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Summary. The results of a recent quantitative analysis of the Teorell membrane 
oscillator are utilized to explore its role as an excitability analogue. Special attention 
is paid to its role as a mechano-electric transducer. A membrane of exceptionally well- 
defined pore structure has been used in this study. The analogue properties arise from 
nonlinear coupling between water and salt fluxes. When the membrane is simultaneously 
subjected to controlled gradients of hydrostatic pressure, electrical potential and con- 
centration, bi-stable stationary states can be produced. These arise from the opposing 
effects of pressure and electro-osmosis on the volume flow. Transitions between these 
states show hysteresis. The factors governing such transitions are analogous to certain 
types of stimuli encountered in the natural excitation process. The membrane system 
also shows oscillatory behavior when the hydrostatic pressure gradient is allowed to 
vary under constant current conditions. This property is related to the bi-stable stationary 
state phenomena and is compared to the regenerative behavior found in biologically 
excitable tissues. Particular emphasis is placed upon analogies between the membrane 
oscillator and certain natural tissues. The importance of the nonlinear nature of the force- 
flux coupling in the analogue is stressed, and its possible relevance to biological excita- 
bility indicated. Some consideration is also given to the role of electro-osmotic flux 
coupling in biological tissues. 

The  Teorel l  membrane  oscillator consists of a b road -pored  m e m b r a n e  

of low effective internal  electric charge separating concent ra ted  and  dilute 

solutions of the same electrolyte.  The  passage of an appropr ia te  electric 

current  th rough  the membrane  gives rise to  an electro-osmotic  flux directed 

f r o m  the dilute to  the concent ra ted  solution. This is opposed  by  a hydro-  

dynamic  f low induced by  pressure applied across the membrane .  

This  m e m b r a n e  system may  exist in either one of two stable states 

depending on  the magni tudes  of the membran e  potent ia l  and the applied 

pressure differential.  The  occurrence of transit ions between these states 

for  a given inelastic membrane  and  pair  of solutions is a funct ion only  of 

potential ,  pressure and  tempera ture .  Thus,  pressure impulses can be turned  
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into electric events and vice versa, and regenerative phenomena can occur 
(Drouin, 1969). As will be shown later, similar transitions can be predicted 
to occur when an elastic membrane is stretched. This membrane system 
can therefore provide an interesting analogue of biological mechano-electric 
transduction such as is encountered in natural pressure-sensitive receptors 
(Teorell, 1966; Loewenstein, 1971). 

Until recently, the use of the Teorell oscillator as an analogue has been 
hampered by the absence of a sufficiently detailed understanding of its 
operation. Previous work had been confined to sinter and compressed 
powder membranes (Teorell, 1959a; Jancke, 1962; Franck, 1963; Drouin, 
1969). Composite membranes have irregular pore structures that are difficult 
to analyze and theoretical treatments of such composites have required 
assumptions about the uniformity and homogeneity of pore charge that 
are not suited to heterogeneous structures (Teorell, 1959b; Franck, 1963). 

Recently, Meares and Page (1972) have re-examined the Teorell oscillator 
using a membrane with well-defined parallel pores. This has facilitated the 
theoretical analysis of the system and permitted a quantitative comparison 
between theory and experiment. It has been found that an approach along 
the lines laid down by Kobatake and Fujita (1964) and by Mikulecky and 
Caplan (1966) successfully describes the stationary-state properties of the 
oscillator. These give rise to the so-called "flip-flop" phenomena. The 
purpose of this paper is to apply the results of that study of stationary states 
and transitions to the interpretation of the mechano-electric transducer 
properties of the Teorell oscillator. 

