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ABSTRACT 

The v i b r a t i n g probe voltmeter f o r the measurement 

of b i o e l e c t r i c potentials by Bluh and Scott has been used 

i n an improved form for measurements of frog skin p o t e n t i a l 

differences. 

In good agreement with e a r l i e r findings the observed 

frog skin p o t e n t i a l differences were found to be of the 

order of 100. m i l l i v o l t s , and the p o l a r i t y such that the 

inside of the skin was p o s i t i v e r e l a t i v e to the outside. 

B i o e l e c t r i c p o t e n t i a l measurements were made during 

the i n f l u x of sodium chloride and amino acids i n aqueous 

solutions into frog skin i n either d i r e c t i o n . C h a r a c t e r i s t i c 

p o t e n t i a l changes were observed f o r d i f f e r e n t substances 

and opposite directions of f l u x , and have been usdd to 

demonstrate the asymmetry of frog skin permeability. 

Transfer mechanisms f o r sodium chloride and amino 

acids have been advanced from the standpoint of the 

assumption that an e l e c t r i c a l f i e l d e xists i n the frog skin 

membrane. 
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INTRODUCTION 

Asymmetric d i f f u s i o n and a c t i v e t r a n s f e r o f substances 

through l i v i n g membranes present fundamental b i o l o g i c a l 

problems. Various explanations and "mechanisms" have been 

invoked to account f o r the phenomena. One o f these assumes 

t h a t a b i o e l e c t r i c p o t e n t i a l d i f f e r e n c e across the membrane 

p l a y s a r o l e i n a c t i v e t r a n s f e r or at l e a s t r e g u l a t e s 

asymmetrical d i f f u s i o n of e l e c t r o l y t e s or charged p a r t i c l e s . 

B i o e l e c t r i c p o t e n t i a l s of membrane surfaces have been 

the subject o f s e v e r a l i n v e s t i g a t i o n s , undertaken to 

determine the p o t e n t i a l , as to s i g n and magnitude, by 

v a r i o u s methods. The cause o f the b i o e l e c t r i c p o t e n t i a l s 

has f r e q u e n t l y been discussed and has been a s s o c i a t e d with 

metabolic a c t i v i t y . 

The inf luence of a b i o e l e c t r i c f i e l d on the d i f f u s i o n 

o f e l e c t r o l y e s through l i v i n g membranes has. been under 

i n v e s t i g a t i o n , as mentioned b e f o r e , but no experimental 
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work has been done i n which b i o e l e c t r i c p o t e n t i a l measure

ments were made during d i f f u s i o n processes. The reason f o r 

the neglect of experimental research i n t h i s d i r e c t i o n i s 

due t o the f a c t that the u s u a l methods of b i o e l e c t r i c 

measurements r e q u i r e the use of. an e l e c t r o l y t i c contact 

o f some k i n d or another with the surface, so that the 

o b s e r v a t i o n of b i o e l e c t r i c p o t e n t i a l changes, i n the membrane 

may be d i s t u r b e d by p o t e n t i a l changes produced by the 

electrodes. . . L i q u i d . contact canlbea p a r t i c u l a r l y d i s t u r b i n g 

f a c t o r i n the study of p e r m e a b i l i t y of membranes.showing 

i r r e c i p r o c a l d i f f u s i o n , i . e . , e x h i b i t i n g asymmetry i n t h e i r 

p e r m e a b i l i t y with respect to d i r e c t i o n i n the membrane. 

Measurements, undisturbed by the above mentioned, f a c t o r s , 

o f b i o e l e c t r i c p o t e n t i a l s of permeable membranes during 

d i f f u s i o n processes have become p o s s i b l e through the use 

of Bluh and S c o t t ' s v i b r a t i n g probe voltmeter. By the use 

o f t h i s instrument, no m a t e r i a l contact with the l i v i n g 

surface i s r e q u i r e d . 

