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ABSTRACT 

An extension of the theory of the "fixed charge" controlled "membrane 

oscillator" is used for simulation of a variety of excitability phenomena in 

nerves, presso-receptors,smooth muscle and the heart. A central issue is the 

prediction of water movements across the cell membrane resulting in "swelling" 

and "shrinkage". The presented "electrohydraulic excitability analog'' (EHEA) 

deals particularly with the generation of action potentials, volume-pressure 

changes and contractility in response to externally applied mechanical stimuli, 

i.e. the EHEA is applied as a pressoreceptor analog. The agreement between the 
theoretical model results and some experimental physiological observations cited 

from the literature is quite satisfactory. 

INTRODUCTION 

The history of membrane transport processes is long and fascinating(Sol1ner 

( 4 )  ,Teorell (18)) and there were many attempts to demonstrate applications in 

bioelectricity. New efforts were made in the fifties when the "membrane oscilla- 

tor" (MO) was introduced ( 6 ) - ( 9 ) .  This device displayed oscillatory membrane 

events which showed obvious similarities to physiological action potentials as 

occur in nerves and other "excitable tissues" (mechano-receptors ,smooth muscles 

and the heart). The salient feature of the MO is the presence of a membrane loa- 
ded with "fixed charges'' in the water permeable pores. The membrane separates 

two compartments (simulating the "cell interior" and the "cell environment") 

containing electrolytes. The "driving forces" eliciting the oscillations (elec- 

tric potentials, conductance changes and water flows) are a steady electric 

current and a salt concentration gradient across the membrane. It should be re- 
marked that an intra-membrane salt gradient could arise from the current flow 

alone, even if the salt composition in the surrounding compartments was identi- 

cal, see (10). The oscillations are essentially an electro-osmotic phenomenon, 

goverend by the laws of electro-kinetics (see (9- 14)). 
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THE DEVELOPMENTS OF THE "ELECTROHYDRAULIC EXCITABILITY ANALOG". 

1 .  The r i g i d  MO-system.- The f i r s t  v e r s i o n  of t h e  M O w a s a  r i g i d  "Lucite" 

chamber system ( r e f .  6-10). It gave o s c i l l a t o r y  responses  t o  e l e c t r i c  and/or'  

mechanical p e r t u r b a t i o n s  ("s t imuli")  and t h u s  a c t e d  as a p r i m i t i v e  "mechano- 

- e l e c t r i c a l  t ransducer"  w i t h  a cons tan t  frequency of t h e  o s c i l l a t i o n s .  However, 

i t  i s  well-known t h a t  t h e  main " s i g n a l  code" of t h e  nervous elements i s  a 

vary ing  "spike" frequency, i .e .  "frequency modulation" (FM). This  impl ies  t h a t  

t h e  sp ike  (=ac t ion  p o t e n t i a l )  frequency v a r i e s  w i t h  t h e  s t r e n g t h  of t h e  stimu- 

l u s .  

2 .  Heterogeneous ( leakv)  membranes and v i s c o - e l a s t i c i t v .  - In t h e  second 

v e r s i o n o f t h e  MO improvements were added t o  achieve FM ( r e f  10,13,14) .  These 

were a /  i n t r o d u c t i o n  of non-charged, "leaky" pores  i n  t h e  membrane (membrane 

he terogenei ty)  and b /  i n t r o d u c t i o n  of a non-r igid membrane, d i s p l a y i n g  v isco-  

- e l a s t i c i t y  (without "creep") by assumption of a non-l inear  r e l a t i o n  between 

c e l l  p ressure ,  P, and t h e  c e l l  volume change,M. The P=f(M) r e l a t i o n  i s  of a 

d e c i s i v e  importance f o r  t h e  bandwidth of t h e  FM, i t  was chosen t o  be hyperbol ic  

so t h a t  i t  approached a P-maximum w i t h  i n c r e a s i n g  M ("swel l ing") .This  means t h a t  

t h e  e x c i t a b l e  "cell" has  a c e r t a i n  " turgor"  p r e s s u r e  P which v a r i e s  w i t h  t h e  

c e l l  volume and keeps i t  d is tended .  

