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ABSTRACT 

The membrane oscillator discovered by T. Teorell in1954 (10) is one 
of the most remarkable kinetic systems exhibiting spontaneous 
periodic behaviour under constant environmental conditions. It 
can be shown and demonstrated experimentally that the intrin- 
sic reason for the occurrence of oscillations in the Teorell 
oscillator, like in other physicochemical and biological oscil- 
latory systems, is an appropriate antagonistic actiGn of a la- 
bilizing positive and a recovering stabilizing negative feedback. 
Each kind of feedback causes a group of characteristic temporal 
phenomena, which are observed in all oscillatory systems inclu- 
ding the living excitable nerve such as: instability, bistability, 
excitability, propagation of excitation and recovery, refractori- 
ness, abolition, accommodation etc. . 

Introduction: 
In Gottingen in 7951 Torsten Teorell presented at the 50th 
Hauptversammlung of the Deutsche Bunsen-Gesellschaft a most memo- 
rable lecture: "On the quantitative treatment of membrane per- 
meability". This lecture and its publication(9) i n i t i a t e d  a s t rong 
new development in membrane science, and it was quite a convin- 
cing confirmation of the rightness and fruitfulness of these new 
conceptions when in 1954 his discovery of spontaneous membrane 
flux oscillations in a ion-exchange membrane system became known. 

Though 26 years have passed since that event, the Teorell membrane 
oscillator has thoroughly retained its importance and actuality 
not only as an exceptional ion-exchange membrane system but also 
as a general kinetic model for all physicochemical and biological 
oscillatory systems due to its remarkable transparent kinetics. 
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1 )  Nonlinear P r o p e r t i e s  of Ion-exchange Membranes 

A s  i s  well-known, i n  t h e  T e o r e l l  membrane o s c i l l a t o r  t h r e e  f o r c e s  
are e f f e c t i v e  s imultaneously ( d i f f e r i n g  p o t e n t i a l ,  p r e s s u r e  and' 
s a l t  concen t r a t ion  on both s i d e s  of t h e  membrane) causing t h r e e  
k inds  of f l u x e s  ac ross  t h e  membrane (e lec t r ic  c u r r e n t ,  volume 
f l u x  of f l u i d  and s a l t  f l u x ) ,  which are mutually coupled t o  a 
high degree.  

The e s s e n t i a l  k i n e t i c  f e a t u r e  of t h e  T e o r e l l  o s c i l l a t o r  i s  i t s  
p r e s s u r e  dependent non - monotonic cu r ren t -vo l t age  c h a r a c t e r i s t i c  (12) 
(F ig .  I ) ,  g iv ing  r ise t o  i t s  i n s t a b i l i t y  p rope r ty ,  which i s  one 
of t h e  necessary p r e r e q u i s i t e s  f o r  t h e  Occurrence Of o s c i l l a t i o n s .  

With r e s p e c t  t o  t h e  d i r e c t i o n s  of t h e  d r i v i n g  f o r c e s  and t h e  s i g n  
of t h e  membrane charge formally e i g h t  cases of combination are 
p o s s i b l e .  Because, however, non l inea r  cu r ren t -vo l t age  c h a r a c t e r i s -  
t i c s o n l y  occur i n  t h e  T e o r e l l  system under c o n d i t i o n s  of opposing 
e f f e c t s  of v o l t a g e  and h y d r o s t a t i c  p r e s s u r e ,  only t h e  f o u r  cases 

shown i n  F ig .  2 remain t o  be considered he re .  

The pronounced v o l t a g e  dependence of t h e  membrane r e s i s t a n c e  i s  
caused by t h e  e l ec t roosmot i c  volume f l u x ,  which carr ies  e i ther  

conducting s a l t  i n t o  o r  o u t  of t h e  porous ion-exchange membrane. 

I n  t h e  f o u r  c a s e s  i n  ques t ion  t y p i c a l  non l inea r  cu r ren t -vo l t age  
c h a r a c t e r i s t i c s  ar ise  as a consequence of r e s i s t a n c e  t r a n s i t i o n s  
occur r ing  i n  t h e  v o l t a g e  range where a r e v e r s a l  of t h e  volume 
f l u x  t a k e s  p l ace  e x h i b i t i n g  e i t h e r  non-monotonic N-shaped o r  mo- 
no ton ic  f -shaped cu rves .  F ig .  3 g i v e s  t y p i c a l  experimental  m e a -  
surements of such non l inea r  c h a r a c t e r i s t i c s  concerning coarse-  
g ra ined  c a t i o n -  and anion-exchange membranes whose high p o r o s i t y  

a l lows  s t r o n g  convec t iona l  f l u x e s .  