In the present i n v e s t i g a t i o n , the v i b r a t i n g probe 

voltmeter was used s u c c e s s f u l l y f o r the study o f steady 

surface p o t e n t i a l s and t h e i r v a r i a t i o n i n time and during 

d i f f u s i o n processes. This paper i s an account o f measure

ments o f membrane, p o t e n t i a l s of f r o g s k i n and the study o f 

the d i f f u s i o n of sodium, c h l o r i d e and.„amino a c i d s through 

f r o g s k i n , a membrane known t o e x h i b i t the property of 
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asymmetric p e r m e a b i l i t y f o r these substances. The o r i g i n a l 

apparatus of Blttti and Scott was modified and.improved upon, 

and s p e c i a l apparatus designed f o r the determination o f 

f r o g s k i n p o t e n t i a l d i f f e r e n c e s on the l i v i n g animal, and 

f o r the measurement of p o t e n t i a l changes d u r i n g the d i f f u s i o n 

o f s o l u t i o n s through i s o l a t e d sections of f r o g s k i n . 

A d i s c u s s i o n of the r e s u l t s i n the l i g h t of e a r l i e r 

d i f f u s i o n experiments i s g iven, and a new mechanism f o r the 

a c t i v e t r a n s f e r o f amino a c i d s suggested. 
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A . DIFFUSION PROCESSES IN BIOLOGICAL. SYSTEMS 

a . Ordinary d i f f u s i o n . 

The passage o f m a t e r i a l i n t o c e l l s through the c e l l 

w a l l s and through membranes presents an important b i o l o g i c a l 

problem. Free o r simple d i f f u s i o n i s one process by which 

substances pass through membranes. Free d i f f u s i o n 

represents the net t r a n s f e r o f m a t e r i a l through a given 

c r o s s - s e c t i o n a l area of a medium where the amount o f 

m a t e r i a l t r a n s f e r r e d per u n i t time from one r e g i o n to another 

i s p r o p o r t i o n a l to the concentration gradient between the 

two r e g i o n s . The property o f a membrane i n p e r m i t t i n g the 

passage of m a t e r i a l through i t i s c a l l e d p e r m e a b i l i t y . The . 

t r a n s p o r t of a s e r i e s o f p o l y h y d r i c a l c o h o l s through r a t 

i n t e s t i n e ( 9 ) and o f organic n o n e l e c t r o l y t e s through the 

a l g a Beggiatoa m i r a b i l i s (10, p . 232). are examples o f simple 

d i f f u s i o n i n b i o l o g i c a l systems. 



The d i f f e r e n c e s i n the p e r m e a b i l i t y of b i o l o g i c a l 

membranes have been found to have some c o r r e l a t i o n with the 

s t r u c t u r e of the membrane. Theories o f simple d i f f u s i o n are 

mainly based on two concepts: .(a) d i f f u s i o n through a c e l l 

s t r u c t u r e which i s comparable to a mechanical s i e v e , and 

which segregates d i f f u s i n g p a r t i c l e s according to t h e i r s i s e 

and (b) the d i s s o l v i n g of. the p a r t i c l e s i n a f a t - l i k e 

substance, which represents the intermediate between two 

s o l u t i o n s on e i t h e r side o f the boundary. The t h e o r i e s , 

known as the Sieve, - theory and. the L i p o i d - theory r e s p e c t 

i v e l y , ( c f . 10',' p . 229 f f . ) , do not e x p l a i n a l l the f a c t s 

o f simple d i f f u s i o n through l i v i n g , membranes, e i t h e r . 

independently, or i n combination; other t h e o r i e s , i n c l u d i n g 

those p o s t u l a t i n g an e l e c t r i c membrane p o t e n t i a l , have been 

brought forward and found s a t i s f a c t o r y to a greater or 

l e s s e r degree. 

b . A c t i v e - t r a n s f e r . 

