c t i o n - r e t r a c t i o n movemen t s of the lamella 
edge result in the appearance of folds. This activity proceeds 
a long the leading edge when the cell migrates , or a r o u n d the 
whole per imeter when it spreads [21]. Accord ing to 
Refs [20, 23] the marg ina l region of the lamella should 
be considered as an excitable med ium of spontaneous ly 
active elements. The dynamic compet i t ion of var ious 
lamella pa r t s results in the polar isa t ion of the cell which 
acquires a t r iangular shape. The fibroblast extends t owards 
the active leading edge and the other pa r t s of the lamella 

degenerate into a n a r r o w tail zone. Sometimes circular 
p ropaga t i on of cont rac t ion waves a r o u n d the lamella 
per imeter is observed. Despi te morpholog ica l variety the 
main physical mechanism is p robab ly qui te similar for all 
types of amoebo id movement . 

As is clear from the above description the locomot ion of 
amoebo id cells is a complex p h e n o m e n o n dependent on 
coordina ted interact ions of m a n y biochemical and b i o ­
physical processes. F o r its unde r s t and ing it is necessary 
to solve two prob lems: h o w the forces for the extension of 
p seudopod ia are generated and h o w mechanica l and 
chemical processes are coordina ted . 

2.2 The mechanism of active contraction 
Invest igat ion of the mechanism of moti l i ty in living 
substances began from the s tudy of striated muscles, in 
which the ability to contrac t is especially p ronounced . 
Contrac t i le prote ins , actin and myosin, were first isolated 
from muscles. These pro te ins were later found to be present 
in the overwhelming major i ty of eukaryot ic cells. Because 
of high s t ructura l regulari ty, the muscle is the best object 
for s tudying the mechanism of a c t i n - m y o s i n interact ion 
[24, 25]. In contras t to striated muscles, which have 
pe rmanen t fibrils capable of unidi rect ional cont rac t ion 
and generat ion of large forces, the amoebo id cells generate 
force using a system of act in- and myosin-conta in ing 
filaments able to assemble and to disassemble dur ing the 
cont rac t ion process . 

Act in in nonmusc le cells can exist in two functional 
states: as soluble m o n o m e r s (G-act in) with a molecular 
mass of 42 k D , or in polymeric form as double-s t randed 
filaments (F-act in) of var ious lengths. The double helix of 
F-act in has a diameter of 5 - 7 n m and a repeat step of 38 nm. 
In some actively moving cells actin can reach 20% - 3 0 % of 
the to ta l prote in content . A very critical factor for the 
polymerisa t ion react ion which proceeds in the presence of 
A T P b o u n d with m o n o m e r s is the concent ra t ion of G-act in. 
The polymer tha t forms is always in equil ibr ium with the 
actin m o n o m e r s in accordance with the following equat ion: 

(F -ac t in ) n <-> ( F - a c t i n ) n _ 1 + (G-act in) , 

where n is the n u m b e r of chains in the polymer . A l though 
the m o n o m e r s can be added at either polymer end, one end 
is preferred for polymerisa t ion and the other for 
depolymerisa t ion. Actin molecules can interact with a 
number of so-called act in-binding prote ins . Depend ing on 
the act in-binding prote in , the pa t t e rns of actin a r r ange­
ments can differ. Some pro te ins block its polymerisa t ion, 
o thers br ing abou t cross-l inking of the actin fi laments with 
each other or with other cell s t ructures . This converts the 
microfi lament suspension into a gel ne twork , (Fig. 2) or, 
conversely, cuts the filaments on to short f ragments leading 
to conversion of the gel into a sol. Myos in can also be related 
to the class of act in-binding prote ins . It interacts only with 
the polymeric form of actin tha t p roduces mot ion . 

Myos in is a hexamer composed of two heavy chains 
(with molecular mass of 200 k D each) and two pai rs of light 
chains (with molecular mass of 1 6 - 2 2 k D each). The 
myosin heavy chains are highly asymmetr ic with a linear 
rod-l ike segment and a m o r e globular head region. The rod 
pa r t s of b o t h heavy chains are coiled into a superhelix so 
tha t b o t h heads appear at one end. Therefore the superhelix 
itself is called the tail. The tails of the myosin molecules can 
b ind to each other and form var ious bipolar s t ructures . In 
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Figure 2 . S c h e m a t i c s k e t c h o f t h e a c t o m y o s i n n e t w o r k ( a d a p t e d f r o m 
Ref . [31]): ( 7 ) m y o s i n o l i g o m e r s , ( 2 ) a c t i n - b i n d i n g n o d e s , (3) a c t i n 
filaments f o r m e d a s a r e s u l t o f G - a c t i n p o l y m e r i s a t i o n , (4) t h e 
p l a s m a m e m b r a n e , ( 5 ) a d h e s i v e p r o t e i n s , (6) t r a n s m e m b r a n e p r o t e i n s , 
( 7 ) G - a c t i n m o l e c u l e s . 

nonmusc le cells myosin is able to form only small 
ol igomers. 

In view of similarity of the main contract i le pro te ins of 
muscle and nonmusc le cells it can be assumed tha t the 
sliding mechanism observed in muscles opera tes in n o n ­
muscle cells as well. In amoebo id cells, as a rule, one end of 
an actin filament is a t tached to the cell m e m b r a n e (or to 
ano ther cell organelle) and the other is free. Bipolar myosin 
ol igomers are interposed between two oppos ing , and 
therefore opposi tely polarised, actin filaments. In the 
process of interact ion the actin filaments slide relative 
to myosin and the s t ructures to which they are a t tached 
app roach each other . A l though the main componen t s 
involved in the generat ion of driving forces are well k n o w n 
it is much less evident h o w the filament sliding is connected 
with the format ion of p seudopod ia and their activity. 

2.3 Two hypotheses of amoeboid movement 
As early as in the past century, long before the contract i le 
pro te ins were discovered, var ious ideas on the mechanism 
of amoebo id movemen t had been pu t forward. Later they 
were revived in two main , bu t contradic t ing each other , 
theories of M a s t [16] and Allen [17]. 

Accord ing to M a s t ' s hypothesis , the movement of 
amoeba is due to con t inuous cont rac t ion of the ectoplas-
mic tube at the tail, which creates a pressure gradient a long 
the cell body . The endoplasm is forced to flow towards the 
front with the result ing format ion of pseudopod ia . As 
ectoplasm contrac ts it solidifies, i.e. is converted into 
p lasmasol . At the front the reverse process occurs: the 
endoplasm decreases its forward mot ion , spreads laterally, 
and gelates. T h u s an ectoplasmic tube is cont inuously 
destroyed at the tail and rebuilt at the front. Accord ing 
to this concept the s t reaming of endoplasm and p s e u d o ­
p o d i u m format ion are passive events. This hypothesis 
domina ted for nearly 40 years unt i l a number of findings 
accumula ted which it could no t explain. Firs t of all, a ra ther 
complex system is necessary to cont ro l posit ive taxis. So, 

a t t rac t ing signals should be t ransmi t ted from the receptor 
sites at the front to the tail region. The tail cont rac t ion in 
tu rn would result in s tretching all elastic regions ra ther then 
only the frontal zone. 

The other idea, suggested by Allen [17], is k n o w n as the 
hypothesis of cont rac t ion in the fountain zone. Allen 
ascribed the active proper t ies to the endoplasm, which 
according to him consists of an axial gel pa r t and a 
m o r e liquid per iphera l par t . Contract i le force acts at the 
tip of advancing p s e u d o p o d i u m drawing the viscous e n d o ­
plasm towards the front. Each por t ion of endoplasm 
advances t owards the region of cont rac t ion , where it 
s imultaneously contrac ts , gelates, and becomes inverted 
to form the ectoplasmic tube . 

These two explanat ions are no t theories, bu t ra ther 
concepts h o w an amoeba could move if only a certain 
por t ion of the cell were capable of force generat ion. 
However , the contract i le pro te ins are omnipresent in the 
cell, so in order to solve the p rob lem of amoebo id 
movement one should elucidate h o w these pro te ins are 
control led. It is k n o w n tha t the interact ion of actin and 
myosin is regulated by calcium ions. Certainly, other large 
and small molecules are also involved in their regulat ion. 
Nevertheless , the simplest theory of amoebo id moti l i ty and 
cor responding ma themat i ca l models m a y be constructed by 
considering only the spa t io tempora l redis t r ibut ion of C a 2 + 

concent ra t ion which is an obl igatory factor for self-
organisa t ion of intracellular movements . 

3. Review of existing theories 
The const ruct ion of a general quant i ta t ive theory of all 
events occurr ing in amoebo id cells is a complex and no t yet 
completely resolved p rob lem. However , there a l ready exist 
a number of physical and mathemat ica l models which 
describe the growth of p seudopod ia [ 2 6 - 2 9 ] , the processes 
of in teract ions of cells with the surface [30], and the 
organisa t ion of intracellular movemen t [9, 3 1 - 3 3 , 41 , 8 2 -
85, 101]. In this section we shall first briefly review the 
theories of p s e u d o p o d i u m growth and then describe the 
p rob lems of self-organisation of intracellular movements , 
which are, from our po in t of view, the most p i thy and 
interest ing for physicists. W e will consider models for two 
characterist ic cases, namely self-sustained fountain flows 
and au towave back and forth (shuttle) s t reaming of the 
p ro top la sm. In the general case these two forms of moti l i ty 
can coexist and govern the shift of the cell mass transfer 
and be, consequently, an integral pa r t of the migra t ion 
mechanism. 

I m p o r t a n t factors in the organisa t ion of cell locomot ion 
are gradients of var ious external stimuli including i m m u n e 
factors p roduced within multicellular organisms. It is jus t 
these effects, together with self-action of the cells t h rough the 
substances which they secrete into external envi ronment , 
tha t cont ro l the proper t ies of the m e m b r a n e and t h rough it 
define the direction of migra t ion [34]. Free-l iving cells also 
react with each other . Such collective p h e n o m e n a are well 
expressed in the development of acrasiamycete Dictyoste-
lium discoideum [9, 35] and in the behav iour of 
mic roorgan isms when there is a deficit of food [36]. 
Therefore, a general mode l for cell migra t ion should 
include a descript ion of intracellular flows, the cell a d h e ­
sion and de tachment , the reception of external factors and, 
last, the biochemical p rocedure of signal t r ansduc t ion from 
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receptors to the contract i le a p p a r a t u s and to systems 
control l ing m e m b r a n e proper t ies . 

3.1 Models for pseudopodium growth 
Several ma themat i ca l models for p s e u d o p o d i u m growth 
have been p roposed . The processes of lamel l ipodium 
format ion and pull ing the cell forward are described in 
Refs [ 2 6 - 2 8 ] . It is assumed tha t local changes in ionic 
condi t ions caused by passive leakage t h rough the leading 
m e m b r a n e trigger the release of calcium ions which act ivate 
solat ing factors in the cytogel. These molecules sever some 
of the gel fibres, leading to par t ia l degrada t ion of the gel 
ne twork . This reduces Y o u n g ' s m o d u l u s of the gel, 
al lowing it to expand osmotical ly under the influence of 
its in ternal swelling pressure. This extends the leading edge 
of the lamella, which when it re-gels adheres to the 
subs t ra tum via adhesive sites. The calcium release also 
triggers the ac tomyosin gel to actively contract . However , 
little contract i le stress can be generated unt i l the calcium 
ions are resequestered by vesicles in the cytogel and the 
ne twork reanneals . Then the gel contracts , and draws the 
cell ahead if the cont rac t ion is sufficient to b reak the 
poster ior a t t achments to the substra te . Final ly, the gel 
relaxes to its initial state, and the cycle reinit iates. T h u s the 
ionic leak triggers a cycle of solat ion and swelling of the 
gel, followed by gelation and cont rac t ion . This cycle first 
spreads the lamella ahead of the cell, then pulls the cell up 
behind the advancing front. 

A one-dimensional ma themat i ca l mode l is described in 
te rms of the following field variables: u(x,t) is the 
displacement of a mater ia l po in t in the gel from its initial 
posi t ion; c(x,t) is the concent ra t ion of calcium ions; G(x,t) 
is the vo lume fraction of the gel, i.e. the a m o u n t of actin 
tha t has been cross-linked into gel; s(x,t) is the vo lume 
fraction of sol. This refers to all of the ne twork subuni ts , 
including actin m o n o m e r s and severed chain fragments, as 
well as the var ious act in-binding prote ins . Unfor tuna te ly , 
Oster and Perelson [28] do no t p rov ide an analysis or 
numer ica l solut ions of the derived equat ions . 