The Flip-Flop Phenomena 

The flip-flop phenomena are observed using the apparatus shown in 
Fig. 1. The membrane M separates the solutions in compartments I and II. 
The membrane potential A ~'r is sensed by probe electrodes connected to 
the cell interior through the salt bridges B. A constant current is passed 
through the membrane via the electrodes E. Constant level reservoirs X 
permit various pressure differentials AP to be applied across the membrane. 
Compartment I is filled with dilute and compartment II with concentrated 
electrolyte. Each is stirred by paddles and electrolyte is continuously 
circulated between the compartment and an enclosed reservoir of l-liter 
capacity. The whole cell is placed in an air thermostat maintained at 25 ~ 

Fig. 2 illustrates a characteristic current vs. potential plot showing 
flip-flop behavior obtained using this apparatus. At low currents the volume 
flow is controlled by the pressure differential and flows from the concentrated 
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Fig. 1. Membrane apparatus used for studying stationary states 
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Fig. 2. Galvanostatic current density vs. total potential difference. The trace was 
obtained using a pressure clamp of --589 Pa across 13 mm z of membrane A. The mem- 

brane separated solutions of 0.1 and 0.01 tool dm -3 NaC1 

to the dilute solution. The electrical resistance of the membrane is conse- 

quently low because it is filled with the more-concentrated solution. At a 

critical current density /1 flip-over occurs because the effect of electro- 

osmosis overcomes the pressure-driven flow. The volume flux now reverses 
direction, the membrane fills with the dilute solution and its resistance rises. 
On decreasing the current density a second transition point /2  is encountered 

and the reverse sequence of events occurs. 12 is called the flop-over current 

and is lower than I1. The pressure difference AP,  the resistances R1 and 

R2 and the currents I1 and 12 characterize this cycle for a given membrane 
and pair of electrolyte concentrations. 

15" 
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The Membrane 

General Electric Nuclepore filters were found suitable for the exact 
study of these phenomena. They consist of a thin sheet of polycarbonate 
perforated by a nearly parallel array of right circular pores. A negative 
charge is associated with the polycarbonate surface and electro-osmotic 
flow in the pores occurs in the direction of the cation flux. The membranes are 
supplied in a series of graded pore sizes and densities; i.e., number of pores 
per unit area. 

Because the membranes were thin and of high permeability it was 
necessary to take into account stagnant layers of solution adjacent to the 
membrane. The method of doing this together with other experimental 
details have been published elsewhere (Meares & Page, 1972). 

Theoretical 

The parallel pored structure of a Nuclepore membrane permits an 
analysis of its behavior to be given in terms of that of a single pore. The 
mechanism of the events in such a pore can be described by three key 
equations (Meares & Page, 1972). These equations express (per unit area) 
local salt flux Js, electric current i and volume flow b each averaged over 
the pore cross-section. They are 

j s . .=_l(v lDl+v2DE) dPs vlv2 dO dx v F ps(ul--Uz)-~x + PsV' (1) 

i= vlv2 F(D1-D2) dps vlv2 F2ps(vzul+vlu2) do 
M s dx v dx '  (2) 

a 2 dP a dO 
~= 8q dx + tot 1 dx" (3) 

Js is related to the cation and anion fluxes J1 and J2, respectively, by 

j = M ~  (J1 + JE ~ 
s V \M1 ME] 

(4) 

and to the electric current i by 

i= e 1 ,/1 + e2 J2. (5) 

In these equations subscripts 1 and 2 indicate cations and anions, respectively, 
and subscript s refers to the electrically neutral salt. Ps is the specific salt 
concentration, 0 the electric potential and x the axial coordinate along the 
pore. D~ and ui are ionic diffusion and mobility coefficients, respectively. 



Teorell's Membrane Oscillator 201 

e~ represents the electrical charge per unit mass of ions i, and v~ is the stoi- 
chiometric coefficient of i in the salt. v is the sum of vl and v2. F is the 
Faraday constant. M~ and Ms are the molecular weights of ions and salt, 
respectively, r/is the coefficient of shear viscosity of the solution, a the radius 
of the pore and a the surface charge per unit area on the pore wall. P 
represents the hydrostatic pressure and x the Debye-Hiickel reciprocal 
length which is defined by 

= 4n F 2 V t V 2 pn/e, R T M s  

in the notation used here. R is the gas constant, T the absolute temperature 
and e the bulk dielectric constant. 

Eqs. (1) and (2) are written here in the form of combinations of the 
Nernst-Planck flux equations with an additional term to deal with the 
effects of convection. Previously, they were derived by using the methods of 
irreversible thermodynamics. The coupling of water and ion fluxes in the 
barycentric reference frame and perturbations in the ion fluxes caused by 
the electrical double layer at the pore wall were neglected. Within the 
limitations of these assumptions the equations correctly express coupling 
between the water and ion fluxes with the membrane taken as stationary 
reference frame. 