While simple d i f f u s i o n explains, the presence o f ions 

' and molecules i n v a r i o u s p a r t s o f a b i o l o g i c a l system, i t 

does not account f o r the t r a n s f e r o f m a t e r i a l against a 

concentr at ion g r a d i e n t , or more g e n e r a l l y , an a c t i v i t y 

g r a d i e n t . According to HOber (10, p . 525)• 

"Active t r a n s f e r u s u a l l y i s manifested.by the 
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establishment of an unbalance in concentrations. 
Solute or solvent molecules are shifted 'up-hill 1 

against a diffusion gradient; they are 'accumulated' 
as the result of osmotic work, enabled by the 
liberation of metabolic energy." 

There is no doubt that a great many cases exist where 
such active transfer takes place through membranes; e.g. 
amino acids through the intestine of rat (9), hydrochloric 
acid through the gastric mucosa. Quoting from Crane, 
(6, p. 116), we note that: 

"The high concentration gradients against which active 
secretion can take place make, i t one of the most 
impressive phenomena in the physical chemistry of 
biological tissues. For instance, gastric hydro
chloric acid is secreted by oxyntic cells as a 
solution whose H4 ion concentration is several 
million times as great as that in the cell, and 
this concentration difference is maintained across 
a distance not greater than one micron, and 
probably much less..." 

Brooks and Brooks (3) review some ion-accumulation 
mechanisms, a l l of which assume the production of an 
electrolyte in the interior of the cells, and in which the 
diffusion of the electrolyte outward causes external ions to 
accumulate within the cells. It is assumed that membranes 
have a mosaic structure in which adjacent parts have 
specific cation or anion permeability. The structure, 
together with the ion exchange mechanism leads to an 
accumulation of both anions and cations within the cells. 
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A possible mechanism for active transfer is one that 
assumes a special .carrier system in the membrane. In this 
case one has to postulate that, a compound is formed between 
some mobile constituent of the. membrane and the substance 
being transferred. The absorption of glucose in kidney 
tubules (10, p. 561 ff.) and intestine (10, p. 547 f f . ) , 
is believed to be due to glucose phosphates being formed and 
subsequently hydrolyzed at the region of the blood stream. 
Ussing (17)^ in explaining the fact that the influx of Na + : 

is greater than the outflux in isolated frog skin, suggests 
that sodium permeates as an uncharged, complex, but,becomes 
a free sodium ion on.the inside. 

The active transfer of amino acids through membranes 
has been observed, and must be considered to have great 
significance, since amino acids are physiologically very 
important substances. Thus H*dber (10, p. 551) writes: 

"It is conspicuous, from, old observations, of Overton 
concerning the osmotic properties of.frog muscle, 
that amino-acids, like glycine or alanine, enter 
with great slowness, i f at a l l , although, because 
of their smaller molecular, size, one could expect 
them to exceed, for instance, erythritol. S t i l l 
more unexpected is their inertia in penetrating 
the cell surface of' the sulfur alga Beggiatoa, 
which is remarkable for its outstanding behavior as 
a molecular sieve and in which the permeation rates 
of several amino-acids have been found to be 
abnormally low. Thej reason for this slowness is 
not of a physiological nature, since the slowness 
is evident also in diffusion experiments with 
collodion membrane, and can be explained as being 



due to the empholyte character o f the amino-acids 
. . . . w h i c h , probably due to the formation of a 
s h e l l of water d i p o l e s. around the ampholyte i o n s , 
b r i n g s about an enlargement of the molecular 
volume. Consequently, a porous, membrane, such as the 
i n t e s t i n a l , w a l l . . . w o u l d be expected to be passed com
p a r a t i v e l y slowly a l s o . But the contrary i s t r u e . 
In comparison with a c i d amides, with e r y t h r i t o l , 
with x y l o s e , the amino-acides a c t u a l l y pass the 
i n t e s t i n a l w a l l much f a s t e r than was a n t i c i p a t e d 
from t h e i r d i f f u s i o n r a t e s . " 

Hober and Hober, ( 9 ) , i n experimenting with exicsed 

i s o l a t e d i n t e s t i n a l , loops ( r a t s ) , found'ithat.:,thevpercentage 

amount o f amino a c i d absorbed per u n i t time decreases with 

i n c r e a s i n g concentration i n the loop w i t h i n . a c e r t a i n range 

o f c o n c e n t r a t i o n s . A s i m i l a r ef fect occurs i n the a c t i v e 

r e a b s o r p t i o n o f amino-acids by the kidney tubules (10, p . 5 6 2 ) . 