I t  may be mentioned h e r e ,  t h a t  a l s o  i n  non-convectional membranes 
non l inea r  c h a r a c t e r i s t i c s  of N- and /-type a r e  t o  be expected 
namely under c o n d i t i o n s  where vo l t age  determining p r o p e r t i e s  of 
t h e  membrane depend upon t h e  vo l t age  i t s e l f .  This  i s  t h e  case f o r  
i n s t a n c e  when t h e  membrane charge (?) o r  i t s  s i g n  (0)  o r  t h e  se- 

l e c t i v i t y  change s t r o n g l y  wi th in  a s u f f i c i e n t l y  narrow range of 
t h e  membrane p o t e n t i a l  (F ig .  4 ) .  
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a b C 

Fig .  1 The T e o r e l l  membrane o s c i l l a t o r  
a )  set-up;  b) cur ren t -vo l t age  c h a r a c t e r i s t i c s  (parameter:  P); 
c )  o s c i l l a t i o n s  of membrane p o t e n t i a l  and h y d r o s t a t i c  p r e s s u r e  
d i f f e r e n c e  P ( 1 2 ,  1, 5).  

Electroosmotic S y m  
PO~OW Cat$--eschange Membrane , PDTDUS Anmn-erchange Membrane 

Fig. 2 
a )  set-up; b) membrane r e s i s t a n c e  R as a f u n c t i o n  of t h e  membrane 

Nonlinear e lectroosmotic '  membrane systems 

p o t e n t i a i  E ;  c )  

t 

t 

cur ren t -vo l t age  c h a r a c t e r i s t i c s ;  

Glass-sinter 
0: -1 

Anion-exchanger grains 
w: +I 

Fig.  3 Examples of non l inea r  cu r ren t -vo l t age  
c h a r a c t e r i s t i c s  of porous ion-exchange membranes (parameter:  P 
h y d r o s t a t i c  p r e s s u r e  - mm column of water)(l) .  

267 



-qf 
-qJ- 

I IE - 
I I 

' I  
I 

F ig .  4 Non-convectional membrane systems 
(X: membrane charge;  w :  s i g n  of membrane charge;  g: conductivity) 
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Fig .  5 Membrane conductance as a func t ion  of membrane charge 
( T .  T e o r e l l  1951 ) (9). 

I n  1951 T. T e o r e l l  has shown t h a t  t h e  conduc t iv i ty  of an ion- 

exchange membrane depends on t h e  concen t r a t ion  of i t s  f i x e d  ion  

charge ? (Fig.  5 ) .  Hence t h e  c o n d u c t i v i t y  of a membrane exh ib i -  

t i n g  vo l t age  dependence of ? i s  a func t ion  of t h e  membrane vol- 
t a g e  too .  

The t h i r d  case  of Fig.  4 ( vo l t age  depending s e l e c t i v i t y )  c o r r e s -  

ponds t o  t h e  well-known concept of t h e  Hodgkin-Huxley theo ry  of 

e x c i t a b l e  b i o l o g i c a l  t i s s u e s .  

2) The Feedback Concept of Nonlinear Physicochemical Systems 

The main concern of t h i s  t e x t  i s  t o  show t h a t  a l l  k i n e t i c a l  pheno- 

mena r e s u l t i n g  from non l inea r  f lux - fo rce  c h a r a c t e r i s t i c s  are 
brought f o r t h  i n  a c t u a l  f a c t  by feedback mechanisms which a l l  
physicochemical o s c i l l a t o r y  systems inc lud ing  t h e  T e o r e l l  os- 

c i l l a t o r  and t h e  e x c i t a b l e  nerve have i n  common ( 3 , 6 ) .  
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Before doing so,  w e  have t o  look a l i t t l e  c l o s e r  i n t o  feedback 

p rocesses  occur r ing  i n  physicochemical systems. 

As w e l l  known feedback arises when a p rocess  acts  k i n e t i c a l l y  upon 

i t s e l f .  I t  c o n s i s t s  t h e r e f o r e  b a s i c a l l y  i n  a c l o s e d  cha in  of a c t i o n  

causing t h e  known e f f e c t s  of "self-enhancement" i n  case of p o s i t i v e  

feedback o r  " s e l f - i n h i b i t i o n "  i n  case  of nega t ive  feedback. 

Such p rocesses  of s e l f - i n f l u e n c e  may a r i s e  i n  two ways (F ig .  6 ) :  

n 1 +Tk+ I d + X L P  
Systemic 
leedbach 

Fig .  6 "Non-systemic" and "systemic" feedback i n  physicochemi- 
ca l  systems. 