Eq. (3) is a solution of the Navier-Stokes equation with the pressure 
dependent part of the volume flow described in terms of the Hagen-Poiseuille 
law and the electrical part by using the Gouy-Chapman theory to calculate 
electro-osmosis. The simple form of Eq. (3) results from the cylindrical 
conformation of the pore. The pore length was assumed to be much greater 
than the pore diameter so that end effects could be neglected. In this equation 
the volume flow was averaged across the pore cross-section by using the 
relation 

/i ~ =  ~ o 2 n r v d r  2 n r d r  (6) 

where v is the local stream line velocity and r the radial coordinate in the 
pore. 

To express the behavior of the membrane in its cell it is necessary to 
integrate Eqs. (1)-(3) along the length of the pore, by introducing the limits 

p s = p ' ~ , P = P i ,  ~/m~/I at x=O 
Ps = PI"~, P = Pu, O = On at x = l (7) 

and the stationary state conditions 

dJ~/d x =- d i /d x = d ~/d x = O. , (8) 
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The concentrations p~' and p~] represent the salt concentrations at the ends 
of the pore. They are different from the bulk concentrations owing to the 
presence of poorly stirred layers of solution adjacent to each membrane face. 
They may be related to the bulk concentrations by using the Nernst stagnant 
diffusion layer hypothesis. The appropriate relations were given earlier 
(Meares & Page, 1972). 

The surface charge on the pore walls resulted from the adsorption of 
ions and it was found that it could be related to the concentration of the 
electrolyte by 

a=Kp~/3 (9) 

where K is a constant independent of concentration. The integral pore flux 
densities may be related to the flows per unit area of membrane by using 

(J)membrane = n a 2 Nm (J)pore (10) 

where Nm represents the number of pores per unit area of membrane. 
The current density and volume flow relating to unit area of membrane 
will be indicated by Im and/1,,. 

The integrations lead to final equations which are complicated (Meares 
& Page, 1972) and it will be simpler here to discuss their properties by using 
numerical solutions. For the purpose of the following discussion, the 
convention is adopted that positive fluxes flow from the dilute to the con- 
centrated side of the membrane; i.e., from compartment I to compartment I[ 
and that 

A P = PI - PII, (11) 

~' = ff~- ~'i~. (12) 

A Or will indicate the potential difference measured by the probes B. This 
includes the potential drop across the solutions between the probes and 
the membrane as well as A g,. The membrane resistance Rm is defined by 

~,/Im. 

Bis tab le  Stationary-State Phenomena 

In Fig. 2 it was shown how the analogue switched from one stable 
stationary state to another in response to changes in current density at a 
constant pressure differential. The reason for the transitions lies in the 
dependence of electro-osmosis on concentration and membrane potential 
and in the dependence of the concentration profile along each pore upon 
the net volume flow. 
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Fig. 3. Membrane resistance vs. volume flow calculated for membrane B when separating 
solutions of 0.1 and 0.01 mol dm -3 NaC1 

An expression for this profile is obtained by integrating Eqs. (1) and (2). 
It has the form 

ps (x) = A exp 05 x/Ds) + B (13) 
where 

Ds = (vz u 1 Dz + vl u2 D 1)/(v2 ul + h u2). (14) 

Here A and B are constants for the membrane and the pair of electrolyte 
concentrations. The electrical resistance of the membrane is determined by 
the concentration profile. Thus, it is found that the resistance is related to 
the volume flow by the function which is plotted in Fig. 3. 

The integrated form of the volume flow Eq. (3) contains three terms. 
The first describes the pressure-driven flow, the second and third relate the 
electro-osmotic flow to the electric current. Concentration dependence 
enters these terms on two counts. The electro-osmotic permeability is a 
function of the surface charge density and the double-layer thickness at 
the pore wall. Both these parameters are concentration dependent. Further- 
more, the electro-osmosis is driven by the potential gradient which, through 
its proportionality to the resistance, bears a concentration dependent 
relation to the current. 