A suggestion can be made that there i s present a d r i v i n g 

force or c a r r i e r mechanism, t r a n s p o r t i n g these substances 

across the t i s s u e membranes. 

c. D i f f u s i o n and e l e c t r i c f o r c e s . 

With reference to membrane p e r m e a b i l i t y and i n 

p a r t i c u l a r to that of a c t i v e t r a n s f e r , T e o r e l l (15, p# 9 3 9 ) , 

has suggested that only two kinds of forces are s i g n i f i c a n t 

f o r the passage of matter through b i o l o g i c a l membranes: 

osmotic f o r c e s , caused by concentration gradients and 

e l e c t r i c f o r c e s , produced by e l e c t r i c p o t e n t i a l g r a d i e n t s , 

which may e x i s t across the d i f f u s i o n boundary or membrane. 
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Both f o r c e s may act simultaneously on p a r t i c l e s present 

i n the d i f f u s i o n l a y e r . In b i o l o g i c a l systems, most 

substances carry an e l e c t r i c charge, e i t h e r because they 

are i o n s , or become e l e c t r i c a l l y charged by an appropriate 

transformation or complex formation ( e . g . phosphorylation 

of glucose on the combination of f a t t y substances with 

b i l e a c i d s ) . The passage of substance per u n i t time 

through a c r o s s - s e c t i o n a l area normal, to the d i r e c t i o n of 

flow ( c a l l e d f lux) i s given by the expression: 

.Flux of a substance = m o b i l i t y X concentration X f o r c e . 

f r u I a l j H ^ : n F 

dt ( a dx ~ ; d x ) , 

where N i s the number o f p a r t i c l e s or amount of substance, 

u i s the m o b i l i t y o f the p a r t i c l e , V i s the p o t e n t i a l , 

a i s the a c t i v i t y o f the p a r t i c l e s , T i s .the absolute 

temperature of the system, R i s the u n i v e r s a l gas constant, 

F i s the Faraday constant, n i s the charge or valency, 

and x i s the distance i n the d i f f u s i o n , l a y e r measured i n 

the d i r e c t i o n o f flow. 

The flow of m a t e r i a l t e n d s . t o continue across the 

membrane u n t i l , a. steady, state, i s reached where 
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The minimum amount of osmotic work which must be done i s 

equal to the e l e c t r i c a l work: 

RT. In f i _ n F V , 
a o ~ 

where the a c t i v i t y on the side to which the substance i s 

moved i s a^ and the a c t i v i t y on the side from which the 

substance i s moved i s a 0 . The emf. f o r doing such osmotic 

work should be m e a s u r a b l e , . p r o v i d i n g appropriate 

instruments with high input impedance are. used. 

d . Asymmetric p e r m e a b i l i t y . 

In the above mentioned, experiments, (A,b.) a c t i v e 

t r a n s f e r through membranes i s suggested by the v a r i a t i o n 

o f the rate of d i f f u s i o n with the concentration g r a d i e n t . 

Another approach to the study of a c t i v e . t r a n s f e r i s the 

observation of d i f f u s i o n i n d i f f e r e n t d i r e c t i o n s through 

the membrane.. A d i f f e r e n c e i n the d i f f u s i o n r a t e s would 

suggest that i n one p r e f e r e n t i a l - d i r e c t i o n an " a c t i v e 

t r a n s f e r " of the d i f f u s i b l e substance i s t a k i n g place,. A 

study u s i n g f r o g s k i n i n which an " i r r e c i p r o c a l ..permeability 1* 

was observed, i s due t o Wertheimer ( 1 9 ) . He found that 

the l i v i n g f r o g s k i n i s permeable to c h l o r i n e ions ( i n NaCl) 