I f  t h e  out.put of a t r ansmiss ion  system ( t h a t  may be an e l e c t r o n i c  

a m p l i f i e r ,  a chemical r e a c t i o n ,  an e l e c t r o d e  o r  a membrane system 

e t c . )  acts  k i n e t i c a l l y  upon i t s  cwn i n p u t ,  t hen  a feedback s i t u a -  

t i o n  arises i n  which t h e  o u t p u t - " e f f e c t "  i n f l u e n c e s  i t s  own 

"cause".  Th i s  mode of feedback has  no e f f e c t  upon t h e  p r o p e r t i e s  

of t h e  t r ansmiss ion  system. For t h i s  reason it s h a l l  be des igna ted  

he re  as "non-systemic " feedback (4). 

I n  physicochemical and b i o l o g i c a l  systems, however, most feedback 

mechanisms a c t  n o t  upon t h e  i n p u t  b u t  i n s t e a d  upon t h e  p r o p e r t i e s  

of t h e  t r ansmiss ion  system. Th i s  kind of feedback correspondingly 

s h a l l  be designated as " systemic" f eedback . 

Feedback loops i n  open systems may concern t h e  formation o r  t h e  
consumption of t h e  k i n e t i c  s p e c i e s  X and may be - as a l r e a d y  

mentioned - of p o s i t i v e  o r  nega t ive  na tu re .  I n  t h i s  way f o u r  d i f -  

f e r e n t  feedback s i t u a t i o n s  are p o s s i b l e  being c a l l e d :  backward 

a c t i v a t i o n ,  forward i n h i b i t i o n ,  backward i n h i b i t i o n  and forward 

a c t i v a t i o n  (Fig.  7 )  ( 7 ) .  
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backward activation forward inhibition backward lnhibltlon forward activation 

Positive feedback Negative feedback 

Fig.  7 P o s i t i v e  and nega t ive  feedback i n  open systems. 

O s c i l l a t o r y  systems c o n t a i n  a t  least  two simultaneous p rocesses .  

By mutual ( c ros s - )  coupl ing between t h e s e  p rocesses  1 6  d i f f e r e n t  

p o s s i b i l i t i e s  have t o  be taken i n t o  c o n s i d e r a t i o n  (F ig .  8 ) .  I n  

t h e i r  o v e r - a l l  e f f e c t s  they l ead  t o  f o u r  c a s e s  each f o r  backward 

a c t i v a t i o n ,  forward i n h i b i t i o n ,  backward i n h i b i t i o n  and forward 

a c t i v a t i o n  ( 6 )  - 

Fig.  8 Feedback by coupl ing of two simultaneous processes(6) .  

I n  m o s t  r ea l i s t ic  feedback systems t h e  t y p e s  of e f f e c t i v e  feed- 

back processes  can be found o u t  d i r e c t l y  by experimental  methods. 

Because a l l  coupl ing o r  feedback mechanisms are r ep resen ted  by 

real  r e a c t i o n s  or t r a n s p o r t a t i o n  p rocesses  of de f ined  ra tes ,  a l l  
feedback p rocesses  n e c e s s a r i l y  need t i m e  f o r  t h e i r  proceeding. 

The t i m e  de l ay  i n  physicochemical feedback loops v a r i e s  i n  a l a r g e  

scale of magnitude. I n  the  case of t h e  T e o r e l l  system it  ranges i n  
minutes , in  t h e  case of t h e  nerve membrane i n  mi l l i s econdes .  

3 )  The Temporal Behaviour of Feedback systems 

The temporal behaviour of p o s i t i v e  and nega t ive  feedback systems 

i s  of e s s e n t i a l  importance f o r  t h e  occurrence and t h e  temporal 

p a t t e r n  of physicochemical o s c i l l a t i o n s .  

270 



.- 0 63 0 0 

Fig.  9 Nonlinear f lux - fo rce  c h a r a c t e r i s t i c s  a s  a r e s u l t  of 
feedback a c t i o n  (4) .  

Fig.  9 i l l u s t r a t e s  t h e  g e n e r a l  temporal behaviour of t h e  f o u r  

modes of coupl ing l ead ing  t o  p o s i t i v e  o r  nega t ive  feedback. 

Assuming f o r  t h e  sake of s i m p l i c i t y  t h a t  t h e  formation and con- 

sumption of t h e  k i n e t i c a l  s p e c i e s  X are p rocesses  of f i r s t  o r d e r ,  

a p l o t  of v e r s u s  X g i v e s  t w o  s t r a i g h t  l i n e s  which i n t e r s e c t  
a t  t h e  s t eady  s t a t e  value Xst .  Their  s l o p e s  correspond d i r e c t l y  t o  

t h e  r e l e v a n t  ra te  c o n s t a n t  k o r  t h e  conductance g.  