It  should be observed t h a t  t h e  " v i s c o - e l a s t i c i t y "  i s  loca ted  e n t i r e l y  with- 

i n  t h e  s t r u c t u r e  of t h e  ce l l  membrane. The r e s u l c s  obtained by t h i s  more r e f i n e d  

model were so s a t i s f a c t o r y  when compared w i t h  a c t u a l  experimental  r e s u l t s  publ i -  

shed by many au thors  i n  r e c e p t o r  physiology t h a t  a new d e s i g n a t i o n  of t h e  o r i -  

g i n a l  MO-model became j u s t i f i e d .  Under t h e  new name of t h e  "e lec t ro-hydraul ic  

e x c i t a b i l i t y  analog" (EHEA) new comparisons were publ ished (1 3,14) .  The paper 

(14) of 1971 i n  t h e  Handbook of Sensory Physiology gives  a thorough account of 

t h e  EHEA both as regards  t h e  underlying t h e o r i e s  and i t s  c a p a c i t y  t o  s imula te  

widely s c a t t e r e d  o b s e r v a t i o n s  i n  t h e  f i e l d  of phys io logica l  p r e s s o r e c e p t o r s .  

3. H y s t e r e s i s  e f f e c t s .  - I n  t h e  Handbook a r t i c l e  (14) i t  w a s  o f t e n  noted 

t h a t  t h e  r e l a t i o n  between mechanical l ldisplacementl l  ( s t r e t c h )  of a t i s s u e  and 

t h e  ensuing " tension" was dependant on t h e  time h i s t o r y ,  - i . e .  t h e  r e l a t i o n  

could e x h i b i t  "hys te res i s ' '  and "creep". Such phenomena were n o t  d i r e c t l y  in- 

corporated i n  t h e  EHEA equat ions  (which were solved by an analog machine tech- 

n ique) ,  a l though they  were inc luded , in  some i n s t a n c e s ,  by a d d i t i o n a l  " s o f t  ware". 

This  s i t u a t i o n  has  prompted t h e  ques t ion  of how t o  formal ize  a time-dependant 

v i s c o - e l a s t i c i t y .  In t h e  f i r s t  p lace  t h e  whole problem of t h e  a c t u a l  n a t u r e  of 

t h i s  proper ty  remains obscure as regards  t h e  a c t u a l  anatomical  s t r u c t u r e s  in- 

volved. Nevertheless  a "symbolic" mathematical t reatment  may be j u s t i f i e d  f o r  
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Want of better information. Many useful expressions are available in the litera- 

ture (springs ,dashpots, etc.). Such devices symbolically depicted, can be 

discerned in a diagram in an earlier publication,fig. 9 (14) .They could be in- 
corporated in the non-linear P=f(M) equation referred to earlier. However, such 

an operation might 

fact, this was the kind of notion which was sketched already in 1962 in Fig 1 8  

in the paper (111, (referred to by Dr Tasaki in his paper in this volume). 

To circumvent the arising mathematical dilemma another approach was chosen. 

When dealing with tissues, not single cells, it might be conceivable that the 

extra-cellular compartments participate in controlling P,the cell transmembrane 

pressure difference. The extracellular volume space could also be thought of 

as bounded by a distenscble membrane or casing with a non-linear volume-pressure 

relation somewhat like P = f(M) forthe single cell. There will be a different 

effect of a mechanical stimulus: in the single cell case a mechanical "poking" 

will squeeze out water from the cell to the external medium in one stage with 

an immediate effect on the transmembrane P. In the two-compartment case the 

poking will affect first the extracellular volume (which now is the connecting 

link to the medium). The extracellular pressure level ( referred to the medium 

as zero) will now change and P reacts with some time delay ("hysteresis"). 

involve volume changes within the cell membrane proper.In 

Qualitatively, these concepts can be described: The excitable tissue as 

a wholecanbe symbolized as two concentric water filled ballons, the inner one 

representing the excitable cell proper, the outer one the extracellular tissue 

space. Both may leak to some extent, but both are kept inflated by the opera- 

tion of membrane "water pumps". The cell pump is electroosmotic, the extracellu- 

lar pump may be similar, or rather of the colloid osmotic type assumed to exist 

between blood capillaries and the extracellular space. The operation of thistwo- 

compartment, or series coupled,system is briefly described in (15,17). This 

extended EHEA remains "hydraulic" in the sense that the central changes are in- 

ternal shifts of water volumes. In these papers of 1974-76 excellent simulations 

were achieved of the experimental findings of Almqvist (1 )  from isolated heart 

strips of the Helix pomatia. Further examples will be given later in this paper. 