from outside to the i n s i d e , o f the s k i n , but i s p r a c t i c a l l y 

impermeable i n the d i r e c t i o n from i n s i d e to o u t s i d e . Water 

passes e a s i e r from the i n s i d e to the o u t s i d e . For amino 

a c i d s , polypeptides and peptones, the. d i f f u s i o n t r a n s p o r t 



i s b e t t e r from the outside to the i n s i d e j u s u a l l y much 

b e t t e r than i n the opposite d i r e c t i o n . The s i z e of the 

molecule does not seem to have any r e l a t i o n to the 

p e r m e a b i l i t y . Carbohydrates showed p r a c t i c a l l y no d i f f u s i o n 

from outside to i n s i d e under c o n d i t i o n s where amino a c i d s 

passed e a s i l y and v i c e v e r s a . For dead f r o g membrane, i n 

contrast t o the l i v i n g membrane, a l l f i n e d i f f e r e n t i a t i o n s 

o f p e r m e a b i l i t y disappear. 

In the case of f r o g s k i n s e v e r a l i n v e s t i g a t i o n s 

have been made to determine the b i o e l e c t r i c p o t e n t i a l 

across the membrane, and good agreement has been found 

between d i f f e r e n t o b s e r v a t i o n s . Such, an e l e c t r i c f i e l d 

i n t r o d u c e s i n t o the membrane c r o s s - s e c t i o n , an asymmetry 

which may be r e s p o n s i b l e f o r I r r e c i p r o c a l o r asymmetric 

d i f f u s i o n . For t h i s reason i t appears promising to 

attempt a c o r r e l a t i o n between the b i o e l e c t r i c f i e l d 

gradient and the asymmetric t r a n s p o r t of s a l t s and amino-

a c i d s through f r o g membrane. A study of t h i s problem i s 

the subject of the present r e s e a r c h . 
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B. BIOELECTRIC POTENTIALS 

a . E l e c t r i c p o t e n t i a l d i f f e r e n c e s i n membranes. 

The e x i s t e n c e o f b i o e l e c t r i c p o t e n t i a l s i s w e l l 

e s t a b l i s h e d j a l t h o u g h t h e i r m a i n t e n a n c e and f u n c t i o n s 

a r e s t i l l g i v i n g o p p o r t u n i t i e s f o r . s c i e n t i f i c 

c o n s i d e r a t i o n s . A book b y L u n d (13) c o n t a i n s r e v i e w s 

o f t h e work o f h i s s c h o o l , a n d b r i n g s , i n a n a p p e n d i x , a 

v a l u a b l e c o m p r e h e n s i v e " b i b l i o g r a p h y . An a r t i c l e b y C r a n e 

(6) g i v e s a t a b l e o f r e l i a b l e d a t a on b i o e l e c t r i c p o t e n t i a l s . 

The t a b l e shows t h a t t h e s t e a d y b i o e l e c t r i c 

p o t e n t i a l s d e v e l o p e d a c r o s s l i v i n g membranes a r e u s u a l l y 

o f t h e o r d e r o f t e n s o f m i l l i v o l t s , a n d . i n some c a s e s r e a c h 

v a l u e s o f o v e r lOOmv. The p o t e n t i a l s o f c e l l membranes 

show a c o n s i d e r a b l e r a n g e , f r o m a few mv. t o 1 4 0 m v . , . 

w h e r e a s t h e s p e c i f i c e l e c t r i c o r g a n o f v a r i o u s f i s h e s 

a t t a i n v a l u e s o f s e v e r a l h u n d r e d m i l l i v o l t s . S e v e r a l 



investigations have found fo r frog skin values from 10 

to £0 mv., and f o r frog g a s t r i c mucosa 10 to 40 mv. Lund 

(13, p.237) summarizes, the e l e c t r i c a l properties of frog 

skin as follows: 