Self-coupl ing a l te rs  t h e  s lope  of t h e  k i n e t i c  c h a r a c t e r i s t i c  be- 
longing t o  t h e  feedback p rocess  i n  ques t ion .  I n  case of forward 

p o s i t i v e  feedback it i s  g e t t i n g  f l a t t e r  with i n c r e a s i n g  X and it 

i s  g e t t i n g  s t e e p e r  i n  c a s e  of nega t ive  feedback. 

Fig.  9 shows i n  p a r t i c u l a r  how non-monotonic N-shaped cu rves  re- 
s u l t  from p o s i t i v e  feedback and monotonic I - s h a p e d  cu rves  from 

nega t ive  feedback. 

Provided t h s t  t h e  p o s i t i v e  feedback i s  s u f f i c i e n t l y  s t rong  t h r e e  

i n t e r s e c t i o n  - r e p r e s e n t i n g  s t eady  s t a t e s  - may occur between t h e  

curves of consumption of X e x h i b i t i n g  b i s t a b i l i t y  and i n s t a b i l i t y  
r e s p .  . 
P o s i t i v e  feedback l a b i l i z e s  t h e  system, and it i s  t h e  i n t r i n s i c  

reason f o r  a l l  i n s t a b i l i t y  phenomena of a u t o c a t a l y t i c  and o t h e r  

self-enhancing systems. 
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I n  c o n t r a s t  nega t ive  feedback has  a s t a b i l i z i n g  e f f e c t .  I t  genera- 

tes  a l w a y s  one s t a b l e  s ta te  only.  

The bottom row of graphs shows t h e  "dynamic diagrams" which des- 

c r i b e  t h e  o v e r - a l l  temporal v a r i a t i o n  of X as a f u n c t i o n  of X it- ... 

s e l f .  The i n s e r t e d  arrows i n d i c a t e  t h e  d i r e c t i o n s  of t h e  r e s u l t i n g  

temporal v a r i a t i o n s ,  and which i l l u s t r a t e  how s t a b i l i t y  and in -  

s t a b i l i t y  arise from t h e  v a r i a t i o n s  i n  t h e  immediate neighbour- 

hood of a p a r t i c u l a r  s t eady  s ta te .  

For p o s i t i v e  a s  w e l l  as f o r  nega t ive  feedback c h a r a c t e r i s t i c  

msdes of temporal behaviour r e s u l t  as a d i r e c t  consequence of t h e  
feedback delay.  

Concerning i o n i c  membranes, a l r eady  i n  1951 T. T e o r e l l  pointed o u t  

i n  t h e  paper 

capac i t ance  " 
a l r e a d y  mentioned t h a t  i n  such membranes "pseudo- 

and "pseudo-inductance' '  behaviour are observed (Fig.10). 

Kupuztfw ,, Ku,ztbw -indukhu " 
Sponnung (zstmp 

_ _ _ _  

. indukfiv " 

Zeitlicher Spannungsverlauf verschiedener S ysteme Elektroly- 
ten-Membran (nach Einschalten eines konstanten Stromes). Das 
System zeigt scheinbnre Kapazitat. Induktivitat bzw. Kapazitjt + lnduktivitat 

Fig.  10  Pseudo-capacit ive and pseudo-inductance behaviour of 
ion-exchange membranes ( T .  T e o r e l l  1951)(9). 

Fig.  11 Temporal behaviour of feedback systems compared with 
e lectr ic  capac i t ance  and inductance c i r c u i t s  ( 6 ) .  
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Fig. 11 i l lustrates 

pattern resembling t h a t  of a capac i ty .  Systems con ta in ing  nega t ive  
feedback behave correspondingly l i k e  inductances e x h i b i t i n g  over- 

shoot  phenomena which i n  f a c t  are recovery phenomena as a conse- 

quence of t h e  s t a b i l i z i n g  a c t i v i t y  of t h e  nega t ive  feedback. 

Now w e  are i n  a p o s i t i o n  t o  i d e n t i f y  t h e  n a t u r e  of feedback loops  
e x i s t i n g  i n  a p a r t i c u l a r  system by s tudying i t s  temporal behaviour.  

t h a t  p o s i t i v e  feedback a c t u a l l y  l e a d s  t o  temporal 

I n  t h i s  c o n t e x t  it might be s t a t e d  t h a t  from t h e  feedback p o i n t  of 
view it i s  e v i d e n t  t h a t  t h e  temporal behaviour of physicochemical 

systems i s  q u i t e  t h e  same as it i s  well-known from feedback i n  

e lec t r ic  c i r c u i t s  o r  t e c h n i c a l  c o n t r o l  systems, and i n  a c t u a l  f a c t  

t h e  occurrence of o s c i l l a t i o n s  i n  physicochemical and b i o l o g i c a l  

systems obviously i s  based on t h e  same dynamical p r i n c i p l e s  as  it 
i s  t h e  case i n  e l e c t r i c a l  systems whose o s c i l l a t o r y  behaviour as 
a r e s u l t  of feedback a c t i o n  i s  q u i t e  s e l f - e v i d e n t  f o r  u s .  