Careful analysis of ano ther ma themat i ca l mode l is 
presented in Ref. [29] devoted to the p s e u d o p o d i u m 
pro t rus ion process in leucocytes. However , the central 
hypothesis of the theory seems to us to be open to 
quest ion. In the p roposed model , the p s e u d o p o d i u m is 
considered as a p o r o u s b o d y m a d e up of an F-act in 
ne twork , the pores of which are full of aqueous solu­
t ion. Act in m o n o m e r s are considered as a ' so lu te ' 
t r anspor ted only by convection and diffusion in the liquid 
phase . The p s e u d o p o d i u m grows as actin filaments e longate 
at their ends at the tip of the p seudopod ium. A n essential 
concept in Ref. [29] is tha t the polymerisa t ion of actin 
provides the energy for the advance of the front m e m b r a n e 
of the p s e u d o p o d i u m and tha t the ra te of growth of the 
p s e u d o p o d i u m is control led only by act in-binding prote ins . 
A one-dimensional moving b o u n d a r y p rob lem based on the 
p roposed mechanism has been constructed and app rox ima te 
solut ions have been obta ined. Accord ing to Ref. [29] this 
mode l is also applicable to the growth of other cellular 
systems such as extension of a long actin-filled tube k n o w n 
as the ac rosomal process in sperm cells [37]. The ac rosomal 
react ion is induced by contact of the sperm with the coat 
su r round ing an egg. In sea cucumber sperm in less t han 10 s 
the process can reach m o r e than 90 um in length — some 15 
t imes as long as the head of the sperm. T h r o u g h this tube 

the nucleus and cytoplasm of the sperm are d rawn into the 
egg br inging abou t fertilisation. 

There are a few other theoret ical works concerned with 
this p rob lem [ 3 8 - 4 0 ] . In our opinion the mode l p roposed in 
Ref. [39] is m o r e realistic. The au tho r s have provided a 
detailed analysis of moving b o u n d a r y models for extension 
of the ac rosomal process and have est imated the kinetics of 
diffusion-limited actin polymerisa t ion . It has been shown 
tha t actin filament growth occurs too slowly to drive 
ac rosomal e longat ion and other forces, such as osmotical ly 
driven water flow th rough the m e m b r a n e , must play an 
impor t an t role in causing the e longat ion. Act in po lymer ­
isation is a secondary p h e n o m e n o n whose function is to 
impact an appropr i a t e shape to the growing s t ructure and 
stabilise it when the water flow ceases. 

The works of Oster and co-au thors [37, 38] suggest tha t 
the osmot ic pressure arises from react ions at the m e m b r a n e , 
which l iberate osmotical ly active particles, and from the 
swelling of the actin gel a t tached to the m e m b r a n e . The 
ac rosomal process elongates under the act ion of the h y d r o ­
static pressure gradient . The extension force is ba lanced by 
tension in the m e m b r a n e and d rag forces caused by the 
movement of the ac rosomal m e m b r a n e t h rough the cell 
cytoplasm and th rough the external medium. D u r i n g the 
ac rosomal react ion new p lasma m e m b r a n e is inserted at the 
base of the ac rosome and thus the m e m b r a n e tension is 
p robab ly negligible. In Refs [38, 40] the au tho r s have 
numerical ly solved the cor responding equa t ions and have 
shown tha t the solut ions are in good agreement with 
available exper imental da ta . In par t icular , it has been 
shown tha t the length of the mode l ac rosome grows in 
p ropo r t i on to the square roo t of t ime and the predicted ra te 
of its extension quant i ta t ively agrees with the real one. 

3.2 Interaction of cells with substrates 
In order to move forward the cell mus t exert a r ea rward 
force on its sur rounding . It is therefore obvious tha t the 
mechanica l and chemical proper t ies of the envi ronment will 
influence the ra te of movement which greatly varies for 
different cells. F o r example, the speed of the fastest-moving 
white b lood cells, neu t roph i l leucocytes, is abou t 
30 um m i n - 1 , whereas tha t of f ibroblasts is only 40 
um h _ 1 . Lymphocy tes move slowly over p lanar sub­
strates, bu t placed in a three-dimensional ne twork mat r ix 
reach speeds comparab le to those of neu t rophi l leucocytes. 

Intuitively, three regimes of moti le and adhesive behav ­
iour can be envisaged for cell interact ion with a substra te . 
On a poor ly adher ing surface a cell m a y stick so weakly tha t 
no t rac t ion is obta ined and no net movement occurs. 
Alternatively, a cell m a y a t tach itself to a well-adhering 
surface so strongly tha t it becomes immobil ised. Wi th an 
o p t i m u m balance of adhesive forces, however , the cell m a y 
be mobi le . The speed of cell migra t ion in dependence on its 
adhesive proper t ies has been est imated in Ref. [30]. The 
mode l p roposed describes the cell cytoskeleton as a complex 
ne twork of viscoelastic and contract i le elements, relat ing 
intracellular forces to subs t ra tum t rac t ion forces media ted 
by adhesive-receptor b o n d s with subs t ra tum ligands. Ne t 
t rans locat ion of the cell requires an asymmetry in the c e l l -
sub s t ra tum interact ion. Two al ternat ive mechanism for 
generat ing such an asymmetry have been pos tu la ted : 
spatial dis t r ibut ion of cell surface adhesive receptors or 
spatial var ia t ion of their affinity with subs t ra tum. N u m e r ­
ical solution of the mode l equa t ions has revealed the 
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influence of bo th mechanica l proper t ies of the cell and its 
adhesiveness to the subs t ra tum on the speed of mo t ion tha t 
is in agreement with exper imental da ta . 

3.3 Self-organisation of fountain flows in Amoeba proteus 
It is significant tha t there are p ro top lasmic s t reamings even 
when amoebo id cells are immobi le . The following two 
modes of cytoplasmic mot ion can occur, prevent ing the 
mass from accumula t ing in the anter ior pa r t of the cell: 
either cyclic, reciprocal (shuttle) s t reaming or cont inuous , 
steady circular flow back and forth, usual ly in the form of 
axisymmetr ic fountain flow. The shutt le endoplasmic 
s t reamings are mos t clearly seen in Physarum polycephalum 
Plasmodium, whereas fountain flows occur in the giant 
amoeba , Amoeba proteus. 

Below, we will dwell on the theory of fountain flow in 
Amoeba proteus (Fig. 1). On the biological level a number 
of scenarios have been pu t forward, whereby fountain flows 
and the dynamic equil ibrium between gel-like ectoplasm 
and sol-like endoplasm in the amoeba are main ta ined 
because of con t inuous a s soc i a t ion -d i s soc i a t ion processes 
in the ac tomyosin ne twork as described above. In this 
section we shall briefly out l ine equa t ions of the dynamics of 
such processes and basic results s temming from them. In 
our opinion the theory of fountain flows advanced by 
D e m b o [41, 101] is most soundly based. 

Fo l lowing him, we shall regard the p ro top l a sm as 
consist ing of only two phases : ac tomyosin ne tworks and 
an aqueous solution tha t fills the rest of the available 
volume. F o r simplicity, our considerat ion is restricted to 
models in which the ne twork phase behaves as an isotropic 
viscous or pseudoplas t ic fluid. The following no ta t ion is 
used: p is the vo lume fraction of the ne twork phase ; and 
Vf are the velocity componen t s of the solution and ne twork 
phases , respectively. Then, in the Car tes ian coord ina te 
system, x2, x3), the rate-of-strain tensors for the 
ne twork and solution phases will have the form: 

F • — - I — F--
QVf 8V? 

: 6 ^ + 6 ^ < ^ = 1 , 2 , 3 . (3.1) 

The other functions in quest ion will be the pressure of 
the solut ion phase , P(xu x2, x3, t), and concent ra t ion of 
the chemical regulator of the contract i le activity (say, 
calcium ions), c(xu x2, x3, t). Tak ing into account tha t 
b o t h the Reyno lds number for the p ro top la sm mot ion and 
the vo lume fraction of the ne twork are very much less t han 
one, we obta in the following system of equat ions for the 
conservat ion of mass and m o m e n t u m of the given biphasic 
med ium: 

8V7

S 

dxj 

dt dx 

9 ( ^ » , ) + p f f ( v « - V » ) - g = 0 , 

(pVf)+F, 

dx 

9 (PMEl)+pH(v!-V?)-£.i(p<F)=0, 
dx 

8c 8 f s N 8 / . 8c \ 
dxj \ dxj 

(3.2a) 

(3.2b) 

(3.2c) 

(3.2d) 

(3.2e) 

E q n s (3.2b) and (3.2e) represent the ba lance condi t ions 
for the ne twork density and the concent ra t ion of C a 2 + ions, 

respectively, Eqn (3.2a) is the cont inui ty equat ion for the 
solut ion phase , and E q n s (3.2c) and (3.2d) are the equa t ions 
of mo t ion for the solution and ne twork phases , respectively. 
The analysis performed in Ref. [41] has led to the following 
expressions for the scalar functions F, H, M , Y, and S, 
which describe, respectively, the ra te of ne twork po lymer ­
isation (or depolymerisa t ion) ; the specific hydraul ic 
resistance of the ne twork , used in D a r c y ' s law for flow 
th rough a p o r o u s med ium; the specific shear viscosity of the 
ne twork , which depends on the number and strength of 
crosslinks between actin filaments; the specific contract i le 
stress in the ne twork ; and the ra te of increase (or decrease) 
of C a 2 + concent ra t ion within the cytoplasm: 

F = l H = M = fin c x p I ̂  

¥=¥0(c-c,), S = — (3.3) 

H e r e the constant pa rame te r s p e and Tn are the vo lume 
fraction of ne twork at chemical equil ibrium and the 
relaxat ion t ime of the polymerisa t ion react ion, respec­
tively. fis is the solut ion viscosity, m is the permeabi l i ty 
coefficient, and fin is the viscosity of the ne twork . It has 
been assumed tha t contract i le stress is a linear function of 
the calcium ion concent ra t ion with the p ropor t iona l i ty 
constant W0. W h e n calcium ion C a 2 + concent ra t ion is 
above its threshold c*, the active stress exceeds the swelling 
of the ne twork . T c denotes the characteris t ic lifetime of the 
calcium ions which are also capable of convection and 
diffusion in the solution phase with the diffusion constant 3. 

Numer i ca l solut ions of Eqns (3 .2 ) - (3 .3 ) have been 
obta ined for cytoplasm conta ined in a fixed right circular 
cylinder whose b o u n d a r y is divided into three na tu ra l 
surfaces: anter ior , poster ior , and lateral . Var ious var iants 
of b o u n d a r y condi t ions can be formulated by in t roducing 
Lj and Nj9 which are tangent ia l and o u t w a r d - n o r m a l 
componen t s of a uni t vector on the b o u n d a r y surface. 
The solution and ne twork phases are able to slip t angen-
tially with respect to the p lasma m e m b r a n e ; therefore 'sl ip ' 
b o u n d a r y condi t ions for the tangent ia l velocity componen t s 

: 0 . (3.4) 

If the p lasma m e m b r a n e of the cell is impermeable to the 
flux of the solut ion phase , then the n o r m a l condi t ion for 
the solution velocity is: 

(3.5) 

The n o r m a l b o u n d a r y condi t ion for the ne twork velocity 
was t aken to involve sticking to the poster ior and lateral 
surfaces 

o (3.6) 

and no sticking to on the anter ior surface 
W 

E^NtNf = . 
lJ 1 ] M 

The last expression means tha t the ne twork movement is 
subject to the constra int NtVn ^ 0. Final ly, simple 
Dirichlet b o u n d a r y condi t ions for Ca 
b o u n d a r y surfaces have been used: 

c = const . 

2+ ions on all 

(3.7) 

The key result of D e m b o ' s work is tha t he could find a 
real and self-consistent pa ramete r combina t ion of the 



T h e p h y s i c a l b a s e s o f cel l m o v e m e n t . T h e m e c h a n i s m s o f s e l f - o r g a n i s a t i o n o f a m o e b o i d m o t i l i t y 5 2 7 

4 9 
35 
21 

7 

1.0 

0.1 

0.01 

1.0 

0.1 

0.01 

10 

1 

1.0 

0.5 

Figure 3 . T h e r e s u l t s o f c o m p u t e r s i m u l a t i o n o b t a i n e d b y D e m b o for 
h i s m o d e l o f s e l f - o r g a n i s i n g f o u n t a i n f lows in Amoeba proteus ( a d a p t e d 
f r o m Ref . [41]). E a c h s u b p l o t r e p r e s e n t s t h e l o w e r h a l f o f a m e d i a l 
s e c t i o n t h r o u g h t h e c y l i n d r i c a l d o m a i n for w h i c h c a l c u l a t i o n h a s b e e n 
p e r - f o r m e d . (a ) T h e d i s t r i b u t i o n o f p r e s s u r e , P ( d y n c m - 2 ) ; (b ) t h e 
v e l o c i t y field o f s o l u t i o n p h a s e , Vs [\im s - 1 ] ; (c) t h e d i s t r i b u t i o n o f 
n e t w o r k v o l u m e f r a c t i o n , p [ d i m e n s i o n l e s s ] ; (d ) t h e v e l o c i t y field o f 
n e t w o r k p h a s e , Vn [urn s - 1 ] ; (e) t h e d i s t r i b u t i o n o f c o n t r a c t i l e a c t i v i t y 
r e g u l a t o r , C a 2 + [ d i m e n s i o n l e s s ] . C o r r e s p o n d i n g sca l e s a r e s h o w n o n t h e 
left o f e a c h s u b p l o t . 

min imal mode l (3 .2 ) - (3 .3 ) which cor responded to exper­
imenta l findings and most successfully described the self-
organisa t ion of the ectoplasmic wall, the hyal ine cap, and 
the kinetics of fountain s t reaming. A low-resolut ion over­
view of the numer ica l solution of the min imal mode l 
obta ined by D e m b o is given in Fig. 3. Each m a p represents 
only the lower half of a media l section th rough the mode l 
amoeba . A p p r o p r i a t e scales are used to represent: (a) the 
dis t r ibut ion of the intracellular pressure, (b) the field of the 
phase velocities of solution, (c) the dis t r ibut ion of vo lume 
fraction of the ne twork phase , (d) the field of its velocities, 
and (e) the dis t r ibut ion of the calcium ion concent ra t ion . 
One can see a ra ther sharp gradient of the ne twork density 
separat ing ectoplasm and endoplasm. The rat io of values of 
p in the ectoplasm and in the endoplasm a m o u n t i n g to 
9 0 % - 9 5 % also cor responds to exper imental findings. 