"General agreement i s found on the following 
f a c t s which apply to the i s o l a t e d t i s s u e : 
(1) In c e l l layers of the frog skin, the E.M.F. 
is. o r i e n t e d so that the outside i s negative 
to the inside as measured i n the external 
c i r c u i t ; (2) The p o t e n t i a l i s quite variable, 
ranging from 10 or l e s s to 250 m i l l i v o l t s ; 
(3) The time course of the p o t e n t i a l i s 
roughly divided into a preliminary period of 
f l u c t u a t i o n l a s t i n g about an hour, followed 
by a period of slow decrease f o r two to 
twelve hours, succeeded f i n a l l y by a more 
rapid decrease u n t i l e l e c t r i c a l zero i s 
attained i n more than twenty hours; (4) 
Measurements i n vivo agree with measurements 
made.on the i s o l a t e d skin during the f i r s t 
two hours; (5) Where pieces of less than 2 
square centimeters of area are used, large 
v a r i a b i l i t y i s observed i n d i f f e r e n t regions 
of skin from a single animal; (6) The inherent 
•E.M.F. i s located i n the e p i t h e l i a l layer of 
the skin; (7) The E.M.F. increases with r i s i n g 
temperature, the e f f e c t being reversible 
between l i m i t s of 0°C. and 40° C.; (3) V a r i 
ations i n 0£ tension, respiratory accelerators 
such as dinitrophenol, respiratory i n h i b i t o r s 
such as KCN, when applied within the E.M.F. 
simultaneously and generally i n the same 
di r e c t i o n , although quantitative r e l a t i o n s 
have not been established". 

As to the l o c a t i o n of the source of emf. i n frog 

skin, Meyer and Bernfeld (14, p. 377) suggest that, 

" I t (frog skin) i s composed of at l e a s t four 
layers of d i f f e r e n t permeability ? one of which 
i s s p e c i f i c a l l y permeable, to H"*" 10ns and i s very 
l i k e l y i d e n t i c a l with the 'basal membrane' 
situated between the stratum germinativum and the 
corium. The major part of the r e s t i n g p o t e n t i a l 
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o f t h e s k i n i s l o c a t e d a c r o s s t h i s membrane 
and i s due t o t h e d i f f e r e n c e o f H T c o n c e n t r a t i o n s 
on b o t h s i d e s o f t h e membrane". 

The n e x t s e c t i o n d e a l s w i t h t h e methods o f 

b i o e l e c t r i c p o t e n t i a l measurements,, a n d t h e c o n c o m i t a n t 

d i f f i c u l t i e s i n v o l v e d , t o g e t h e r w i t h t h e p o s s i b i l i t y o f 

t h e i r r e m o v a l . 

b . Measurement o f b i o e l e c t r i c p o t e n t i a l s . 

The measurement o f p o t e n t i a l d i f f e r e n c e s o f 

b i o l o g i c a l o r i g i n p r e s e n t s t h e m a i n d i f f i c u l t y o f 

m a i n t a i n i n g t h e n o r m a l . u n d i s t u r b e d c o n d i t i o n s i n t h e 

l i v i n g s y s t e m . S h o r t c i r c u i t i n g a nd p o l a r i z a t i o n o f 

t h e b i o l o g i c a l s o u r c e o f p o t e n t i a l have t o be a v o i d e d 
-8 

b y r e d u c i n g c u r r e n t s drawn t o v a l u e s l e s s t h a n 10 amps. 

P o l a r i z a t i o n o f t h e e l e c t r o d e s . . I n t h e o l d e r methods 

e l e c t r o d e s a r e b r o u g h t i n c o n t a c t w i t h . t h e membrane o f t e n 

p r o d u c i n g i n j u r y o f t h e s u r f a c e s t h e r e b y c a u s i n g i n j u r y 

p o t e n t i a l s . 