4 )  The P r i n c i p l e  of An tagon i s t i c  Feedback. 

I t  i s  a h i g h l y  i n t e r e s t i n g  f a c t  t h a t  a l l  physicochemical o s c i l l a -  

t o r y  systems found so f a r  c l e a r l y  e x h i b i t  p o s i t i v e  and nega t ive  

feedback s imultaneously.  

I t  i s  most l i k e l y  t h a t  o s c i l l a t i o n s  i n  such systems a r e  t h e  r e s u l t  

of a g e n e r a l  k i n e t i c  p r i n c i p l e  which i s  r ep resen ted  i n  F ig .  1 2  i n  
form of a gene ra l  feedback p a t t e r n .  I t  may be  des igna ted  h e r e  as 
t h e  " P r i n c i p l e  of a n t a g o n i s t i c  feedback of physicochemical o s c i l -  

1ators l1  (3).  

F ig .  12 Antagon i s t i c  feedback 
i n  o s c i l l a t o r y  open systems 
con ta in ing  two simultaneous 
processes  (3). 

According t o  t h i s  p r i n c i p l e  t h e  o s c i l l a t i o n s  are understood as  a 
consequence of an a n t a g o n i s t i c  i n t e r a c t i o n  of a r e l a t i v e l y  f a s t  

a c t i n g  p o s i t i v e  feedback of l a b i l i z i n g  tendency and a slower ac- 
t i n g  nega t ive  feedback of s t a b i l i z i n g  recovering tendency. 



This  concept of o s c i l l a t o r y  systems c o n s i s t i n g  of two d i s t i n c t  
loops of p o s i t i v e  and nega t ive  feedback r e q u i r e s  a t  least  two 

k i n e t i c a l  v a r i a b l e s ,  one f o r  each feedback mechanism. Each loop, 
however, may c o n t a i n  s e v e r a l  v a r i a b l e s  i n  series. A l l  t h e s e  va- 

r i a b l e s  p a r t i c i p a t e  i n  t h e  o v e r - a l l  o s c i l l a t o r y  p rocess .  I n  most 

real  cases of o s c i l l a t i o n s  it i s  p o s s i b l e  t o  f i n d  o u t  from t h e  

r eco rd ings  t o  which class of feedback loop a p a r t i c u l a r  o s c i l l a -  

t i n g  v a r i a b l e  belongs (F ig .  1 3 ) .  A l s o  a gene ra l  c l a s s i f i c a t i o n  of 

t h e  temporal phenomena of feedback systems can be given now with 

r e s p e c t  t o  t h e  n a t u r e  of t h e  feedback being r e s p o n s i b l e  f o r  a par-  

t i c u l a r  phenomenon (F ig .  1 4 )  . 
Teorell Membrane B 2 Reaction Bray Reaction Iron In HNO, 

Variable 01 Br- ' ~ l - ~ l l ) ) J $ ! ~  - -  
poslttve - - - - -  
feedback 

- 
t- t -  t -  t -  

negative Variableof cl?+w 'w,,,!ozw iw 
leedback 

t-  t -  1- t -  

Fig.  13 Simultaneous osci l lograms of v a r i a b l e s  belonging t o  
d i f f e r e n t  feedback loops.  Var i ab le s  involved i n  p o s i t i v e  feed- 
back loops e x h i b i t  f l i p - f l o p - t y p e  osc i l l og rams  showing i n s t a -  
b i l i t y  f e a t u r e s  ( - ) .  Oscillograms of v a r i a b l e s  belonging t o  
nega t ive  feedback loops  u s u a l l y  have simple saw-tooth shape 
without  marks of i n s t a b i l i t y  (B.Z.: Belousov -Zhabotinsky 
r e a c t i o n )  (6).  