W h a t is mos t impor t an t is the fact tha t , because of the 
b o u n d a r y condi t ions at the anter ior surface of the amoeba , 
the ne twork phase is poor ly anchored to the p lasma 
m e m b r a n e and forms a p lasma gel sheet which impedes 
the flow of cytoplasmic granules into the hyal ine area. This 
was the most difficult s t ructure to explain theoretically. The 
other major result of the s imulat ion is tha t it predicts a 
forward flow of b o t h the solution and the ne twork phases 
a long the central axis and backward flow p redominan t ly 
a long the p lasma m e m b r a n e . Accord ing to the mode l the 
s ta t ionary pressure gradient , p roduced largely by con t rac ­
t ion of the ectoplasmic tube , is established a long the 
channel and drives a solut ion flow toward the anter ior . 
The forward flow of the ne twork is driven by the mo t ion of 
the solut ion phase , bu t not vice versa as was hypothesised 
by Allen. 

The dis t r ibut ion of calcium ions is seen to be diffuse 
t h r o u g h o u t the length of the amoeba wi thout a significant 
a n t e r i o r - p o s t e r i o r gradient . The calcium concent ra t ion is 
m a x i m u m at the m e m b r a n e and m i n i m u m at the centre. The 
final results are little affected by the exact form of posit ive 

C a 2 + cont ro l on ne twork contract i l i ty (linear or nonl inear) . 
A stable steady state is established within 1 min s tar t ing 
from the completely uni form dis t r ibut ion (for compar i son , 
the characterist ic t imes are T c ~ 1 s and T N ~ 10 s). 

The min imal mode l ( D e m b o ' s terminology) has m a d e it 
possible to calculate the exact spatial dis t r ibut ion of b o t h 
the power supplied by ne twork cont rac t ion and the power 
lost as heat owing to in ternal viscosity and pure ly chemical 
processes, namely the hydrolysis of A T P dur ing assembly 
and disassembly of the ac tomyosin ne twork . The to ta l ra te 
at which the ac tomyosin ne twork of one cell does m e c h a n ­
ical work is 2.35 x 10~ 5 erg s _ 1 . Of this a m o u n t 
2 x 10~ 5 erg s _ 1 is converted to heat due to ne twork 
viscosity, 0.34 x 10~ 5 erg s _ 1 is converted to heat by 
in terphase drag, and a very small a m o u n t , abou t 
0.005 x 10~ 5 erg s _ 1 , is converted to heat by solution 
viscosity. A b o u t 3 5 % of the power is derived from the 
small region at the very tip of the ectoplasmic tube , which is 
consistent with Allen 's ideas. The heat l iberated directly 
owing to chemical react ions occurr ing in the cell is much 
greater t han the heat generated as a consequence of 
mechanica l activity. F o r diverse cells, in general , the energy 
expended on main ta in ing the intracellular flows is signifi­
cantly less t han tha t required for other purposes [42]. 

As discussed earlier, there are cyclic waves of s t reaming 
associated with ent rance of granular endoplasm into the 
hyaline cap region. Waves and hyaline cap cycles appear 
from their regulari ty to be a u t o n o m o u s oscillations. D e m b o 
demons t ra ted tha t they can be simulated by his mode l with 
slightly different pa ramete r s . In the following, we will show 
tha t such regimes are n o r m a l in other amoebo id organisms 
[43, 8 2 - 8 5 ] . All details including numer ica l values of the 
mode l pa rame te r s and fine colour con tour m a p s can be 
found in Refs [41, 101]. 

A l though D e m b o ' s min imal mode l successfully explains 
the main k inemat ic features of fountain s t reaming it has 
l imitat ions which, in the first instance, stem from the fixed 
spatial domain . F o r amoebo id locomot ion , movement of the 
cell b o u n d a r y is of the essence. Elasticity of the ac tomyosin 
ne twork and pressure gradient changes due to the ectoplasm 
deformat ion must also be t aken into account . Below, we shall 
show tha t these factors are crucial for the init iat ion of shutt le 
endoplasmic flows in the p l a smod ium of ano ther r emarkab le 
organism, myxomicete Physarum polycephalum. 

4. Auto-oscillation and biological motility 
One of interest ing aspects of biological moti l i ty is its 
oscil latory na tu re . In this connect ion it should be 
ment ioned tha t the major i ty of k n o w n cell oscillators 
have been found in cells with p ronounced contract i le 
activity. This m a y no t only be due to the obviousness of 
these oscillations. A wide range of cellular processes can be 
involved in generat ing sustained oscillations [44]. It is 
usual ly supposed tha t such behaviour results from the 
instabilities tha t exist in metabol ic or regula tory systems. 
This can result in a locally a u t o n o m o u s chemical 
oscillation forcing cont rac t ion and coupled in space by 
diffusion and convect ion. On this assumpt ion , the 
mechanica l organisa t ion of the cell is no t t aken into 
considerat ion. However , it is k n o w tha t m a n y enzymes, for 
instance glycolytic ones, are t ightly connected with a 
cytoskeleton, a deformat ion of which can change their 
activity. Tur ing in his classical work abou t morphogenes i s 
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[45] a l ready assumed tha t the chemical and mechanica l 
processes in cells could influence each other . 

The mechanica l base of the cell, the cytoskeleton, is a 
complex macroscopic fibrous ne twork a t tached to the 
p lasma m e m b r a n e . The major componen t s of cytoskeleton 
are contract i le pro te ins having A T P a s e activity, so the 
cytoskeleton can be considered to be an active dis tr ibuted 
system. Since an enzymatic activity of the pro te in molecule 
depends on its conformat ion , a forced local deformat ion 
m a y change the enzymatic activity of the contract i le 
pro te ins . This change m a y result in a change of their 
active tension which in tu rn results in deformat ion of 
the adjacent elements of the mechanochemica l system 
and so on. Thus , this has an au towave character and is 
performed only by the mechano chemical system of the cell. 

Mechan ica l stresses and strains can also change the 
conduct ion of ionic channels in the m e m b r a n e s of the cell 
and its organelles [46], which can result in spa t io- tempora l 
redis t r ibut ion of the concent ra t ion of calcium ions. These 
findings suggest the existence of some feedback loops which 
could be sufficient to b r ing abou t auto-osci l la t ions. If so, 
the cytoskeleton will be no t only an effector system bu t an 
intrinsic pa r t of the cell oscillator. Mechan ica l stresses affect 
the processes of self-organisation in multicellular organisms 
[ 4 7 - 5 0 ] , in par t icular morphogenes i s [9, 51]. Oscil lators 
incorpora t ing mechanica l elements in feedback loops have 
the advan tage of long-range hyd rodynamic interact ions, 
which is especially impor t an t for large systems with 
unexci table membranes . In addi t ion, in this case the 
oscil latory behaviour of a dis tr ibuted mechano chemical 
system could be described by fewer differential equat ion . 

5. Physarum polycephalum plasmodium as an 
autowave system 
U n i q u e oppor tun i t ies for s tudying the p rob lems of 
amoebo id motil i ty, the physics of self-organisation, and 
mechano chemical auto-osci l la t ions are provided by the 
Physarum polycephalum p l a smod ium. It is a mult inuclear 
mass of p ro top la sm, su r rounded by a c o m m o n m e m b r a n e 
and having an amoebo id type of motil i ty. Because of its 
large size this huge cell has even been entered in the 
Guinness Book of Records. G rowing on nutr ient subs t ra te 
the p l a smod ium looks like a sheet, the area of which can 
reach a square met re or more , and the thickness can a t ta in 
2 m m . 

The moti l i ty of the p l a smod ium manifests itself as 
rhy thmic pulsa t ions of the p lasmodia l b o d y and as v igorous 
reciprocat ing (shuttle) p ro top lasmic flows. Typically, their 
per iods are in the range of 1 - 5 min. Wi th the exhaust ion of 
nut r ien ts or with the appearance of gradients of var ious 
chemotact ical ly active stimuli in a solid subs t ra tum, the 
P lasmodium begins to migra te and in the process is organised 
into a fan-like front with a ne twork of interconnected veins 
(so-called s t rands) at the back , which resemble b lood vessels 
of the circulatory system (Fig. 4). The length of major 
s t rands can reach a few tens of centimetres and the diameter 
sometimes a t ta ins 2 m m . With in the s t rands and in channels 
t h r o u g h o u t the frontal sheet, the p ro top la sm is differentiated 
into an outer tube-l ike gel ectoplasm and a m o r e fluid inner 
sol endoplasm. Shutt le s t reaming is caused by nons t a t iona ry 
gradients of intracellular pressure generated by periodic 
cont rac t ions of ac tomyosin ne twork in the ectoplasm. 

Figure 4 . Physarum polycephalum p l a s m o d i u m s p r e a d i n g o v e r t h e 
s u b s t r a t u m . 

A great b o d y of da ta on the p lasmodia l oscillatory 
activity has been obta ined on isolated p ro top lasmic s t rands . 
A s t rand shows no significant rhy thmic activity immediately 
after it ha s been excised from the mother p l a smod ium. 
Then , its injured ends are quickly regenerated and it begins 
to behave as an independent self-organising organism. 
Local regions of the s t rand begin to contrac t and relax, 
at first irregularly, bu t in 1 0 - 2 0 min their oscillations 
become synchronised and their ampl i tude increases. In 
t ime, the s t rand ends develop into frontal zones and a 
v igorous shutt le endoplasmic s t reaming is organised 
between them. So a quas i -s tanding wave of the fundamen­
tal tone arises. Later , one of the compet ing fronts becomes 
the leading front and the other degenerates leading to the 
characterist ic po lar form of migra t ing p l a smod ium [34, 52]. 

The pulsa t ions of p lasmodia l b o d y have a complex 
spa t io- tempora l organisa t ion . In small p lasmodia (5 cm 
or less in diameter) there are near ly synchronous and 
synphasic radia l pulsa t ions of all s t rands in the p lasmodia l 
ne twork , cont rac t ion phases of the s t rands being coincident 
with the expansion phases of the advancing front [53]. 
S tanding waves of higher ha rmonics can be set up in long 
isolated s t rands [54]. P ropaga t ion of peristalt ic cont rac t ions 
has also been observed in such s t rands [55, 56]. A u t o w a v e 
moti le activity of the p l a smod ium manifests itself mos t 
vividly in its frontal sheet. F o r example, quasi-s tochast ic 
oscillations of sheet thickness with their subsequent syn­
chronisa t ion and a wave-like p ropaga t ion of loops with 
velocities of 5 - 3 0 um s _ 1 can be observed [54, 57]. R u n n i n g 
waves can be induced artificially by the gradients of 
t empera tu re or chemotact ical ly active factors in the sub­
s t ra tum [58]. Sometimes, in the frontal zone there is a 
circulation of such waves (circular or spiral waves). 

Analysis of the wave processes requires a large number of 
s imul taneous measurements in m a n y po in t s t h r o u g h o u t the 
P lasmodium. As a simple i l lustration, Fig. 5a shows a one -
dimensional phase d iagram of p lasmodia l thickness changes 
at twelve po in t s at different ins tants . The d iagram was 
constructed on the basis of movie pictures of a large 
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Figure 5 . ( a ) P h a s e d i a g r a m o f t h e c o n t r a c t i l e a c t i v i t y o s c i l l a t i o n 
m e a s u r e d a l o n g t h e d i r e c t i o n o f p l a s m o d i a l m i g r a t i o n . O r d i n a t e : 
p o s i t i o n o f t h e m e a s u r e m e n t p o i n t . A b s c i s s a : c u r r e n t t i m e . T h e d a r k 
b a r s p a r a l l e l t o t h e t i m e a x i s r e p r e s e n t t h e c o n t r a c t i o n p h a s e a n d t h e 
g a p s s h o w r e l a x a t i o n p h a s e s , (b ) O s c i l l a t i o n s o f t h e p l a s m o d i u m 
t h i c k n e s s o b t a i n e d for t h e 6 th p o i n t o f m e a s u r e m e n t . O r d i n a t e : 
r e l a t i v e o p t i c a l d e n s i t y . A b s c i s s a : c u r r e n t t i m e . 

P lasmodium, migra t ing on nonnut r i t ive agar gel a long a 
n a r r o w t rack bordered by non-adhes ive paraffin strips. A 
typical record of changes in the image opt ical density is 
shown in Fig. 5b. Incl inat ions of the con t inuous lines 
connect ing the po in t s of the same cont rac t ion phases 
determine phasic wave velocities which depend on the 
P lasmodium size. In the given case these velocities reach 
2 cm s _ 1 , tha t is much m o r e t h a n the average velocity of the 
front which is here equal to 8 cm h _ 1 . 