In consequence, the relation between the net volume flow and electric 
current is far from linear as is shown in Fig. 4. It will be noted that the 
relationship becomes more markedly nonlinear the larger the pressure 
differential. In a galvanostatic experiment the region between the turning 
points is inaccessible and the system must follow the paths indicated by the 
dotted lines, shown in Fig. 4 for a pressure differential of -687  Pa. On 
this diagram the vertical turning points indicate the positions of the transi- 
tion currents/1 and /2  which appear on Fig. 2. 
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Fig. 4. Volume flow vs. current density calculated for membrane B when separating 
solutions of 0.1 and 0.01 tool dm -3 NaC1. Pressure differentials are: curve A, --45 Pa; 
curve B, -- 196 Pa; and curve C, --687 Pa. The dotted lines indicate paths of transitions 

under galvanostatic conditions when A P =  - - 6 8 7  Pa 
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Fig. 5. Current density vs. membrane potential calculated for membrane B when separat- 
ing solutions of 0.1 and 0.01 mol din-3 NaC1. Pressure differentials are: curve A, -- 45 Pa; 
curve B, -- 196 Pa; curve C, --392 Pa; and curve D, --687 Pa. The dotted lines for 

A P = -  687 Pa indicate transitions under galvanostatic conditions 

Fig. 4 reveals the points of transition in any flip-flop cycle, while for 

the same cycle Fig. 3 indicates the nature of the stationary states which are 
represented by R1 and R2. Fig. 5 conveniently summarizes these properties 
by combining Figs. 3 and 4 to give the current-voltage relationship directly. 

Fig. 5 demonstrates the so-called dynatron characteristics of the system. 

In galvanostafic systems, the region between the maximum and minimum 

of each curve is inaccessible and the system must follow a course such as 
indicated by the dotted line for the highest pressure. Once an allowance 

has been made for the resistance of the solutions between the membrane 
faces and the probe electrodes, Fig. 5 permits prediction of current-voltage 
curves, such as are shown in Fig. 2, for comparison with experiment. 
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Factors Affecting Bi-stability 

The considerations in the previous section show that the operation of 
the analogue may be summarized in the form of a parametric feedback 
loop. This type of loop has been discussed by Katchalsky and Spangler 
(1968). It is shown in Fig. 6. The operation of the loop underlies the regenera- 
tive behavior to be discussed in a later section of this paper. 

Factors that either increase the hydrodynamic permeability or decrease 
the electro-osmotic permeability of the membrane have two effects. They 
increase the sensitivity of the system to pressure changes and increase 
the transition currents 11 and 12. This is clearly demonstrated by Figs. 7 
and 8. These figures compare the observed 11 and/2  at different pressures 
for several membranes separating the same pair of sodium chloride solu- 
tions. The properties of the membranes are listed in Table 1. The hydro- 
dynamic permeability of each membrane is indicated by Lv. It increases 
and the electro-osmotic permeability, which is indicated by K, decreases 
in the sequence A to C. It will be seen that I1, /2 and the slopes dI/dAP 
increase in the same sequence and in conformity with the prediction above. 

ELECTRO-OSMOTIC I HYDRODYNAMIC ] PERMEABILITY ~> PERMEABILITY 

I CONCENTRATION 
PROFILE 

3 f 
Fig. 6. Factors affecting the volume flow 
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Fig. 7. Flip-over currents v s .  pressure differentials for membrane A, curve (a); membrane 
B, curve (b); and membrane C, curve (c). Each membrane separates solutions of 0.1 and 
0.01 mol dm -3 NaCI. Curves indicate calculated results and the points are observed 

results 
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Fig. 8. Flop-over currents vs. pressure differentials for membrane A, curve (a); mem- 
brane B, curve (b); and membrane C, curve (c). Each membrane separates solutions 
of 0.1 and 0.01 tool dm -3 NaCI. Curves indicate calculated results and the points are 

observed results 

Table 1. Membrane properties 

Membrane a* Nmx 10 -1~ l Lpx 10 s K 
(gin) (pore m -2) (gm) (m 3 N -1 sec -1) (m cm -1 Kg -1/3) 

A 0.221 27 12.0 2.35 --9.84 
B 0.422 5.0 12.4 5.62 -- 5.21 
C 0.758 2.3 9.15 36.2 --4.35 
D 0.727 2.3 9.15 30.8 --3.67 

* Calculated from Nm, l, and Lp by using Eq. (14). At all membranes, the thickness 
of the unstirred solution layers ~ was estimated as being 106 gm. 