4. A formalism for contractility. - For long it has been known that a 
muscle contraction follows an electric stimulus, but it was first about 1950 

that the exact time relations between monophasic action potentials (AP) and con- 

tractile force (CF) ("twitch") were described. Already in the first works on 

the MO our attention was brought to the close similarity between the pressure 

excursions (P) and physiological CF, both with regard to time relations and 

shape. In fact, a decrease of P could be "read" as a contraction. Also in the 

EHEA models this ad hoc assumption has been maintained. Useful as it may be, 
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t h i s  P-CF r e l a t i o n s h i p  has e n t i r e l y  lacked a p h y s i o l o g i c a l  o r  p h y s i c a l  founda- 

t i o n .  I n  order  t o  g e t  a more "clean" p h y s i c a l  formulat ion one can reason t h a t  

a c o n t r a c t i l e  f o r c e  i s  equiva len t  t o  a work term. The pressure-volume changes 

i n  t h e  MO can r e p r e s e n t  e x t e r n a l  work according t o  t h e  wellknown 

= (Pressure)  - (volume change). The v a r i a b l e s  P and dM/dt a r e  a v a i l a b l e  as in- 

s tan taneous  q u a n t i t i e s  i n  t h e  MO mathematics. Adding a f u r t h e r  assumption from 

muscle physiology t h a t  t h e  CF = (pass ive  t e n s i o n )  + ( a c t i v e  s t a t e ) , o n e  can de- 

r i v e  t h e  fol lowing formalism 

formula: Work 

CF = p a s s i v e  t e n s i o n  (T) + T . (dM/dt) 

This  express ion  has  been used i n  t h e  diagrams of t h i s  paper and has super- 

seded a more empir ica l  equat ion  i n  (15,17). The " tension" T i s  s t i l l  used in-  

s t e a d  of P. The d i f f e r e n c e  between t h e  two v e r s i o n s  i s  not  v e r y  l a r g e ,  nor  does 

t h e  i n t r o d u c t i o n  of a "sur face  expansion work'' (Laplace) change much. 

METHODS 

The mathematic equat ions  are b a s i c a l l y  t h e  same as given i n  t h e  Appendix 

of (14)  and supplemented by an express ion  f o r  visco-elasticity:(dT/dt)= 

= K ( f ' ( t )  - zT) where T =  tension,^ = a " r e s i l i e n c e 1 '  c o e f f i c i e n t , t  = t i m e  and 

f '  

i n  s h a p e ) , K = a g i v e n  non-l inear  func t ion  f ( T ) , c f  (15,17).A new independant 

express ion  f o r  c o n t r a c t i l e  f o r c e  has  been r e f e r r e d  t o  above.- The s o l u -  

t i o n  of t h e  equat ions  w a s  performed on a Hewlett-Packard 9810 d i g i t a l  computer 

w i t h  t h e  a i d  of a Runge-Kutta-Gill program f o r  simultaneous d i f f e r e n t i a l  equa- 

t i o n s .  The numerical  assignments of t h e  main v a r i a b l e s  w e r e  s l i g t h l y  modified 

from those  given i n  ( 1 4 ) .  

( t )  = t h e  t i m e  d e r i v a t i v e  of  t h e  l e n g t h  displacement  (step,ramp o r  s i n u s o i d a l  

SOME TYPICAL RESULTS OF THE EHEA-MODEL 

Only a few s imula t ion  examples should b e  presented  h e r e ,  ob ta ined  from a 

l a r g e r  material .  

F ig .1 .  The e f f e c t  of s t r e t c h  on a muscle s p i n d l e .  (From Shephard & Ottoson)  

I n  t h i s  case  t h e  o b j e c t  w a s  t o  s tudy t h e  e f f e c t  of two ramp displacements  on t h e  

a c t i o n  p o t e n t i a l  p a t t e r n .  The rap id  ramp caused a " f i r i n g  pause",but i n  both 

cases  marked frequency changes occurred ("FRQ"). The S & 0 r e s u l t s  (dark i n s e t s )  

have a correspondence i n  t h e  "AP" p a t t e r n s .  One should n o t e  t h a t  t h e  FRQ curve 

( t h e  c r o s s e s )  run i n  p a r a l l e l  w i t h  t h e  lower envelope of t h e  volume change re- 

cords ("M") , t h e  volume changes determine t h e  "frequency modulation". 