In paral lel with the contract i le oscillations in the 
P lasmodium there also occur s imul taneous and synchron­
ous oscillations of the m e m b r a n e potent ia l , of the 
concent ra t ions of C a 2 + [59, 60], H + [61], A T P [62], etc. 
The quest ion arises whether or no t there is a c o m m o n 
mechanism under ly ing all such oscil latory behaviour , i.e. is 
it possible to isolate those processes directly responsible for 
generat ing the rhy thm. The impor t an t feature of electrical 
and chemical oscillations observed in Physarum is tha t they 
are always accompanied by mechanica l oscillations bu t no t 
vice versa. This might reflect par t ic ipa t ion of the cytoske­
leton in the feedback loops responsible for auto-osci l lat ions. 

One of the str iking characterist ics of p lasmodia l s t rands , 
suggesting the existence of some feedback loop which can 
be sufficient for causing auto-osci l lat ions, is their s t ra in-
induced act ivat ion. W h e n a s t rand under isometric condi ­
t ions is quickly stretched by 10% - 2 0 % of its length, the 
tension and the ampl i tude of its oscillations conspicuously 
increase. U n d e r isotonic condi t ions , the increase in the load 
gives rise to an increase in the ampl i tude of length 
oscillations, which is also p ropo r t i ona l to the tension 
[63, 64]. 

E rup t ions of the endoplasm after s t rand punc tu res 
indirectly indicate the existence of hydros ta t ic pressure 
and hence of tension in the ectoplasm at tached to the 
p lasma m e m b r a n e . As the cell m e m b r a n e s are well p e r m e ­
able to water , osmot ic forces should come into play in the 

ma in tenance of intracellular pressure. The complex of 
cytoskeleton and p lasma m e m b r a n e in the b r o a d sense is 
a un i ta ry system capable of s toring a great deal of 
mechanica l energy. The elas to-osmotic pa rame te r s of the 
P lasmodium have been est imated by La i rand et al. [65, 66]. 
In par t icular , for p lasmodia adap ted to water , the o smot ­
ically active concent ra t ion was shown to average 70 m o s M . 
The osmot ic pressure cor responding to this value is equal to 
1 . 7 x l 0 6 dyn cm . A marked decrease in the elasticity and 
viscosity of the s t rands , observed after their t r ea tment with 
s t rong a t t rac tan t s , causes a drop in the intracellular 
pressure a long with a decrease in b o t h the ampl i tude 
and the per iod of mot ive force oscillations [ 6 7 - 6 9 ] . 
D a t a obta ined in these experiments give a lower est imate 
for the in t rap lasmodia l pressure value as abou t 
10 4 dyn c m " 2 . 

If the reception of a t t r ac tan t s results in a local 
re laxat ion of the ectoplasm, the existence of turgor 
pressure could explain the directed endoplasmic flow 
into forming p s e u d o p o d i u m and essentially simplify the 
p rob lem of h o w cell migra t ion is control led. In this event 
the cell or ienta t ion will occur no t because of local active 
cont rac t ion , as M a s t ' s and Allen 's models pos tu la te , bu t 
because of main tenance of global cell tones and a local 
decrease of elasticity in the place where the new front 
should form. The latter can be caused by a t t rac tan t b inding 
to receptor and subsequent act ivat ion of ac t in -modula t ing 
prote ins . 

The essential role of the p lasmodia l cytoskeleton in the 
observed au towave p h e n o m e n a is also indicated by da ta on 
the synchronisa t ion of auto-osci l la t ions t h r o u g h o u t the 
P lasmodium. The synchronisa t ion is not connected with 
electrical p h e n o m e n a , as it does in excitable tissues [70, 71]. 
The necessary condi t ion for synchronisat ion has been 
shown to be the pressure of shutt le endoplasmic s t reaming 
[ 7 2 - 7 5 ] . This key ci rcumstance should be taken into 
account in the ma themat ica l model ing of au towave mot i l ­
ity in the Physarum p l a smod ium. 

6. Mathematical model for plasmodial autowave 
motility 
6.1 Hydrodynamic equations for protoplasm motion 
in plasmodial strands 
M a t h e m a t i c a l models for shutt le s t reaming in isolated 
p lasmodia l s t rands were first p roposed for a dumbbe l l -
shaped fragment [ 7 6 - 7 8 ] . These discrete models describe 
the movemen t s of viscous liquid between two volumes 
coupled by a rigid tube . H e r e we consider one - and t w o -
dimensional distr ibuted models , which are considerably 
closer to real objects, tha t is an isolated long p lasmodia l 
s t rand [ 7 9 - 8 3 ] and a p lasmodia l sheet [84] (a form 
characterist ic of early stages of p l a smod ium spreading). 
In all cases the longi tudinal deformat ion of ectoplasm is 
assumed to be impossible because of s t rong adhesion of the 
cell to the under ly ing subs t ra tum. 

The p ro top lasmic s t rand is considered as a long cylin­
drical tube filled with an incompressible endoplasm. 
Actomyos in fibrils are homogeneous ly dis tr ibuted in the 
ectoplasmic wall and a t tached to the m e m b r a n e . The 
interact ion of actin and myosin can be regulated by 
m a n y factors, bu t for simplicity we shall consider only 
calcium ions. It is assumed tha t there is a sufficient local 
supply of A T P . A spon taneous increase in C a 2 + ion 
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concent ra t ion in some section of the s t rand causes a local 
ectoplasm cont rac t ion . This leads to a decrease in s t rand 
diameter and p u m p i n g of endoplasm into the ne ighbour ing 
regions. Stretching the ectoplasmic walls in these pa r t s of 
the s t rand is assumed here to p r o m o t e an increase in C a 2 + 

ion concent ra t ion . In this way condi t ions for a new active 
cont rac t ion are created, bu t n o w in the sections adjacent to 
the original cont rac t ion , and so on. U n d e r certain b o u n d a r y 
condi t ions this au towave process can results in travell ing or 
s tanding waves of radia l ectoplasm cont rac t ions and in 
per iodic flows of endoplasm. To elucidate this possibili ty it 
is necessary to express the above descript ion in m a t h e m a t ­
ical te rms. 

Let us consider nons t a t i ona ry axisymmetr ic flow of 
an incompressible viscous (in the first approx ima t ion 
N e w t o n i a n ) fluid in a long cylindrical tube with a 
viscoelastic impermeable active wall (Fig. 6a). As the 
Reyno lds number for this case is very small (Re ~ 1 0 - 6 ) , 
the endoplasm s t reaming m a y be described by the equat ion 
for Poiseuille flow in a tube with a gently varying radius : 

dp 

dz~ 1 

8/x 
v. (6.1) 

H e r e V(z, t) is the velocity of endoplasm averaged over 
the cross section of the s t rand lumen, P(z, t) is the in t ra ­
cellular pressure, /i is the endoplasm viscosity, and R is the 
mean rad ius of the s t rand. 

To find the relat ionship between V(z, t) and small 
deviat ions, x(z, t), of the rad ius from its mean value 
(x <^ R) we wri te down the cont inui ty equat ion: 

FIV 1 6 
K ) = 0 , (6.2) dz 

+ - dr 

where vz and vr are the longi tudinal and radia l componen t s 
of endoplasm velocity, respectively. In tegra t ing this 
equat ion over the cross-sectional area of the s t rand 
lumen and tak ing into account the fact tha t typical 

Figure 6. S c h e m a t i c s k e t c h o f a p r o t o p l a s m i c s t r a n d ( a ) , a n d o f t h e 
w h o l e p l a s m o d i u m a t t h e e a r l y s t a g e o f s p r e a d i n g (b ) : ( 7 ) t h e 
e c t o p l a s m , ( 2 ) t h e e n d o p l a s m . 

lengths of au towaves observed in the p l a smod ium are 
much greater t han its characterist ic thickness, A* 5> R, we 
obta in : 

dv 
dz 

2 dx 
R 6 7 ' 

(6.3) 

where 

V(z, t) 
1 

nR2 
2%rv7 DR . 

Differentiat ing Eqn (6.1) with respect to z and in t roducing 
expression (6.3) we obta in : 

d2P _ 16/i dx 

d ? ~ ^ d i ' 
(6.4) 

Fu r the r , neglecting the radia l inertial forces act ing on 
the wall element and nonuni formi ty in the dis t r ibut ion of 
stresses and strains across the wall thickness we find the 
expression connect ing x(z, t) with the active componen t of 
the intracellular pressure. Rheologica l proper t ies of the wall 
will be described on the basis of the ana log mode l scheme in 
Fig. 12. Exper imenta l justif ication for choosing this scheme 
is given be low in Section 7. The behaviour of this scheme is 
described by the following equat ion connect ing the to ta l 
tangent ia l stress averaged across the wall thickness, cr, with 
the active stress, crA, generated by ac tomyosin interact ions 
and the passive stress, crp, dependent on relative deforma­
t ions, 8, of the elastic (Eu E2) and viscous (rj) elements: 

T l di + ( 7 = l y 2 dt + &) + T l ~dt + G a ' ( } 

where %x = r\/E2 and x2 = r\{\/Ex + l/E2) are the cha rac ­
teristic re laxat ion t imes. 

W h e n the rat io of the wall thickness, h, to the s t rand 
rad ius is small, then x(z, t) = Rs(z, t) and the intracellular 
pressure and its active componen t are equal to P(z, t) = 
cr(z, t)h/R and PA(Z> 0 — °Afo t)h/R, respectively. Tak ing 
this into account we differentiate E q n (6.5) twice with 
respect to z and in t roducing expression (6.4) we ob ta in 
an equat ion governing radia l cont rac t ion of the s t rand: 

16/iT! d2x 16/i dx 
R3 dt2~ + ~R3 dt 

Exhx2 d3x 

R2 dtdz 

d5pA Exh d2x d2pA 

The order of this equat ion is reduced if xx = 0 (or 
E2 —> OO), i.e. if the passive viscoelastic proper t ies of the 
wall are represented by the Kelvin rheo logical model . In this 
case an expression for intracellular pressure in dependence 
on the wall pa rame te r s is of the simple form [85]: 

P(z, t) 

Accordingly, 
becomes: 

E\h i r]h dx 
R 2 ' X + R 2 

+ PA(Z, t) (6.7) 

within this approx imat ion , Eqn (6.6) 

16/z dx 
~FTdi F?6t6z2 

E\h 9 x 
+ 

6 2 P A 

R2 dz2 dz 
(6.: 

E q n s (6.6) and (6.8) can be complemented by te rms 
al lowing for viscoelastic forces exerted a long the s t rand wall 
which is a t tached to the under ly ing subs t ra tum and is in 
tension. This gives rise to an addi t iona l passive pressure in 
expression (6.7). F o r small, radial ly symmetr ical deforma-
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t ions of the s t rand it can be wri t ten as the following 
approx imat ion : 

„ x E'l 8 4 x n'l d5x G' 
P (z, t)= — — + ^ t ^ t t + ; 

dzx 
2nR dz4 2nR dtdz4 2nR dz2 ' 

(6.9) 

H e r e Ef and rjf are Y o u n g ' s m o d u l u s and viscosity 
coefficient of the wall for longi tudinal deformat ions , 
respectively, I = nRh3/6 is the m o m e n t of inertia of the 
wall section, G' = 2KRhEfs' is the longi tudinal tension of 
the s t rand, where sf is the longi tudinal deformat ion of the 
wall. Since sf can reach 0.1 in pract ice, the last t e rm in 
expression (6.9) is of p r imary impor tance . 

W e shall restrict our considerat ion to the condi t ions 
cor responding to fixed p lasmodia l boundar ies . In the case 
of isolated s t rand fragments of cons tant length, L, and with 
closed boundar i e s it follows tha t : 

z=0, L 

dP\ 
dz lz=0, L 

0 . (6.10) 

This expression in combina t ion with Eqn (6.7) allows us to 
wri te the b o u n d a r y condi t ions as: 

' 8 P A Exhdx rjh d2x 
~dz~ + ~W dz + dzdt 

= 0 (6.11) 
=0, L 

The following simplified b o u n d a r y condi t ions [85] can 
also be used: 

dx I 

dz lz=0, L 
0 (6.12) 

this cor responds to the exper imental finding tha t the 
s tanding wave a long the s t rand is cosine-shaped with 
an t inodes at the ends of the s t rand. In the case of a circular 
s t rand of length L, the b o u n d a r y condi t ions are: 

dx I dx I 
x\z=0=x\z=L, _ | ^ = _ | ^ . (6.13) 

6.2 Two-dimensional model of the plasmodium 
Plasmod ium spreading on a surface can be represented as a 
viscoelastic p o r o u s r o u n d pla te whose diameter is much 
greater then its thickness (Fig. 6b) [84]. The pores — 
stochastically distr ibuted channels in which the endoplasm 
st reams — form within the ectoplasmic gel conta in ing 
ac tomyosin . 