- MI.- 

Fig.  1 4  C l a s s i f i c a t i o n  of temporal phenomena of feedback 
systems (4). 
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: , E *  t- dLb $-BJ Pseudo Capactlance 

- dt c' ._ - -  - + 
V <  Increasing voltage inhlbits 

the membraneconductance 
by concentratmn profile deformation 

- Negative Feedback 

j : i t -  t- forward activation 

-E- 
E 

---?- - S t a b i l i z a t i o n  
t- 

Pseudo-Inductance 
E -  

lncrea~ing voltage actovates the 
membrane conductance 

by increaslng hydrostatic pressure 

Fig .  1 5  P o s i t i v e  and nega t ive  feedback a r i s i n g  i n  t h e  Teorel.1 
system. 
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5 )  The Feedback S i t u a t i o n  i n  t h e  T e o r e l l  Membrane O s c i l l a t o r  

L e t  u s  now look a t  t h e  T e o r e l l  membrane system from t h e  feedback 
p o i n t  of view. There i s  c l e a r l y  a p o s i t i v e  feedback loop  provable  
with r e s p e c t  t o  t h e  transmembrane p o t e n t i a l ,  and which man i fe s t s  
i t s e l f  i n  t h e  v o l t a g e  dependence of t h e  membrane r e s i s t a n c e  

(Fig.  1 5 ) .  The "formation" and "consumption" of t h e  k i n e t i c a l  
s p e c i e s  X concerns p r i m a r i l y  t h e  s a l t  c o n t e n t  i n s i d e  t h e  membrane 

as a r e s u l t  of t h e  volume f l u x  d r i v e n  by t h e  e l ec t roosmot i c  e f f e c t  
of t h e  membrane p o t e n t i a l  i n s i d e  t h e  ion-exchange membrane. 

Because t h e  s a l t  c o n t e n t  of t h e  membrane determins t h e  membrane 
r e s i s t a n c e ,  t h e r e  e x i s t  under c u r r e n t  clamp c o n d i t i o n s  a d i r e c t  
r e l a t i o n s h i p  between t h e  s a l t  c o n t e n t  and t h e  membrane p o t e n t i a l .  
Therefore  w e  may r e p l a c e  X d i r e c t l y  by t h e  vo l t age  E as t h e  cha- 
r a c t e r i s t i c  k i n e t i c a l  v a r i a b l e  of t h e  p o s i t i v e  feedback loop.  I t  

is  easy t o  show t h a t  i n  t h e  T e o r e l l  membrane system t h i s  loop i s  
r e a l i z e d  by a forward i n h i b i t i o n  c o n s t e l l a t i o n .  Here, an inc rea -  

s i n g  vo l t age  i n h i b i t s  t h e  membrane conductance by a corresponding 
deformation of t h e  concen t r a t ion  p r o f i l e .  The p o s i t i v e  feedback 
l e a d s  t o  pseudo-capacit ive behaviour ,  t o  a non-monotonic c u r r e n t -  

v o l t a g e  c h a r a c t e r i s t i c  and t o  a corresponding dynamic r e l a t i o n s h i p  
between - and E.  dE 

d t  

The nega t ive  feedback of t h e  T e o r e l l  o s c i l l a t o r  (F ig .  1 5 )  comes 
about  as a r e s u l t  of  t h e  volume f l u x  dependence of t h e  hydrosta- 
t i c  p r e s s u r e ,  which i s  - b e s i d e s  t h e  membrane p o t e n t i a l  - t h e  
o t h e r  d r i v i n g  f o r c e  of t h e  volume f l u x .  

The nega t ive  feedback loop r e p r e s e n t s  he re  a t y p i c a l  example of 
mutual coupl ing of two simultaneous p rocesses  whose o v e r - a l l  

e f f e c t  concerns a forward a c t i v a t i o n .  Inc reas ing  v o l t a g e  a c t i v a t e s  
he re  t h e  membrane conductance by i n c r e a s i n g  h y d r o s t a t i c  p r e s s u r e .  

6 )  The T e o r e l l  Membrane O s c i l l a t o r  as a "Complete Nerve Analogue". 

Surveying t h e  l i s t  of feedback phenomena of Fig.14 w e  are s t r o n g l y  
reminded of t h e  phenomenology of t h e  e x c i t a b l e  nerve and o t h e r  
b i o l o g i c a l  e x c i t a b l e  t i s s u e s .  Tab. 1 sums up t h e  p r o p e r t i e s  which 
are considered as fundamental phenomena of t h e  nerve membrane. 
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physicochemical systems e x h i b i t i n g  t h e s e  p r o p e r t i e s  are des igna ted  
as"comp1ete nerve models" o r "ne rve  analogues".  

Table 1. 
Fundamental E l e c t r o p h y s i o l o g i c a l  P r o p e r t i e s  of  E x c i t a b l e  Tissues 

I n s t a b i l i t y  : 

Impulse Response: 

Propagat ion:  

Rhythmical A c t i v i t y :  

B i s t a b i l i t y  
E x c i t a b i l i t y  ( T r i g g e r a b i l i t y )  
Thresho ld  Phenomena 
A b o l i t i o n  
E x c i t a b l e  A c t i o n p o t e n t i a l  
Spontaneous Recovery of  E x c i t a t i o n  
R e  f rac t o r i n e s s  
Accommodation 
Overshoot Phenomena 
Two-way Propaga t ion  of E x c i t a t i o n  
P ropaga t ion  of A c t i o n p o t e n t i a l  
T r i g g e r a b i l i t y  o f  P ropaga t ion  Phenomena 
S a l t a t o r i c  P ropaga t ion  
O s c i l l a t o r y  Phenomena 

Obviously t h e  nerve r e p r e s e n t s  k i n e t i c a l l y  a system of antagonis-  
t i c  feedback too .  Hence w e  may d e f i n e  a complete nerve analogue 
b r i e f l y  as a system e x h i b i t i n g  a n t a g o n i s t i c  feedback as o u t l i n e d  
he re .  