The r e l a t i o n s h i p  between t h e  volume change envelope and t h e  ( ins tan taneous)  

frequency FRQ i s  approximately l i n e a r  i n  t h e  f i r i n g  ranges.This  "law" i s  a l s o  

ev ident  i n  t h e  Fig.2a and Fig.3.  
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Fig.1.- Stretch effects on the EHEA and a pressoreceptor. 
(Insets are reproduced from Fig. 9 in ( 3 ) ,  with permission) 

Fig 2a and 2b. The effect of stretch on an isolated heart strip (Helix po- 

matia). - In Almqvist's experiment (original record to the right) only the 

twitches were recorded as response to an almost square shaped length displace- 
ment (stretch). The EHEA result is the "CF" graph which simulates remarkably 

well the Helix result. Noticeable in both cases are the transient inhibition 

zones (this is also reflected in the theoretical AP pattern). Interesting pic- 

tures on heart strips,also with AP,can be found in ref. 15 and 17.  

Fig 3 .  The effect of hypertonic solutions on smooth muscle(rat portal vein) 
- In a series of experiments Johansson & Jonsson found that osmotic changes 

in the bathing medium caused variations in contraction heights and frequency 
which they ascribed to "volume changes". Their picture of the effect of 50 moll1 

sucrose (in the inset of  Fig 3 )  can best be interpreted as an initial "expan- 
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F i g  2a.- S t r e c t h  e f f e c t  on t h e  EHEA. 

F i g  2b.- S t r e t c h  e f f e c t  on a Hel ix  h e a r t .  
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F i g  4 . -  T h e o r e t i c a l  r e l a t i o n s :  
AP (=MAP), volume, p r e s s u r e ,  
Ex .ce l1  AP ( =d(MAP)/dt). 

F i g  3. - 0 s m o l a r i t y  e f f e c t s  on EHEA, 
and a smooth muscle. 
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sionl' effect of the involved excitable cell groups rather than as a compression. 

The simulation used a slow "negative" going displacement ramp.This might be an 

indication of a "two'Lcompartment system as discussed earlier in this paper.The 

immediate effect of the sucrose is to suck out water from the extracellular 

space, which in turn permits the excitable cell to expand. The wash out effect 

will be the reverse and corresponds to a cell compression (note the increased 

frequency and diminished volume M). 

DISCUSSION 

The object of this paper has been to investigate how a theoretical model 

implying "fixed charges" in cell membranes can simulate selected physiological 

observations on a presso-receptor,smooth muscle and the heart. The results 

commented on above show a good agreement between observation and theory. The 

inferences are 

1 /  that bilateral water movements are involved in basic excitability phe- 

nomena (action potentia1,conductance change and frequency modulation), 

2 /  that effects of electrical as well as of mechanical stimulation (stretch 

and osmotic interventions) can be understood as affecting the water shifts in 

the excitable cell or tissues (here "viscoelasticity" is of importance), 

3 /  that the frequency modulation, i.e. the response frequency of action 

potentials and/or contractions, is a consequence of volume changes, 

4 /  that the response pattern of potentials and/or contractions of any kind 

of external stimulus is dependant on both the magnitude and the rate of change 

of the stimulus. Under certain conditions marked inhibitoryevents can occur, 

for example "firing pause" and "overstretch" effect. 

The inferences given above are, of course, tentative and supported only 

by indirect evidence, using the two common excitability "indicatorsl',action 

potentials and/or contractions. A more direct "proof" must await experiments 

where actual volume o r  pressure changes can be recorded. Hardly any such 

attempts have been made as yet. Fig 4 depicts an enlarged section of the heart 

experiment (Fig2a) . This shows the theoretically expected time relations between 
the AP, its time derivative (= external AP record), the volume change M and 
the pressure term P: There is swelling and shrinkage concomittant with the AP. 

Dr I Tasaki reports elsewhere in thisvolume,for the first time, experimental 
data on simultaneous measurements of volume and pressure changes on spontaneous- 

ly firing, isolated squid axons. 

Concluding remarks. - Although the "fixed charge" models of exitability 
presented in this paper give a satisfactory formalism for real physiological 

observations they do all rest on the assumption of an electric "current source", 

in, or at the membrane. This current source may represent a chemical-electric 
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conversion, ultimately derived from unknown metabolic processes (a "fuel cell" 

device). This concept of a "current pump" and the conventional ideas of "ion 

pumps" belong perhaps to the same realm. 
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