F lows t h rough p o r o u s med ium are described by D a r c y ' s 
law: 

inH-

P 
V P . (6.14) 

Here V(t, Z\, z2) is the hor izon ta l endoplasm velocity 
averaged over the vertical coord ina te x , P(t9 z\, z2) is 
the intracellular pressure , H(t9 z\, z2) is the pla te thickness, 
m = const > 0 is the poros i ty coefficient equal to the rat io 
of po re vo lume to p la te volume, \i is the endoplasm 
viscosity. Fu r the r , using the same line of reasoning as for 
deriving the equa t ions for the s t rand we can obta in in the 
Kelvin approx imat ion an equat ion for a p l a smod ium in the 
shape of a two-dimens iona l thin plate : 

dx Horn f . . dx 
— = —— EAx + 17A —-
8; fi \ ' dt 

(6.15) 

Here x(t9 zi, z2) = H0— H(t9 zi, z2), H0 = const > 0 is the 
P lasmodium film thickness in the absence of stresses. The 
b o u n d a r y condi t ions for the two-dimens iona l case are: 

o (6 .16) 

Where S is the outer b o u n d a r y of the p lasmodia l sheet. 

6.3 Equations for the active stress and the controlling 
chain 
Since the main contract i le pro te ins of p l a smod ium and 
muscles are very similar, it can be assumed tha t the 
quali tat ive features of their b iochemical behav iour are very 
much alike and tha t the mechano chemical cycle in the 
P lasmodium also consists of m a n y elementary stages of 
interact ion of actin and myosin with low-molecular-mass 
componen t s and with each other [24, 25, 85]. Fig. 7 shows 
a simplified scheme where only two mechanical ly impor t an t 
states of myosin ol igomers (dimers) are considered, namely 
the free state (detached dimers) and the b o u n d state 
(myosin heads a t tached to two opposi tely polar ised actin 
filaments). W h e n new A T P molecules are hydrolysed, this 
cycle is repeated over and over again, and when myosin 
ol igomers are a b u n d a n t in fibrillar space, the sliding of 
actin filaments becomes macroscopic . Such a m e c h a n o -
chemical cycle can be represented as follows: 

A + M ^ N . 

The cor responding kinetic equat ion will then have the 
form: 

d n j ' / — = k\am — k2n 
ot 

(6 .17) 

where k[ and k2 denote the effective ra te cons tan ts for the 
format ion and dissociation of ac tomyosin complexes, 
respectively. a(z, t), m(z, t), and n{z, i) are the n u m b e r s 
of myos in-b inding centres on actin filaments (A), and of 
free (M) and b o u n d (N) myosin dimers, respectively. 
Obviously a = a0 — n, m = m0 — n, where a0 and m 0 are the 
to ta l n u m b e r s of A and M , respectively. It is k n o w n tha t 
for the Physarum p l a smod ium a0 5> m 0 [86]; hence one m a y 
assume a w a0. As distinct from the theory of muscle 
cont rac t ion [24], inhibit ing cross-bridges are ignored in this 
simplified considerat ion; the active stress GA will then be 

Figure 7. A s imp l i f i ed r e p r e s e n t a t i o n o f t h e m e c h a n o c h e m i c a l cyc le in 
t h e Physarum p l a s m o d i u m : ( 7 ) t h e free m y o s i n d i m e r , ( 2 ) , (3) t h e 
d i m e r s a t t a c h e d t o t h e a c t i n filaments, (4) t h e a c t i n filaments, ( 5 ) t h e 
m y o s i n - b i n d i n g c e n t r e s o f t h e a c t i n filaments. 



532 Y u M R o m a n o v s k i i , V A T e p l o v 

p r o p o r t i o n a l to n, and the following equat ion for the 
tangent ia l active stress can be obta ined from Eqn (6.17): 

8crA 

— = ki(<r0 - aA) - k2aA , (6.1* 

where k\ = k[a0, and cr0 is the m a x i m u m active stress which 
occurs when all myosin ol igomers par t ic ipa te s imul tane­
ously in force generat ion. 

It is n o w well established tha t the rhy thmic cont rac t ions 
in the Physarum p l a smod ium are accompanied by syn­
ch ronous oscillations of calcium ion concent ra t ion [59, 60]. 
Calcium cont ro l of the a c t i n - m y o s i n interact ion can be 
ensured by m a k i n g the ra te cons tant k\ in E q n (6.18) 
dependent on C a 2 + ion concent ra t ion . It is k n o w n tha t 
the dependence of contract i le activity in p lasmodia l s t rands 
on free calcium concent ra t ion has a threshold character [87, 
88]. Yosh imo to and K a m i y a [88] observed tha t the active 
s ta t ionary tension of the s t rand starts to increase at the 
C a 2 + concent ra t ion of cx = 6 x 10~ 8 M and reaches 
m a x i m u m at c2 = 10~ 7 M . Therefore, we can represent 
k\ as a function: 

k,=kj{c), (6.19) 

where c denotes the C a 2 + concent ra t ion . The appearance of 
the dimensionless function of act ivat ion f(c) is shown in 
Fig. 8. Tak ing account of expression (6.19) we can rewrite 
E q n (6.18) for thin-wall s t rands as: 

8 P a 
8; 

kj{c) (P0-PA)-k2PA (6.20) 

where P 0 = a^h/R is the m a x i m u m active componen t of 
intracellular pressure . 

The simplest equat ion coupl ing mechanica l strain and 
calcium homeostas i s (feedback loop equa t ion) is: 

! = M ( C 0 - C ) - * 4 C . (6.21) 

H e r e c 0 is the m a x i m u m C a 2 + concent ra t ion for the case 
when all calcium ions are released from their s torages. It is 
assumed tha t the ra te of C a 2 + inflow into the fibrillar space 
increases linearly with x , and tha t sequestra t ion of calcium 
ions into the storages obeys first-order kinetics. F o r 
simplicity, we have no t taken into account diffusion and 
drift of C a 2 + ions with endoplasmic s t reaming and 
confined ourselves to elucidating the possibili ty of only 
hyd rodynamic interact ion between different sections of the 
s t rand. As the concent ra t ion of calcium ions oscillates 
within a n a r r o w interval c\ < c < c2 (see Fig. 8), E q n (6.21) 
can be simplified: 

8c 
— = k3x — k4c . (6.22) 
ot 

It should be noted tha t m o r e complex models for 
calcium regulat ion [76, 77] have been p roposed . In these 
models , in addi t ion to cont ro l via mechanica l strain, 
calcium-induced C a 2 + release and the drift of calcium 
ions with endoplasmic flow are considered. Recent ly 
calcium ion oscillations have been modeled pure ly on 
the basis of biochemical react ions. F r o m our viewpoint 
the replacement of Eqn (6.21) by a system of kinetic 
equa t ions for biochemical react ions is qui te possible. But 
whatever the mode l the influence of mechanica l stresses on 
these react ions t aken into account . 

Figure 8. A c t i v a t i o n func t ion , / ( c ) , ( c u r v e 1) a n d i t s a p p r o x i m a t i o n a t 
c\ < c < c2 b y a p o l y n o m i a l o f t h e t h i r d d e g r e e ( c u r v e 2 ) . 

6.4 Linear analysis of equations of motion 
To summarise briefly, basic equa t ions (6.6) [or (6.8)], 
(6.20), (6.21) [or (6.22)] with b o u n d a r y condi t ions (6.11), 
(6.12) [or (6.13)] describe the distr ibuted auto-osci l la t ions 
of x , PA, and c in the long fragment of (or circular) s t rand, 
whereas basic equa t ions (6.15), (6.20), (6.21) [or (6.22)] 
with b o u n d a r y condi t ions (6.16) describe those in the 
spreading p l a smod ium. 

The ma themat i ca l p rob lems connected with proofs of 
the existence and uniqueness of the solution of the system of 
equa t ions are considered by Pavlov and P o t a p o v [90, 91], 
where the au tho r s also extend the equa t ions given above to 
the case where the coefficients are functions of the 
coordina tes and time. All this has allowed us to obta in 
a number of interest ing results adequate ly explaining 
biological proper t ies of the Physarum polycephalum P las­
m o d i u m . 

Some of the approx ima te solut ions of the basic system of 
equa t ions have been obta ined in the following manne r [ 8 2 -
85]: 

1. Steady state (s ta t ionary) solut ions x , PA, c for b o t h 
the one-dimensional s t rand and the two-dimens iona l 
p lasmodia l sheet have been found. They are defined by 
the following system of nonl inear algebraic equat ions : 

Eh 
~R2 

-x+PA 

kif(c)P0-(klf(c)+k2yA=0 (6.23) 

k3x — k4c = 0 . 

Here Pr is an integrat ion pa ramete r defining an in t ra ­
cellular hydros ta t ic pressure which at the given b o u n d a r y 
condi t ions does not depend on z. The necessary condi t ion 
for the existence of a hydros ta t ic pressure in the cell is an 
osmot ic inequali ty between the sur round ing fluid and the 
interior of the cell [65, 66]. 

The cell adjusting its water content can change PT and 
consequent ly x , PA, c. In radiophysical terms, the cell 
chooses a work ing poin t on the characterist ic function 
f(c) (Fig. 8). W h e n f(c) is a m o n o t o n o u s l y increasing 
function and Px is cons tant then Eqns (6.23) have a un ique 
and spatially uni form solution, tha t is, x , PA, c are real 
cons tants . 

2. The stability of the s ta t ionary solution of the 
linearised system has been investigated. Small wave-like 
pe r tu rba t ions have been in t roduced: 
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k3/M • 

Figure 9 . (a ) T h e b o u n d a r i e s o f t h e l o s s - o f - s t a b i l i t y r e g i o n s for m o d e l s 
o f t h e f o u r t h ( 7 ) a n d t h e t h i r d ( 2 ) o r d e r . T h e s q u a r e o f t h e w a v e 
n u m b e r , K2, is p l o t t e d a g a i n s t t h e p a r a m e t e r o f p o s i t i v e f e e d b a c k , k3. 
S e l f - e x c i t a t i o n c o n d i t i o n s o f a u t o w a v e s a r e fulfi l led t o t h e r i g h t . T h e 

d a s h e d c u r v e s h o w s t h e u p p e r l imi t for t h e w a v e n u m b e r w h e n 
E q n (6 .9) is t a k e n i n t o a c c o u n t , (b ) D e p e n d e n c e o f t h e s q u a r e o f t h e 
f r e q u e n c y , co2, o n K2, c o r r e s p o n d i n g t o t h e b o u n d a r i e s o f s t a b i l i t y lo s s 
s h o w n b y c u r v e s 7 a n d 2 in ( a ) . 

X X a 

PA = PA + P 
c c j . 

for the s t rand, and 

X X a 

PA = PA + P 
c c 

exp {pt) cos(Kz) 

exp (pt) QOS(KXZ\) cos(K2z2) 

for the sheet. In the latter case cylindrical coordina tes can 
also be used. H e r e a <̂  x , P<^?A-> y^c- Then , the 
dispersion equat ion coupl ing the complex frequency, p, 
and the square of the wave number , K2 = K\ + KJ, can be 
wri t ten as: 

a0p4 + aip3 + a2p2 + a3p + a4 = 0 , (6.24) 

where 

a0 

16/i 

ax = rjhK2 + ^ { l + T l [kxf{c) + k2 + k4] } , 

a2 = ^Exh + r\h\kxf{c) +k2+ k4] ^K2 

+ ^ [kxf{c) +k2+kA + xxkA [kxf{c) + k2] } , 

a3 = ^Elh[kif(c)+k2+k4] + rjhk4 \kxf(c) + k2] 

k\k2k3f(c) 2 Xri.16/*, \j -p(—\\i R PQ^K +— k4\kif{c) + k2 

a4 

lkJ(c) + k2 

k1k2k3/(C) 2 \ 2 

k J ( c ) + k 2

R P ° } K ' 

Analysis of this equat ion as well as of the dispersion 
equat ion of a lower order cor responding to the Kelvin 
approx ima t ion (rx = 0) has shown tha t in such systems, in 
accordance with the R o u t h - H u r w i t z criterion, only an 

oscil latory instabili ty is possible and the condi t ion for self-
excitation is given by: 

axa2a3 — a{)a\ — a\a4 ^ 0 (6.25) 

The a r rangement of increment regions ( R e p ^ O ) is 
shown in Fig . 9a for those cases which have been realised 
in pract ice. Here , k3 is chosen as the pa ramete r defining the 
posit ive feedback level. Typical values of other pa rame te r s 
involved in the mode l are presented in Refs [83, 85]. M o r e 
general condi t ions for au towave excitation are given in 
Ref. [43]. Fig. 9b shows the dependence of co = ( I m p ) 2 on 
K2 ob ta ined for b o t h systems when R e p = 0, tha t is, at the 
b o u n d a r y of the loss of stability. 

The following conclusions can be d rawn from the linear 
analysis: 

1. The b o u n d a r y between the stability region and the 
increment region as well as the dependence of co2 on K2 for 
the simplified system are no t very different from those for 
m o r e complex models . Therefore, having regard to the low 
accuracy of pa rame te r measurements in living systems, the 
simplified equa t ions (6.8) and (6.15) are qui te adequa te for 
most cases. 

2. The increment region is b o u n d e d from above and the 
upper limit for the wave number can be obta ined when 
elastic forces act ing a long the s t rand walls [see Eqn (6.9)] 
are taken into account . 

3. The oscillation frequency is weakly dependent on the 
wave number when the system is in the vicinity of the 
excitation threshold. F o r a typical s t rand (R = 0.25 m m 
and L = 0 . 3 - 6 0 cm as an example) , the oscillation per iod 
lies within the range 6 0 - 6 0 0 s. This range is the same as 
tha t shown by p lasmodia l s t rands in vivo. 