There are s e v e r a l  a r t ic les  publ ished by T. T e o r e l l  twenty y e a r s  
ago which c l e a r l y  show t h a t  a l r e a d y  i n  t h e  f i f t i e s  he w a s  q u i t e  
aware and convinced t h a t  h i s  membrane o s c i l l a t o r  i n  a c t u a l  f a c t  
r e p r e s e n t s  a complete nerve analogue (11 - IS) 

I n  p a r t i c u l a r  by a i d  of an analogue computation program de r ived  
from t h e  set-up and t h e  data of t h e  membrane o s c i l l a t o r  T e o r e l l  
demonstrated convincingly a g r e a t  d e a l  of t h e s e  e x c i t a b i l i t y  phe- 
nomena. But a l s o  under s u i t a b l e  c o n d i t i o n s  t h e s e  phenomena can be 
demonstrated i n  t h e  r e a l  T e o r e l l  membrane system. 

Because t h e  au tho r  does n o t  know e x a c t l y  which of t h e s e  expe r i -  
ments have a l r eady  been carried o u t  by T. T e o r e l l  h imse l f ,  some 
of t h e  a u t h o r ' s  r e s u l t s  may be given he re  i n  o r d e r  t o  show t h e  
e f f i c i e n c y  and t h e  completeness of t h e  nerve analogue p r o p e r t i e s  
of T e o r e l l ' s  membrane system. 

Tab. 2 g i v e s  a l i s t  of materials s u i t a b l e  f o r  membranes i n  t h e  
T e o r e l l  o s c i l l a t o r .  Most of t h e  experiments shown i n  t h e  f o l l o -  
wing p i c t u r e s  have been carried o u t  by means of Duran-sinter g l a s s  
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2 -  membranes of a t h i c k n e s s  of .7 mm and an a r e a  of .3 c m  ( X :  

mol/ l ,  width of po res :  ~9 p). 

lo -*  

Table 2.  
Membrane M a t e r i a l s  S u i t a b l e  f o r  T e o r e l l - O s c i l l a t i o n s  

P o r c e l a i n  ( T e o r e l l )  -7  r 
Porous G l a s s - s i n t e r  ( T e o r e l l )  11.I 
Porous Duranglass-sinte r 9 r  
Porous Polyvinylch lor ide  ( ' P o r v i c '  ) 4 p 

2.5 p 
Nuclepor F i l t e r  (Meares & Page) I P  

Quartz Powder 5 v  

Porous P o l y s t y r o l  ( F l e x o l i t h '  ) 

A120 3-Po wde r 21.1 
Cation-exchanger Grains  ( T e o r e l l )  
Anion-exchanger Gra ins  

E- 

cation-exchange anion-xchsnge 
membrane membrane 

Fig.  16  Threshold behaviour of Fig.  1 7  Action p o t e n t i a l  re- 
t h e  TNA ( T e o r e l l  Nerve Analogue). sponse of t h e  TPJA. 

Fig.  16 shows t h e  well-known temporal p a t t e r n  of t h e  t h r e s h o l d  
behaviour of such an e x c i t a b l e  Duran-glass membrane. I n  t h i s  
case t h e  compartments are v i r t u a l l y  un l imi t ed  so t h a t  no o s c i l l a -  
t i o n s  can occur. 
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E x c i t a b i l i t y  i n  such a b i s t a b l e  system i s ,  as well-known, a two- 
s ided  phenomenon with r e s p e c t  t o  both s t a b l e  states,  which are 
completely e q u i v a l e n t  i n  t h e  k i n e t i c a l  sense.  Super-threshold 

s t i m u l i  s h i f t  t h e  membrane r e s i s t a n c e  beyond t h e  va lue  of  t h e  un- 

s t a b l e  concen t r a t ion  p r o f i l e  , subthreshold s t i m u l i  don't reach it. 
Simply by l i m i t a t i o n  of one compartment f i t t e d  with an overflow 
t h e  T e o r e l l  system e x h i b i t s  t r i g g e r a b l e  a c t i o n  p o t e n t i a l s  ( F i g . 1 7 ) .  