Lp is given by 
L~=~a4 Nm/8~l (15) 

where I is the membrane thickness. It can be seen that Lp is very sensitive 

to the pore radius a. Changes in Lp and K have opposing effects on/1  and/2.  
Fig. 9 compares the experimental results and theoretical predictions for 

membranes C and D. L~ increases by 17.6% and K increases by 18.7% 

from membrane D to membrane C (see Table 1). It is seen that observation 
and theory agree that in I1 the changes caused by the increase in K are 

just offset by the slightly smaller increase in Lp while /2 is considerably 
larger in membrane D than in C at the same pressure differential. 

In this paper consideration is restricted to 0.10 and 0.01 mol dm-3 NaC1 

solutions. It may be mentioned however that changes in the pairs of con- 
centrations and in the type of electrolyte also affect the electro-osmotic 

permeability. Such changes have been systematically analyzed (Meares & 
Page, 1972) and have been found to conform to the principles presented 

above. 
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Fig. 9. Flip-flop currents vs. pressure differentials for membranes separating solutions 
of 0.1 and 0.01 tool dm -3 NaC1. Full lines indicate calculated results for membrane C; 
dotted lines calculated results for membrane D. Points represent observed results: 

�9 membrane C; ~ membrane D 

Excitatory Response to Stimuli 

The biological analogue properties of this system will be discussed in 
terms of the following concepts: the high concentration side of the membrane, 
compartment II, will be considered to represent the interior of a biological 
cell. The high resistance state will be considered as the resting state, and the 
low resistance state as an excited state. Factors causing transitions between 
these states are regarded as analogous to stimuli inducing excitation. 

Current-Induced Stimulation 

Stimulation by changes in the electric current may be understood in 
terms of the relation shown in Fig. 2. The resting state corresponds to a 
current density greater than I1 while the pressure is kept constant. Stimula- 
tion is achieved by reducing the current density below /2. The system 
follows the arrows in Fig. 2 and undergoes a transition at Iz. The membrane 
resistance then falls with a consequent fall in the membrane potential. 
This is analogous to depolarization. Simultaneously, the volume flow 
reverses direction from positive, i.e. inward, to a negative, i.e. outward 
flow. 

On removing the stimulus, the current density is restored to its original 
value and the system returns to the resting state at the moment  when I1 
is reached. The return to the resting state is by a path different from that 
followed during excitation, i.e. 11 >/2, and the system therefore shows 
hysteresis. 
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Pressure-Induced Stimulation 

Excitation may be produced by raising the pressure on the concentrated 
solution, i.e. the cell interior. This is shown in Figs. 10 and 11 which have 
been calculated by using the data for membrane A. In Fig. 10 two of the 
family of dynatron curves obtained at different set pressure differentials 
are plotted. These have been selected so that the flop-over current /2  of 
the high pressure curve (AP") is the same as the flip-over current I~ of the 
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Fig. 10. Current density v s .  membrane potential calculated for membrane A when 
separating solutions of 0.1 and 0.01 tool dm -3 NaC1. The dotted line represents the 
path of transitions for pressure stimulation for a constant current density of 0 .24kA m -2. 
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Fig. 11. Pressure differential v s .  membrane potential calculated for membrane A when 
3 separating solutions of 0.1 and 0.01 tool din-  NaC1 and with a constant current density 

of 0.24 teA m -z.  The arrows indicate the path of transitions for pressure stimulation 
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low pressure curve (AP'). Fig. 11 indicates the relationship between AP 
and A ~ at this current density. It will be seen that the AP vs. A ~ relationship 
is single valued except in the region between AP' and AP". 