6.5 Quasi-harmonic autowaves 
If the linear theory permits the existence of only one 
wavelength with a growing ampl i tude, then uns table spatial 
m o d e loops appear at the ends of the isolated s trand. 
Appl icat ion of the B o g o l y u b o v - M i t r o p o l s k i i me thod in 
combina t ion with the B u b n o v - G a l e r k i n p rocedure has 
allowed us to derive equat ions for slowly varying 
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ampl i tudes and phases, and to obta in the following 
approx imate expression for the frequency of m o d e n: 

Eh(0.5kl +k2+k4) 
nh + \6fi/RK2

n 

s-(0.5fci +k2+kA) 
n 

+ (0.5&! +k2)kA 

(6.26) 

F r o m this expression we notice tha t the dependence of 
con on Kn = nn/L (n = 1, 2, 3, . . . ) is weak as 
rjh \6p/RK2

n. In addi t ion, according to this me thod a 
linear approx ima t ion can be used to definite the threshold 
of au towave excitation. Numer i ca l est imates of the oscilla­
t ion per iod and the ampl i tude as well as the phase shifts 
between the variables in quest ion, x(z, t), c(z, t), PA(Z, t), 
are in good agreement with exper imental da ta . 

6.6 Wave automodulation and quasi-stochastic regimes 
As previously noted , behaviour of the p l a smod ium is no t 
limited only to quas i -harmonic s tanding au towaves in the 
s t rands . Per iodic contract i le activity, appear ing in the 
frontal sheet b o t h of spreading p lasmodia and of other 
amoebo id cells [20, 92], travels a r o u n d the whole cell 
per iphery and has a fundamenta l per iod of abou t 2 min. A 
' second ' r hy thm of the activity with a per iod of 1 0 - 2 0 min 
frequently occurs. This manifests itself in modu la t ion of the 
auto-osci l lat ion (Fig. 10a). Wi th the help of t ime lapse 
c inematography of migra t ing p l a smod ium we also observed 
tha t different pa r t s of the frontal zone undergo successive 
extensive p ro t rus ions with a per iod of the second rhy thm. 
These effects are described by compute r s imulat ions of the 
basic mode l for b o t h the long s t rand and the p lasmodia l 
sheet. 

The numer ica l s imulat ion shown in Fig. 10b illustrates a 
s tanding wave in the s t rand when the linear analysis allows 
the existence of the first four uns tab le modes . The t empora l 
oscillations of all variables differ considerably from h a r ­
monic oscillations. Their modu la t i on is observed as a result 
of nonl inear in teract ions between the modes . The spatial 
pa t t e rn at fixed t imes shows tha t the ampl i tude of radia l 
deviat ions, which is small in the middle pa r t of the s t rand 
increases stepwise at its ends. The sharp loops seem to be 
precursors of the new frontal zones always occurr ing in 
excised real s t rands . The shape of the s tanding wave favours 
the ' two -compar tmen t ' mechanism of shutt le s t reaming. 
The flow velocity at each instant is practical ly constant 
a long the middle pa r t of the s t rand. 

Au towaves in a circular s t rand for the case of instabili ty 
of the first two spatial ha rmonics are shown in Fig. 10c. 
The quasi-s tochast ic character of the auto-osci l lat ion 
depends on the form of the initial dis t r ibut ions. The 
b o u n d a r y condi t ions obviously provide a wide diversity 
of possible regimes (from 'zero ' tone to quasi-s tochast ic 
f luctuations). Fig. 11 shows the surface dynamics (the 
thickness changes) of a two-dimens iona l p lasmodia l disk­
like sheet [93]. I ts behaviour m a y also exhibit a wide variety 
of wave forms, because all the mode l solut ions, ro ta ted by 
any angle a r o u n d the disk axis, are equally valid. 

Ano the r way of explaining a ro ta t ing lamell ipodial 
p ro t rus ion wave a round the cell per iphery has been 
suggested by Alt [92, 94]. In contras t to ours , his mode l 
system does no t need any addi t iona l cont ro l of contract i l i ty 
by calcium ions. The p ropaga t ed au towave is induced by 
interact ion of only two essential variables describing the 
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Figure 10 . R e a l a n d s i m u l a t e d a u t o - o s c i l l a t i o n s in a s t r a n d f r a g m e n t : 
(a) T y p i c a l p a t t e r n o f m o d u l a t e d o s c i l l a t i o n s o f t h e c o u n t e r - p r e s s u r e , 
AP, a p p l i e d t o k e e p p r o t o p l a s m in t h e c e n t r a l p a r t o f t h e s t r a n d a t r e s t 
( f r o m Ref . [112]). (b ) S o l u t i o n s o f t h e m o d e l in t h e c a s e o f e x c i t a t i o n 
o f t h e first f o u r m o d e s , (c) S o l u t i o n s for t h e c a s e o f e x c i t a t i o n o f t h e 
first t w o m o d e s , b u t for t h e c i r c u l a r s t r a n d . ( 7 ) O s c i l l a t i o n s o f x(z, t), 
PA(Z, t), a n d c(z, t) in t h e s e c t i o n z = z — 0 . 1 5 L , ( 2 ) d i s t r i b u t i o n s o f 
x ( z , t) a t fixed i n s t a n t s ( o b t a i n e d a t 20 s i n t e r v a l s ) . 

rad ia l extension, L(q>, t), of the cell per iphery and the 
density, n(cp, t), of the under ly ing cortical ac tomyosin 
layer. One impor t an t feature of the system on the uni t 
circle is tha t s ta t ionary pa t t e rns might appear , bu t are 
stable only up to ro ta t iona l shifts. To explain tha t 
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Figure 1 1 . S u r f a c e d y n a m i c s o f a s p r e a d i n g p l a s m o d i u m a t a s m a l l (a) 
a n d l a r g e (b) n u m b e r o f exc i t ed s p a t i a l h a r m o n i c s for a s y s t e m c lo se t o 
t h e b o u n d a r y o f t h e s t a b i l i t y r e g i o n . 

p ro t rus ion pa t t e rns are shifted circumferentially the au tho r 
in t roduces stochast ic pe r tu rba t ions of the equat ion system. 
N o t e w o r t h y also are the recent works devoted to the 
appearance of mechano chemical waves on the surface of 
fertilised eggs. The p ropaga t ion of surface cont rac t ion 
waves from the site of fertilisation is most p ronounced 
in frog eggs [95]. Theoret ical models have been const ructed 
for the wave of calcium release tha t follows fertilisation and 
st imulates the cont rac t ion wave [96, 97]. 

The next step in the development of the models should 
include free moving b o u n d a r y condi t ions , which could 
br ing abou t an advance t owards a consistent theory of 
amoebo id motil i ty. Namely , the integrat ion of the models 
of endoplasm s t reaming and p s e u d o p o d i u m extension with 

the models of au towave moti l i ty and regulat ion of cell 
migra t ion by internal and external factors will al low the 
const ruct ion of a comprehensive theory of cell locomot ion . 
At the same t ime such a theory should m a k e it possible to 
explain n o n a u t o n o m o u s regimes, when the cell as a whole is 
subjected to different external effects. Some examples of 
such a n o n a u t o n o m o u s behaviour are considered below. 

7 . Physical methods for cell movement research 
7.1 Cell tensiometry 
A single cell is considered to be a ra ther difficult object for 
mechanica l studies by the existing exper imental techniques. 
The size of the major i ty of cells and, part icular ly, their 
local pa r t s tha t are of interest to us is very small. The 
deformat ion fields are difficult to measure with sufficient 
accuracy by opt ical techniques because of light diffraction. 
In addi t ion, the forces required to deform the cell are also 
small and difficult to cont ro l and measure . Over m a n y 
years, for cell mechanics studies the m e t h o d s of mic ro -
pipet te aspira t ion and compress ion between two plates 
have been applied. Glass microneedles and magnet ic 
part icles have been also used in the de terminat ion of 
mechanica l proper t ies of cellular componen t s [98]. A h igh-
resolut ion optical t rap technique has recently been devised, 
which allows direct measurement of force and displacement 
tha t result from the interact ion of a single myosin molecule 
with a single actin filament [99]. It has been shown tha t 
discrete stepwise movemen t s averaging 11 n m are seen 
under condi t ions of low load, and single force t rans ients 
averaging ( 3 - 4 ) x 1 0 " 1 2 p N are measured under isometric 
condi t ion. These magni tudes are consistent with predic­
t ions of the theoret ical models of muscle cont rac t ion [24]. 
Nevertheless , the mechanica l s tudy on a single cell remains 
a p rob lem to be solved. In any event, the mechanica l 
proper t ies of cells are much less investigated than , for 
example, their electrical characterist ics. In this respect, 
Physarum p lasmodia l s t rands , owing to their large sizes 
offer a un ique oppor tun i ty for the investigation of 
mechanica l and t h e r m o d y n a m i c aspects of nonmusc le 
motil i ty. 

P lasmodia l viscoelastic proper t ies and their dependence 
on deformat ion at different phases of auto-osci l lat ion were 
determined on the basis of the t ransient tension responses of 
the s t rand to rapid 1 % length shor tening [85, 100]. Such 
deformat ions do no t cause a pe rmanen t change in the 
behav iour of the p ro top lasmic s t rands . The dynamics of 
responses could be divided into two phases . The initial force 
change occurred s imultaneously with the applied length 
change and hence was an elastic response. After the step 
had been completed, there was a par t ia l recovery t owards 
the original tension level. This phase of the tension recovery 
was well fitted by a single exponent ia l curve with a t ime 
constant of abou t 2 s (the regression coefficient was found 
to be 0.9988 ± 0.0007). Because the p lasmodia l s t rands are 
characterised by an inherent nons t a t i ona ry tension, it is 
difficult to determine exactly the asymptot ic value of force 
cor responding to the te rmina t ion of recovery phase and 
needed for the calculat ion of viscoelastisity. Therefore, 
short (about 1 s) rec tangular impulses of deformat ion 
were used. This t ime interval is much shorter t han the 
per iod of auto-osci l la t ions and the coefficients of stiffness 
and viscosity thus obta ined m a y be considered as cor re ­
sponding to a certain phase of auto-osci l la t ions. 
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Figure 12 . A r h e o l o g i c a l m o d e l o f t h e s t r a n d w a l l a n d i ts r e s p o n s e t o a 
s h o r t d e f o r m a t i o n i m p u l s e . 

The character of force responses allows us to depict the 
viscoelastic proper t ies of the s t rand by the rheological 
mode l shown in Fig. 12. Solut ion of the simple differential 
equat ion describing the behaviour of this mode l on the 
appl icat ion of a short rec tangular impulse of deformat ion 
yields the following formulae for the calculat ion of the 
characterist ics in quest ion. The t ime constant T is deter­
mined from the expression: 

T - l n ( l + ^ / ^ ) ' 1 ' 

where is the dura t ion of the deformat ion impulse, F'a 

and Ff2 are the t ime derivatives of the force at the 
beginning and the end of the deformat ion impulse, 
respectively. The stiffness coefficients are: 

E - A F 1 + exp ( - — 
A F r. (7.2) 

where A F is the force step in response to the length change 
A/. The viscosity coefficient is 

n = E2T . 

Fig. 13 shows the t ime courses of the longi tudinal 
isometric force and the viscoelastic characterist ics of the 
s t rand dur ing one auto-osci l lat ion per iod. They are seen 
to change synchronously; per iodic elasticity oscillations 
observed earlier [63, 64, 102] are accounted for by the 
oscillations of the stiffness coefficient E\ a lone. The value of 
the stiffness coefficient E2 is independent of the s t rand 
activity phase and seems to character ise pure ly the passive 
proper t ies of the s t rand. It is no t ewor thy tha t the re la t ion­
ship between the ins tan taneous stiffness and the isometric 
force generated by the s t rand is linear. After the s t rand 
act ivat ion caused by 20 % stepwise stretching, the stiffness 
coefficient EX increases within several seconds so tha t its 
new values fall again a long the same straight line. The 
elastic m o d u l u s is apparen t ly p ropo r t i ona l to the number of 
cross-linkages in the ne twork of actin filaments, and hence 
the var ia t ion of EX reflects the changes in the number of 
ac tomyosin complexes. 

If we assume tha t the longi tudinal force is determined 
only by the stress in the wall whose thickness a m o u n t s to 
10% of the s t rand diameter , the stiffness and viscosity 
coefficients can be converted into the respective modu l i of 
the ectoplasm. T h u s the longi tudinal Y o u n g ' s m o d u l u s 
calculated from the da ta in Fig. 13 is abou t 5 x 10 5 dyn c m - 2 

in the phase of m a x i m u m relaxat ion of the s t rand and abou t 
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Figure 1 3 . S p o n t a n e o u s c h a n g e s o f f o r c e F a n d m e c h a n i c a l p a r a m e t e r s 
Ei, Y\, E2 o f t h e s t r a n d d u r i n g o n e a u t o - o s c i l l a t i o n p e r i o d . T h e l e n g t h 
a n d d i a m e t e r o f t h e s t r a n d a r e 5 a n d 0.7 m m , r e s p e c t i v e l y . 