I t  depends upon on which s i d e  of t h e  set-up t h i s  compartment l i m i -  
t a t i o n  i s  made whether an upward o r  a downward a c t i o n  p o t e n t i a l  

occurs .  The recovery i s  t h e  r e s u l t  of t h e  v a r i a t i o n  of t h e  hydro- 

s t a t i c  p r e s s u r e  caused by t h e  volume f l u x  du r ing  t h e  pe r iod  of 
e x c i t a t i o n .  The overflow p reven t s  r e p e t i t i v e  e x c i t a t i o n .  

F ig .  18 R e f r a c t o r i n e s s  of 

:TI.-- + 

t h e  TNA. Fig.  19  Abol i t i on  of ac- 
t i o n  p o t e n t i a l  of t h e  TNA. 

F ig .  18 demonstrates  a t  t h e  same membrane system t h e  phenomenon 

of r e f r a c t o r i n e s s  by applying of two s t i m u l i  of t h e  same s t r e n g t h  
with i n c r e a s i n g  temporal d i s t a n c e s .  With decaying r e f r a c t o r i n e s s  - 
r e a l i z e d  by decaying h y d r o s t a t i c  p r e s s u r e ,  t h e  system r e g a i n s  i t s  
e x c i t a b i l i t y .  

F ig .  1 9  demonstrates  t h e  phenomenon of a b o l i t i o n  of t h e  a c t i o n  

p o t e n t i a l  by coun te rac t ing  s t i m u l i .  I n  case  of t h e  e x c i t a b l e  nerve 

I. Tasaki has  demonstrated a b o l i t i o n  i n  1956 (8). 

A l s o  t h e  phenomenon of e x c i t a t i o n  propagat ion can be demonstrated 

by means of T e o r e l l ' s  membrane system (F ig .  2 0 ) .  Propagat ion i s  a 
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d i r e c t  consequence of t h e  b i s t a b i l i t y  of t h e  system con ta in ing  
s t r o n g  p o s i t i v e  feedback. The propagat ion may concern t h e  conver- 

s i o n  of t h e  upper s ta te  i n t o  t h e  lower s t a t e  o r  t h e  r eve r sed  pro- 
cess. A l s o  s a l t a t o n i c  propagat ion can be r e a l i z e d  i n  T e o r e l l ' s  
nerve model ( 2 ) .  

@ membrane 

Fig.  20 Propagation of Fig.  2 1  A p r o j e c t  of a TNK 
s ta te  t r a n s i t i o n s  ( 2 )  e x h i b i t i n g  a c t i o n  p o t e n t i a l  
a )  from lower t o  upper state;  propagat ion.  
b) from upper t o  lower s ta te ;  

propagat ion of a c t i o n  p o t e n t i a l s  should be demonstratable  too  by 

means of t h e  T e o r e l l  system. F ig .  21 shows a p r o j e c t  of a set-up 
which should e x h i b i t  a c t i o n  p o t e n t i a l  propagat ion.  It c o n s i s t s  of 
an a r r a y  of compartments bounded by i o n i c  conducting w a l l s  on both 
s i d e s  of t h e  membrane al lowing t h a t  l o c a l i z e d  h y d r o s t a t i c  p r e s s u r e  
can be maintained. 

There i s  no doubt t h a t  t h i s  model w i l l  work and it can be p red ic t ed  
on t h e  b a s i s  of t h e  experiences  with t h e  T e o r e l l  system t h a t  i n  
t h i s  nerve analogue a wave of a c t i o n  p o t e n t i a l  accompanied by a 
wave of h y d r o s t a t i c  p r e s s u r e  and a double wave of eddy c u r r e n t s  
would t r a v e l  a long t h e  membrane a f t e r  a l o c a l  s t i m u l a t e d  excitation. 

Th i s  p r o j e c t ,  whose r e a l i z a t i o n  would be very l a b o r i o u s ,  i s  men- 

t i o n e d  he re  i n  o r d e r  t o  show t h a t  t h e  missing of a c t i o n p o t e n t i a l  
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propagation experiments is no disproof of the completeness of the 
nerve analogue property of Teorell's membrane system. 

Fig. 22 Synopsis of the general phenomenology 0 s  systems con- 
taining antagonistic feedback. 

Concluding a synopsis of physicochemical oscillations are shown 
in Fig. 22. These systems which are regarded as nerve models are 
of extremely different substantial nature, but they have obvious- 
ly one property in common: the antagonistic feedback. From this 
point of view it is no more surprising that they exhibit neverthe- 
less an identic phenomenology. Among these systems Teorell's mem- 
brane oscillator certainly is the system being best understood now 
due its simplicity and transparent kinetics. 
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