Fig. 11 shows that at this constant current density the system is in the 
resting state for pressures less than AP'. On increasing the pressure dif- 
ferential the system moves along the line B'B" until the pressure AP" is 
reached. Excitation now occurs corresponding to the transition from B" 
to A". The system remains in the excited state until the pressure is lowered 
to AP' at which point the reverse transition takes place. Under galvano- 
static conditions, the system can follow only the routes indicated by the 
arrows in Fig. 11 and therefore shows hysteresis. 

Stimulation Induced by Mechanical Deformation 

It is possible that permeability changes caused by mechanical deforma- 
tion of a membrane may lie behind the action of a number of natural 
mechano-receptors (Loewenstein, 1956, 1971; Teorell, 1966, 1971). In a 
previous section, the role of the hydrodynamic permeability was discussed. 
It can be inferred from Eq. (15) that the hydrodynamic permeability coeffi- 
cient Lp is extremely sensitive to a change in the pore radius. In the system 
considered here the tensile strength of the Nuclepore membranes precluded 
any significant changes in pore radius arising from stress. However, a 
series of Nuclepore membranes was studied in which the pore radii differed. 
The consequent differences in properties between these membranes were 
successfully described by the theory. It is interesting, therefore, to use the 
theory to examine what would be the effect of varying the pore radius 
when all other membrane properties were held constant. This is equivalent 
to studying the effects of a radial tension upon an extensible membrane 
with a pore structure similar to that of the Nuclepore. 

Figs. 12 and 13 represent the behavior predicted for a membrane with 
properties identical to those of membrane A in Table 1 except that it is 
extensible. In the calculation the pressure differential was kept constant. 
Fig. 12 shows two of a family of dynatron curves produced by varying the 
pore radius under these conditions. They have been chosen so that the flop- 
over current corresponding to the larger pore radius a" is the same as that 
of the flip-over current for the smaller pore radius a'. Fig. 13 shows the 
relationship between pore radius a and A ~ at this current density. Under 
conditions of constant current and pressure the a vs. A ~ curve shows 
hysteresis. At radii less than a' the system is in the resting state. On increasing 
the pore radius, excitation is predicted at the point B" corresponding to 
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Fig. 12. Current density vs. membrane potential calculated for an extensible membrane 
when separating solutions of 0.1 and 0.01 mol dm -3 NaC1. The dotted line represents 
transitions for a stimulation by stretching under a constant pressure of -785  Pa and a 

constant current of 0.48 kA m -2. a '=0.22 ~tm; a"=0.28 ~tm 
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Fig. 13. Pore radius vs. membrane potential calculated for an extensible membrane 
when separating solutions of 0.1 and 0.01 mol dm -3 NaC1 at a constant pressure of 
--785 Pa and a constant current of 0.48 kA m -2. The arrows indicate the path of 

transitions for stimulation by stretching 

radius  a" .  The  system n o w  mus t  r emain  in the excited state until  the radius  

is decreased again  to a'. A ' B '  m a r k s  the t ransi t ion back  to the rest ing s tate  

and  B ' B " A " A '  is the predic ted hysteresis loop.  

This par t icular  example  shows tha t  a change in pore  radius f r o m  0.22 

to 0.28 pm would  be sufficient to induce the t ransi t ion p h e n o m e n o n .  Thus,  

a 15 % increase in pore  radius  would  be sufficient to cause an  excitation. 

As po in ted  out  by  Bur ton  (1970), p rov ided  the Poisson  ra t io  of the m e m -  

b rane  mater ia l  is no t  too  low, the pores  act  as foci of stress and  a small  
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increase in the membrane diameter will cause a proportionately much 

greater increase in pore diameter. It is possible that such a phenomenon 
may be of importance in the more extensible materials frequently associated 

with natural membranes. 

Regenerative Behavior 

This paper hos been restricted so far to the stationary-state properties 

of the analogue system. When the pressure differential is not kept constant 

it is possible to obtain regenerative phenomena including undamped oscil- 

lations. Fig. 14 illustrates a series of oscillations of pressure and potential 

obtained using a 1-~tm pore diameter membrane in a cell equivalent to the 
open-topped conpartment cell originally used by Teorell (1959 a). Oscillatory 
phenomena would be expected owing to the hysteresis shown by the system. 