5 x 10 6 dyn c m - 2 in the phase of m a x i m u m contrac t ion . 
The respective values of the viscosity coefficient in these 
phases of auto-osci l la t ions are equal to abou t 2 x 10 6 and 
4 x 10 6 P. To mode l a p lasmodia l migra t ion , the rheo log­
ical scheme should be supplemented with an appropr i a t e 
viscosity element. The viscosity value, determined by the 
t ime of re laxat ion of the average level of s t rand tension, is 
of the order of 10 8 P . On a t ime scale comparab le to the 
auto-osci l lat ion per iod this element m a y be neglected. 

In the mode l (6.6) or (6.15), (6.20), (6.21) derived above 
we have assumed to a first approx ima t ion tha t the 
ectoplasm is isotropic and tha t the m o d u l u s values 
calculated for the phase of m a x i m u m relaxat ion cor re ­
spond to the passive proper t ies of the s t rand. The m o d u l u s 
augmenta t ion is considered to be an a t t r ibu te of the active 
element shown in Fig. 12. 

7.2 Laser Doppler anemometry 
The techniques of quasi-elastic laser light scattering 
spectroscopy have been applied widely for the s tudy of 
dynamic characterist ics of biological objects, in par t icular 
for the measurements of diffusion coefficients and 
velocities of directed movemen t s (for example b lood 
flow, bacter ia l mot ion , and intracellular p ro top la sm 
streaming) [103]. W e shall focus here only on laser 
Dopp le r anemomet ry ( L D A ) which was used for the 
first t ime in 1974 by Mustac ich and W a r e [104] to s tudy 
intracellular motil i ty. 

W e k n o w tha t the frequency of light scattered on a 
moving part icle shifts, owing to the Dopp le r effect, by the 
value: 

AcoD = (V, AK) , (7.3) 

where V is the part icle velocity vector, AK is the difference 
between the wave vectors of incident and scattered light. 
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Hence the Dopp le r frequency shift and the velocity of the 
part icle are linearly related and the coefficient of 
p ropor t iona l i ty depends only on the geometry of the 
optical scheme. The main difficulties with the use of L D A 
for measurements on cells are as follows: (i) the velocities 
of part icles can be very small (a few micrometres per 
second); (ii) the measurement vo lume from which the 
scattered light is collected can contain m a n y dissimilar 
part icles moving with different velocities; (iii) owing to the 
heterogenei ty of the cell mater ia l the laser beam can par t ly 
lose coherence; (iv) as the AcoD value can be of the order of 
1 Hz , the ou tpu t signal is mixed with low-frequency noises 
which modu la t e the intensity of the laser beam. In the 
general case the spectrum of the L D A ou tpu t signal 
(without t ak ing into account noise componen t s ) is given by 
the formula [105]: 

S(co) = 1(9) | W(\V\) S0 (^'^j^) dV • (7-4) 
H e r e 1(9) is the index of laser beam scattering from the cell 
wall, 9 is the angle of scattering, W( |V| ) is the function of 
the velocity dis t r ibut ion of the scatterers in the channel , rk 

is the rad ius of correlat ion of p rob ing wave within the 
measurement volume, S 0 is the Four ie r image of the 
correlat ion function of the p rob ing wave field within the 
channel . T h u s the result ing spectrum represents a super­
posi t ion of the b roadened spectra obta ined from individual 
part icles. The degree of spectrum b roaden ing is determined 
by the time-of-flight, T = rk/V, t h rough the region within 
which the field of the p rob ing wave is spatially coherent . It 
should be also emphasised tha t intracellular flows are 
nons ta t ionary . F o r example, for Physarum the flow 
velocity must be measured several t imes dur ing a single 
per iod lasting only 1 - 3 min. 

Therefore, the simplest one-beam scheme gives an 
ou tpu t signal whose power m a y be t hough t of as being 
p ropo r t i ona l only to an effective value of the velocity 
m o d u l u s (Fig. 14). At the same t ime, such a form of 
P(t) al lows the value of the per iod to be determined 
with good accuracy and therefore also the values of the 
t ime intervals xx and T 2 (xx + T 2 = T), when endoplasm 
st reams in one or the other direction. This has allowed 
us to determine quickly and reliably the dependences of the 
per iod on t empera tu re , light, etc. The results presented in 

P(t)/vQ\. u n i t s 

1.0 -

Figure 1 4 . O s c i l l a t i o n s o f L D A s i g n a l p o w e r a t t h e i n t e g r a t o r o u t p u t . 

Section 8 were obta ined by this very simple scheme. It 
should be ment ioned tha t a mul t ichannel L D A has been 
designed on the basis of several one-beam schemes opera ted 
in paral lel [106]. 

Studying intracellular movemen t s imposes the following 
d eman d s on L D A : 

1. Measu remen t of flow velocities from a few to several 
hundred micrometres per second. 

2. Space resolut ion down to 5 um. 
3. Real - t ime measurement of velocities of nons t a t iona ry 

flow. 
4. The intensity of p rob ing rad ia t ion less t han 

1 m W m " 2 . 
5. Wavelength X w 600 n m (its influence on cells is much 

less t han tha t of the b l u e - g r e e n pa r t of the spectrum). 
6. C o m p u t e r cont ro l and da ta processing. Compat ib i l i ty 

with ins t ruments measur ing voltage, m e m b r a n e potent ia l , 
etc. 

7.3 Laser Doppler microscope 
Laser Dopp le r microscopes , L D M , designed in several 
countr ies [107, 108] satisfy the listed requi rements in m a n y 
respects. W e shall describe here the sign-sensitive scanning 
L D M devised by A V Priezzhev, V N G l o n t y a n d , S G P r o s -
kur in at the Physical Facu l ty of M o s c o w Univers i ty on the 
basis of the luminescence microscope Y U M A M - R 1 [103, 
1 0 9 - 1 1 1 ] . 

The beam generated by the H e - N e laser (LG-79-1 , 
ou tpu t of 1 0 - 1 5 m W ) is split into two similar b e a m s and 
directed into acous to-opt ica l m o d u l a t o r s ( A O M ) opera t ing 
in the Bragg regime. Beams cor responding to + 1 
diffraction order are used at their ou tpu t . The excitation 
frequencies of A O M genera tors are fx = 50 M H z and 
fi —f\ + Af> where Af= 1 k H z . Wi th the aid of a focusing 
system the beams are m a d e to intersect inside a t r ansparen t 
living object and form the measurement volume. With in the 
measurement vo lume there appears a travell ing interference 
pa t te rn . A computer -cont ro l led m o t o r a t tached to a 
the rmos ta t t ed stage permi ts scanning the object in the 
hor izon ta l direction. W h e n a scatterer crosses the inter­
ference bands , the Dopp le r shift, Aco D , depends on the 
direction of mot ion , which permi ts sign-sensitive recording 
of the scatterer velocity. Such records are no t affected by 
low-frequency laser noises. Us ing different objectives one 
can obta in characterist ic sizes of the measurement vo lume 
in the range of 5 - 1 0 um. In addi t ion, the dis t r ibut ion of 
scatterer concent ra t ions across the s t ream can be obta ined 
from measurements of the Dopp le r signal intensity. 

Wi th the aid of the L D M it has been possible to 
investigate nons t a t i ona ry p ro top l a sm st reams with veloc­
ities as low as a few micrometres per second (Fig. 15a). The 
da ta can be subjected to addi t iona l compute r processing 
and presented in a convenient form (Fig. 15b). In this way 
n o n - N e w t o n i a n velocity profiles of shutt le p ro top lasmic 
flows in the p lasmodia l s t rands have been determined 
(Fig. 16). 

In principle, depar tures of the profile from parabo l ic 
shape can be taken into account in the const ruct ion of 
ma themat i ca l models . Analysis of the intensities of Dopp le r 
spectrum componen t s has shown tha t the scatterer dis­
t r ibut ion density is near ly uni form across the channel . Some 
of these results could be obta ined with the aid of other , 
much m o r e cumbersome techniques. F o r example, a p h o t o -
frame taken with l ight-microscope magnif icat ion at long 
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Figure 15 . (a ) D o p p l e r s p e c t r a r e p r e s e n t i n g t h e v e l o c i t y r e s o l u t i o n o f 
L D M . A s c a t t e r i n g film h a s b e e n u s e d a s t h e o b j e c t . P e a k s c o r r e s p o n d 
t o ve loc i t i e s o f —2, 0, a n d + 1 urn s _ 1 . ( b ) T e m p o r a l d e p e n d e n c e o f t h e 
e n d o p l a s m i c f low v e l o c i t y a t t h e a x i s o f a p l a s m o d i a l s t r a n d . 
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exposure could be used [112] to measure velocities by 
processing t race lengths of separate moving particles. 
However , this does no t compare with the simplicity and 
convenience of the L D M use. The de terminat ion of velocity 
with the help of L D M can be m a d e s imultaneously with 
diameter measurements of several s t rand sections and with 
mon i to r ing of the force generated by the s t rand [52, 56]. 

Below we shall describe the moti le responses of 
Physarum polycephalum p l a smod ium to var ious external 
influences revealed with the use of this technique. The s tudy 
of nons t a t iona ry effects allows us to unde r s t and h o w this 
r emarkab le self-organising living machine opera tes and to 
refine further the cor responding mathemat ica l models . W e 
shall begin the description with the influence of t empera tu re 
on the p lasmodia l mot ive behaviour . 

8. Nonstationary external influences 
as a way of studying oscillatory motility 
8.1 Synchronisation of shuttle protoplasmic movement 
by periodical changes of the temperature gradient 
It is well k n o w n tha t prote in molecules and living cells 
main ta in their capabil i ty for n o r m a l functioning over a 
t empera tu re range from 10 to 40 °C. The Physarum 
Plasmodium reacts to t empera tu re var ia t ions in the 
envi ronment by changes in the oscil latory contract i le 
activity and the velocity of p ro top la sm flow. In the 
presence of a spatial t empera tu re gradient it changes the 
direction of its movement [58, 112]. As the t empera tu re is 
increased the per iod of shutt le s t reaming decreases. 
Woh l fa r th -Bo t t e rmann investigated the dependence of 
the auto-osci l lat ion per iod on t empera tu re with the aid 
of tens iometry [113] and Ko l in ' ko et al. [114] have taken a 
further look at this dependence using L D A (Fig. 17). They 

F i g u r e 16 . P ro f i l e s o f e n d o p l a s m f low v e l o c i t y o b t a i n e d b y s c a n n i n g a 
p l a s m o d i a l s t r a n d a t d i f fe ren t t i m e s . 

Figure 17 . T e m p e r a t u r e d e p e n d e n c e o f t h e c o n t r a c t i l e o s c i l l a t i o n 
p e r i o d . C i r c l e s m a r k t h e a v e r a g e d p e r i o d v a l u e s w i t h s t a n d a r d 
d e v i a t i o n s s h o w n b y v e r t i c a l b a r s . T r i a n g l e s s h o w d a t a o b t a i n e d in 
Ref . [113]. 
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have also determined the kinetics of changes of the shutt le 
flow per iod occurr ing in response to t empera tu re shifts 
applied externally. 

Study of the t ime course of the auto-osci l lat ion per iod 
after stepwise changes in t empera tu re has led to the 
following results [114]: (i) the per iod of p lasmodia l 
oscillator reacts to t empera tu re shifts practical ly at once; 
(ii) as the t empera tu re d rops from 21 to 17 °C the per iod 
passes t h rough a large m a x i m u m and reaches a s ta t ionary 
level in abou t 1 h, whereas when the t empera tu re is 
increased it reaches a s ta t ionary level in as little as 3 
min. These da ta were interpreted on the assumpt ion tha t 
sharp cooling enhances gelation which could be the reason 
for the initial increase in the per iod dura t ion . The 
subsequent p ro longed decrease in the per iod dura t ion 
down to values cor responding to the new s ta t ionary regime 
can be ascribed to the act ivat ion of pro te ins capable of 
inhibit ing actin polymerisa t ion o r / and gel format ion p r o c ­
esses. 

As is evident from the foregoing, the p lasmodia l s t rand 
is an au towave system in which periodical changes of the 
gradient of intracellular pressure cause shutt le p ro top lasmic 
s t reaming. Because the spatially nonun i fo rm t empera tu re 
condi t ions affect gradients of the intracellular pressure, 
rhy thmica l changes in the t empera tu re gradient would act 
as an appl icat ion of a per iodic gradient of intracellular 
pressure. Such an influence has been found to result in the 
en t ra inment of au towave flows [114]. This process is 
demons t ra ted in Fig. 18. A p lasmodia l s t rand was placed 
in a two-compar tmen t the rmos ta t so tha t each end was 
located in one of the compar tmen t s . The mean t empera tu re 
in the c o m p a r t m e n t s was main ta ined at a r o u n d 19 °C. The 
max ima l value of the t empera tu re gradient in an oscillation 
cycle was equal to 0.5 °C c m - 1 . The per iod of the 
t empera tu re gradient oscillation changed discretely with 
a 10 s step in 40 min. It is seen tha t the en t ra inment is 
a t ta ined when the per iod T = 100 s and T = 110 s (as well 
as at any per iods inside this interval), bu t at T = 120 s the 
en t ra inment is no longer observed. So, the p l a smod ium 
represents a peculiar au towave system capable of en t ra in­
ment by external per iodic influences. It should be noted tha t 
the p lasmodia l oscillator is also capable of pul l ing the 
frequency of periodically applied external pressure gradient 
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Figure 18 . E n t r a i n m e n t o f t h e f l ow v e l o c i t y o s c i l l a t i o n s b y a 
p e r i o d i c a l l y c h a n g i n g t e m p e r a t u r e g r a d i e n t . E x p e r i m e n t a l p o i n t s 
c o n n e c t e d b y l ines c o r r e s p o n d t o i n s t a n t a n e o u s v a l u e s o f t h e v e l o c i t y 
o s c i l l a t i o n p e r i o d . D a s h e d l ines i n d i c a t e t h e d u r a t i o n a n d t h e p e r i o d o f 
t h e t e m p e r a t u r e o s c i l l a t i o n . A t T — 100 s a n d 110 s t h e e n t r a i n m e n t is 
seen t o o c c u r b u t a t T — 120 s a b e a t - l i k e f r e q u e n c y m o d u l a t i o n a r i s e s . 