Wave trains of the form shown in Fig. 14 were generated at current densities 
greater than a critical value characteristic of the membrane and electrolyte 
solutions. Below this critical value of the current the oscillations were 

damped. Fig. 15 illustrates a sequence of responses in potential obtained 
using a membrane with 0.8-gm diameter pores and a series of different 

current densities. The critical current density for stable oscillations in this 
case was in the region of 19 kA m -2. 

To explore the system more effectively as a possible biological analogue 

it would be necessary to modify the open-topped cell by inserting an over- 
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Fig. 14. Undamped oscillations across a membrane with 1-gm pores. Variations in the 
total potential are recorded by trace (a), and variations in the pressure differential by 
trace (b). Both are plotted as functions of time. The membrane separated solutions of 
NaC1 at 0.1 and 0.01 mol dm -3 and the cell was fitted with tubes 5 mm in diameter. 

A current density of 1.82 kA m -2 was used 
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Fig. 15. The effect of increasing current density. The variations of total potential with 
respect to time are shown for several current densities using a membrane with 0.8-gm 
pores separating solutions of NaC1 at 0.1 and 0.01 mol dm -a. The cell was fitted with 

tubes 3 mm in diameter. The critical current density lies between 16.2 and 19.7 kA m -2 

flow at the top of the cell which interconnected compartments I and II 
(Teorell, 1966). The consequence of this modification would be that the 

resting state of the membrane in the apparatus would now correspond with 
the resting state defined in the previous section. This system would respond 

to the three stimuli discussed above by a change in the membrane state. 
When the level of the solution in compartment II fell below the level of 

the overflow, the system would correspond to that examined by Meares 
and Page (1972). The analogue would then show the time-dependent 

phenomena described by them. On removing the stimulus, the level of the 
solution would rise in compartment II until checked by the overflow and 
the system would resume its resting state. 

Scope and Limitation of the Analogue 

When the analogue is fitted with an overflow device interconnecting 
the cell compartments, stimulation produces an immediate lowering of the 
membrane potential. The rise in membrane conductivity results from an 
outflux of concentrated electrolyte. As a result, the pressure falls in the 



Teorell's Membrane Oscillator 213 

concentrated compartment, i.e. the compartment which represents the 
inside of the cell. The initial depolarization of the membrane is therefore 
associated with a fall in "turgor".  If the source of the stimulus is not 
removed, a train of oscillations follows. On removing the stimulus, the system 
returns to its resting state leading to a full recovery of turgor and resting 
potential. Such stimulation may be produced electrically or mechanically. 

These events may be compared phenomenologically to the action 
potentials observed in a variety of living tissues. The action potential in 
Chara austral& is closely accompanied by an outwardly directed volume 
flow and a fall in turgor. This is followed by a recovery phase in which the 
cell regains its resting volume and turgot (Barry, 1970). Similar results 
have been reported also for other species of giant algae. A similar sequence 
of events has been observed during the excitation of the motor cells of 
species of Mimosa and Dionaea (Sibaoka, 1969). Excitation of giant algae 
(Teorell, 1961) and of Dionaea and Aldrovanda (Sibaoka, 1969) may be 
produced by electrical stimuli as well as by mechanical stimuli. 

The recent observations of Benolken and Jacobson (1970) on the indented 
cells forming part of the sensory hairs of Dionaea muscipula (Venus's-fly- 
trap) are of particular interest in the present context. According to these 
authors, the mechanical deformation of a single sensory hair is transduced 
into electrical signals by the indented cells. A graded response is obtained 
by subthreshold stimuli and an action potential is produced by stimuli 
above the threshold. In their analysis of the behavior of these cells they 
concluded that in the resting state the cell walls adjacent to the podium and 
lever tissues had similar permeabilities. On stimulation, however, the electrical 
conductivity of the cell walls adjacent to the podium of the hair appeared 
to increase by at least 100-fold while that of the cell walls adjacent to the 
hair lever tissues rose by only threefold. 

The relevance of the membrane analogue to these observations appears 
when it is appreciated that the lever tissue is of a woody nature and more 
resistant to mechanical deformation than the softer podium tissue. The 
cell walls adjacent to the lever are therefore less likely to be deformed 
during a mechanical stimulus than those adjacent to the podium. It was 
pointed out in the previous section that under these circumstances the 
behavior of the analogue would predict a flip-flop transition and a sharp 
increase in conductivity of the cell wall adjacent to the podium but not in 
the area adjacent to the lever. 

Excitation produced by mechanical deformation is of special importance 
in the case of animal tissues. A wide variety of animal mechano-receptors 
appear to depend upon a stretch-induced excitation of a transducer meta- 

l6 J. Membrane Biol. 11 
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brane for their action (Loewenstein, 1971). The Pacinian corpuscle consists 
of a bulb-shaped lamella structure surrounding the unmyelinated terminal 
of a dendrite. The transducer action of the corpuscle appears to be located 
in the dendrite membrane. Forces that extend this membrane elicit an 
excitatory response marked by a sharp increase in the membrane conductiv- 
ity. Axially symmetric forces, on the other hand, produce no response 
(Loewenstein, 1965). This behavior is consistent with the analysis of 
mechanically induced stimulation presented earlier. The relation between 
the analogue and the behavior of animal tissues is less clear-cut than in 
the case of plant tissues, however. In the latter, clearly defined hydrostatic 
pressure differentials exist across the excitable tissues. Hydrostatic pressure 
gradients are less obvious in animal tissues, although it is possible that they 
occur at a local level (Teorell, 1971). The time sequence of the action 
potential generated by the analogue is of the same order as found in plants, 
but a good deal slower than that found in animal tissues. It is possible to 
envisage conditions which would produce faster responses from the analogue, 
but the shortest period observed so far with the present system is of the 
order of one minute. 

This paper has concentrated on the physico-chemical mechanisms 
underlying the excitation processes found in Teorell's membrane oscillator. 
For this purpose, it has been necessary to restrict attention to the simplest 
experimental configuration of the analogue. This basic configuration may 
be used to build up more-complex models which mimic more accurately 
the behavior of biological organs (Teorell, 1971). All such models ultimately 
rely upon the three basic excitatory mechanisms considered in this paper. 

Two important points arise from the present study. The first emphasizes 
the potential importance of nonlinear force-flux coupling in the excitation 
process. Coupling of this type is frequently neglected when the translocation 
properties of natural tissues are analyzed. The properties of this analogue 
arise directly from its nonlinearity and a similar situation would be expected 
in natural tissues undergoing the excitation process. The second point 
indicates the possible importance of electro-osmotic coupling between ion 
and water fluxes in excitable biological tissues, in particular in plants where 
the cell walls might contribute to the phenomena. Lack of knowledge 
concerning the microscopic properties of biological tissues makes it impos- 
sible to draw definite conclusions on this matter. 

The present membrane cannot be regarded as a specific model of any 
real biological tissue. However, if its pores were reduced to the dimensions 
attributed to biological pores and the pore density likewise increased then, 
provided some fixed charge was associated with the membrane matrix, 
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phenomena similar to those discussed in this paper should occur. A theoreti- 

cal treatment of the behavior expected in these circiumstances would 

involve two extra considerations. The space charge would extend almost 

uniformly across the pores instead of being concentrated into an electrical 

double layer close to their walls. If the thickness of the membrane were 

greatly reduced then, depending upon the ratio of length to radius, end 

effects in the pores might also have to be taken into account. 

Structurally, this membrane analogue is far too simple to account for 

the complete behavior of any particular biological membrane. It neglects 

the selective permeability found in living tissues (Barry, 1970) and it does 

not involve the metabolic origin of the electrical current necessary for the 

operation of a living system. The purpose of this paper has been to indicate 

the consequence of the detailed interplay between ion and water fluxes 

created by gradients of hydrostatic pressure, concentration and electrical 

potential in a membrane of clearly defined structure. It has indicated also 

the importance of nonlinear force-flux coupling in the excitability pheno- 

mena. Many of the features associated with excitability can be reproduced 

by an electro-osmotic mechanism. 

The authors wish to acknowledge the valuable help granted to them by Professor 
U.F. Franck and his co-workers at the Technische Hochschule, Aachen, during the 
early stages of this project. 
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