[74]. The experiments carried out with L D A have also shown 
tha t two interconnected p ro top lasmic s t rands having differ­
ent initial frequencies synchronise t h rough the p ro top la sm 
flow [34, 52]. Unfor tuna te ly , ma themat i ca l models of the 
synchronisat ion are no t yet available. 

8.2 The effect of light on plasmodium autowave regimes 
T h o u s a n d s of studies are devoted to the effect of light on 
photosynthes is ing p lan t cells and ret ina pho to recep to rs . 
Pho to reac t ions of cells tha t lack a sensory mechanism of so 
high a degree of perfection have been much less 
investigated. Large intensities and high doses of i l lumina­
t ions induce damage and often lead to cell death , whereas 
low doses cont ro l a variety of behav ioura l react ions. 
A m o n g other responses, amoebo id cells are capable of 
exhibit ing pho to tax i s . It is expressed in their migra t ion 
a long the gradient of light intensity. Cells are most sensitive 
to the blue pa r t of the spectrum. However , the mechanism 
of blue light pho to recep t ion remains obscure [115]. F o r the 
l ight-induced moti le response of Physarum p l a smod ium 
such is indeed the case [116 -118] , t hough it is k n o w n tha t 
the per iod of shutt le s t reaming changes considerably on 
modif icat ion of the light regime [119]. It should be 
ment ioned tha t this response is very specific with respect 
to the spectrum of the applied light [120, 121], which 
provides an oppor tun i ty for s tudying the pho torecep t ion 
mechanism. 

Fig. 19 shows changes in the per iod of flow velocity 
oscillations in response to laser i l luminat ion of var ious 
wave-lengths. The da ta were obta ined with the aid of L D A 
[121]. It is seen from these curves tha t abou t 1 h after the 
start of light exposure an adap ta t ion occurs manifest ing 
itself in the re turn of the per iod value to tha t observed in 
darkness . The kinetics of the response exhibit a series of 
well-defined local max ima , which are only weakly depend­
ent on the wavelength of i l luminat ion. It follows from the 
insert in Fig. 19a tha t the integral effect has a m a x i m u m at 
A = 4 6 0 n m . Similar responses are formed in m a n y other 
cells [122]. The curves of evolut ion of the auto-osci l lat ion 
per iod at var ious dura t ions of the light exposure are shown 
in Fig. 19b. The impor t an t feature of these dependences is 
tha t the per iod dura t ion decreases be low the cont ro l value 
when the i l luminat ion is cut off. In the next p a r a g r a p h we 
shall formulate a ma themat ica l mode l tha t offers some 
explanat ion of the observed effects and m a y give an impetus 
to new experiments on the amoebo id cell pho toreac t ions . 

8.3 Mathematical model of a nonautonomous system 
Equa t i ons (6.8) (6.20) (6.22) describing the endoplasmic 
au towave flow in p lasmodia l s t rands will form the basis for 
the n o n a u t o n o m o u s model . Effective pa rame te r s of the 
mode l kt (i = 1 —4) can be dependent on the kinetics of m a n y 
biochemical processes. They cont ro l the per iod of shutt le 
p ro top lasmic s t reaming when all the other pa rame te r s are 
constant [see E q n (6.26)]. The first step of model ing m a d e by 
Pavlov et al. [123] was the elucidation of the quant i ta t ive 
dependences the auto-osci l lat ion per iod, obta ined by a 
compute r s imulat ion of the basic model , on the values of 
these pa ramete r s . The pa rame te r values were chosen in such 
a way tha t the condi t ion of self-excitation for the first spatial 
m o d e would remain in force. The pa ramete r kx responsible 
for the s tar tup of the ac tomyosin complex format ion has the 
strongest influence on the auto-osci l lat ion per iod. A 
pre l iminary compute r experiment has shown tha t a stepwise 
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Figure 19 . C h a n g e s in t h e a u t o - o s c i l l a t i o n p e r i o d o f t h e p l a s m o d i u m : 
(a) o n c o n t i n u o u s i l l u m i n a t i o n b y m o n o c h r o m a t i c l igh t [ the i n s e r t 
s h o w s t h e d e p e n d e n c e o f t h e i n t e g r a l effect — t h e a r e a u n d e r t h e 
c u r v e A(t) — o n t h e e m i s s i o n w a v e l e n g t h ] ; (b ) a t d i f fe ren t d u r a t i o n s 
o f i l l u m i n a t i o n a n d X — 4 6 5 . 8 n m . T h e a r r o w s i n d i c a t e t h e i n s t a n t s o f 
s w i t c h i n g o f f t h e l igh t ; t — 0 c o r r e s p o n d s t o t h e b e g i n n i n g o f 
i l l u m i n a t i o n . TQ is t h e a v e r a g e d p e r i o d b e f o r e t h e i l l u m i n a t i o n . T is 
t h e c u r r e n t p e r i o d . T h e i r r a d i a n c e a t t h e s a m p l e w a s 4 W m - 2 . 

change in kx results in fast (over one per iod) establ ishment 
of a new oscillation frequency. Therefore, it was pos tu la ted 
tha t a t ime-dependent function k\(t) could be found which 
would define the required change in the per iod dura t ion as 
the t ime-dependent coefficient of the basic system. This was 
a t t empted with the help of squared spline approx ima t ion of 
the pho to reac t ion curve at X = 465.8 n m shown in Fig. 19a 
and of the function T0(ki). The results are shown in Fig. 20. 

Then , as a first approx imat ion , we tried to adop t such a 
scheme of biochemical processes (beginning with an 
excitation of p lasmodia l pho to recep to ry p igment and 
ending with the change in act ivator concent ra t ion p r o p o r ­
t ional to ki) which could ensure the required dependence. 
Certainly, other var iants cannot be excluded, bu t in any 
case model ing allows one to check whether the suggested 
scheme is realistic, t hus leading to m o r e effective experi­
men ta l search. It is obvious tha t the function kx can in tu rn 
be approx imated by the following expansion: 

* i (0A 
0.20 r 
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Figure 2 0 . E v o l u t i o n o f t h e p a r a m e t e r k\{t) in t i m e , f o u n d o n 
m o d e l i n g t h e p l a s m o d i u m p h o t o r e a c t i o n . 

ki(t) - ki = A exp y~~J + B e x P 

+ C e x p (St) . 

sin(Gf + / ) 

(8.1) 

Here kx is the s ta t ionary value in the absence of 
i l luminat ion, 5~l is the t ime of adap ta t ion (a few 
minutes) , which was shown to coincide with the t ime it 
t akes for the intracellular med ium to acidify [121]. A n 
adap ta t ion under the effect of light is also observed in the 
P lasmodium and m a n y other cells sensitised by var ious 
dyes [122]. 

The most plausible hypothes is is tha t , excited by light 
and interact ing with m e m b r a n e prote ins , an endogenous 
p lasmodia l pho to recep to r (putatively of flavin na tu re [124]) 
p r o m o t e s the p roduc t ion of special metabol i tes — second 
messengers. Cyclic nucleot ides are most likely to be involved 
in this process as the second messengers [125, 126]. In this 
mode l we assumed tha t the p ro top la sm acidification or cyclic 
nucleot ides decrease kx and possibly have an influence on 
other kt. As the function kx(t) has a long with the exponen­
tially damping te rms a periodically varying one, it is necessary 
to assume the existence of an act ivator — the second var i ­
a b l e — connected with the inhibi tor so tha t auto-osci l la t ions 
would arise. As all ' d ramat i s pe r sonae ' are no t yet exactly 
known , the following system of kinetic equa t ions m a y be 
suggested: 

8; 
= al0D0 exp •anyi -al2y2 , 

— = a20D0Qxpi - - j +a2lyl (8.2) 

7i(y\ +yi) •Ski, t > 0 
9* yi+yi +yi 

yi(0)=yl9 y2(0)=y2, kl(0)=kl 
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Figure 2 1 . T h e p r e d i c t i o n s o f t h e l i n e a r i s e d m o d e l for t h e c h a n g e s in 
t h e a u t o - o s c i l l a t i o n p e r i o d in r e s p o n s e t o a c o n t i n u o u s l igh t 
i l l u m i n a t i o n o f t h e p l a s m o d i u m ( c u r v e 1) a n d in r e s p o n s e t o a 5 m i n 
i l l u m i n a t i o n p u l s e ( c u r v e 2 ) . 

He re yx and y2 are the concent ra t ions of the act ivator and 
the inhibi tor in darkness , respectively. yx and y2 are their 
deviat ions from yl and y2 under i l luminat ion. D0 denotes 
the pho to recep to r activity and T is its re laxat ion t ime. The 
coefficients a 1 0 and a20 depend on the rad ia t ion wave­
length. The first two equa t ions in (8.2) can be considered as 
a linear ana log of Vol t e r ra ' s popu la t ion model . The thi rd 
equat ion is an ana log of M i c h a e l i s - M e n t o n kinetics for an 
e n z y m e - s u b s t r a t e - i n h i b i t o r system describing the t r a n s ­
format ion of ' subs t ra te ' yx into ' p roduc t ' k\ with the 
par t ic ipa t ion of inhibitor y2. 

Withou t light there is a s ta t ionary regime. All the 
derivatives are equal to zero and the value of k\ determines 
the auto-osci l lat ion per iod in darkness . Curve 1 in Fig. 21 
describes a l ight-induced change of the per iod dura t ion 
simulated by our basic mode l (6.8) (6.20) (6.22) in the case 
when the pa ramete r kx(t) is defined by the linearised system 
(8.2). This solut ion is quite satisfactorily fitted to the 
exper imental da ta shown in Fig. 19a. In addi t ion the 
linearised mode l quali tat ively describes changes in the 
oscillation per iod under brief light i l luminat ion (compare 
curve 2 in Fig. 21 with the curves in Fig. 19b). It should be 
emphasised tha t , in spite of satisfactory results ob ta ined by 
the linear approach , the choice of an appropr i a t e nonl inear 
mode l remains ambiguous and new exper iments with living 
Plasmodia are required. F o r example, light i l luminat ion 
could be applied s imultaneously with substances which 
change this or ano ther stage of p lasmodia l p h o t o r e a c ­
t ion. A l though solut ions of the linearised mode l (8.2) are 
physically plausible only for the case of small deviat ions of 
yx and y2 from the s ta t ionary values, nevertheless the 
possibili ty to explain satisfactorily new nontr iv ia l oscilla­
to ry regimes in the cell moti le behaviour counts in favour of 
the e laborated model . 

9. Conclusion 

It can be seen tha t at present the theory of amoebo id 
moti l i ty is constructed only in fragments. A major p rob lem 
to be tackled in the nearest future is the integrat ion of 
separate models into a single ma themat i ca l descript ion 
covering b o t h the self-organisation of intracellular m o v e ­
ments and the cell migra t ion . It is impossible here to 
dispense with the principles of direct ional movemen t 
cont ro l developed in the theories of cell-to-cell c o m m u n i ­
cat ions and self-organisation of collective behaviour in cell 
popu la t ions . The state of researches in this field has been 
described in a recent review [127]. It should be remembered 
tha t the majori ty of an imal tissue cells exhibit the amoebo id 
type of motil i ty, so elucidating physical principles of their 
locomot ion is of impor tance bo th for the theory and for 
medical appl icat ions . It is essential to m a k e progress in the 
unde r s t and ing the self-organisation of processes in ac to ­
myosin ne tworks . It is necessary to realise the impor t an t 
role of strains and stresses in the cont ro l of cell moti l i ty 
and elucidate the interplay between this kind of cont ro l and 
other cell regula tory pa thways . F r o m the synergetic 
viewpoint the exciting p rob lem is h o w the op t imal form 
of migra t ing amoebo id cells is a t ta ined and which 
intracellular pa rame te r s define this process . F o r model ing 
this kind of pa t t e rn ing it is necessary to find an opt imal i ty 
criterion which could be formulated in the context of the 
theory of open nonequi l ib r ium systems. 

F o r exper imental studies of cell moti l i ty new o p p o r t u n ­
ities have appeared with the advent of confocal microscopy, 
fluorescent p robes , optoelect ronic amplifiers, ho lography , 
and other optical techniques. W o r t h y of ment ion is also a 
new promis ing m e t h o d of laser phasic microscopy [128]. 
The use of these m e t h o d s could be combined with the laser 
Dopp le r technique which enables the dynamic charac ter ­
istics of p ro top lasmic flows to be measured . The use of new 
empirically determined pa rame te r s will p rovide much scope 
for improvement of the existing ma themat i ca l models and 
further development of the theory. 
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