The u s u a l e x p e r i m e n t a l method o f m e a s u r i n g s m a l l 

p o t e n t i a l s e m p l o y s D.C. a m p l i f i e r s , whose h i g h i n p u t 

impedance, e n s u r e s t h a t , p o l a r i z a t i o n . i s r e d u c e d t o a 

minimum. I n t h i s method, c o n t a c t w i t h some, k i n d o f a n 

e l e c t r o d e i s n e c e s s a r y a n d one h a s t o c o n s i d e r t h a t t h e 

e l e c t r o d e m a t e r i a l s . - . u s u a l l y , e l e c t r o l y t e s - c a n a f f e c t 
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the surfaces whose potentials are being measured, by (1) 

s h o r t c i r c u i t i n g (although t h i s may be reduced, through 

the use of microelectrodes) and (2) by the introduction 

of d i f f u s i o n potentials.. The l a t t e r e f f e c t i s . a p a r t i c u l a r l y 

d i s t u r b i n g factor when the membrane exhibits asymmetric 

permeability (A, d), and when the v a r i a t i o n of b i o e l e c t r i c 

potential, during d i f f u s i o n processes i s under i n v e s t i g a t i o n . 

In order to circumvent the d i f f i c u l t y connected 

with the contact, electrodes,. Bluh and Scott ( l ) have 
suggested the use of a v i b r a t i n g probe voltmeter. In 

t h i s instrument, no d i r e c t contact i s made by the 

electrode on the membrane surface, and contact by a 

reference electrode i s made at a considerable distance 

from the membrane. The f e a s i b i l i t y of the method, for 

b i o e l e c t r i c p o t e n t i a l measurements was tested by Bluh and 

Scott i n preliminary experiments, and has recently been 

confirmed by Jones, Flowers, and Pomeroy (11a), who used i t 

to measure b i o e l e c t r i c potentials of plant tissues and seeds. 

In the present paper, the v i b r a t i n g probe voltmeter 

has been used f o r the measurement of frog skin potentials 

and the study of d i f f u s i o n processes through frog skin by 

means of observations of the b i o e l e c t r i c p o t e n t i a l changes. 
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C. THE VIBRATING PROBE VOLTMETER METHOD 

a. Apparatus. 

The p r i n c i p l e of the vi b r a t i n g probe method consists 

of a capacitative coupling between the e l e c t r i c a l l y charged 

s u r f a c e j S , and a metallic, vibrating, probe, P, (Fig. 1). 

The probe i s set i n o s c i l l a t i o n , w i t h the help of a 

telephone. T which i s driven by an e l e c t r i c a l o s c i l l a t o r 

(Sylvania Model) 0. The probe undergoes sinusoidal 

mechanical o s c i l l a t i o n s i n a d i r e c t i o n normal to the 

surface, so that the probe's capacitative coupling varies 

according to the. equation: 

C = C (x) + Ci ( A X , x ) s i n wt, 
o 

where CQ. i s the capacity of the coupling, x i s the distance 

from the probe to the surface at rest, and i s the 

maximum change in. capacity due to the maximum displacement 

A X , of the probe. Further w — 2nf, where f i s the 
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frequency of the probe, and t i s the time, at which 

the capacltative coupling has the value C. The 

v a r i a t i o n i n capacity i s responsible f o r the induction 

of an a l t e r n a t i n g current i n the probe. This s i g n a l 

i s transmitted to an electrometer tube of a pre-amplifier 

stage, PA, of low input capacity; the amplifier s i g n a l 

i s transferred to a narrow band high gain a m p l i f i e r A 

(Fig. 1). The amplifier i s tuned to the probe frequency. 

The output of the amplifier i s fed into a cathode ray 

oscilloscope, C.R.O. 

The signal from the probe can be compensated by 

a reverse p o t e n t i a l applied to the surface S, with the 

help of a p o t e n t i a l d i v i d e r PD and an electrode E, i n 

contact with the surface. The p o t e n t i a l d i v i d e r i s 

used also to reduce i n i t i a l l y the probe p o t e n t i a l to 

zero or to a minimum, i n order to n u l l any undesirable 

potentials.present i n the c i r c u i t . 

The v i b r a t i n g probe arrangement i s shown i n Fig.2. 

The mechanical o s c i l l a t i o n s of the probe are produced by 

a telephone T (connected to an o s c i l l a t o r 0, F i g . 1) 

which sets i n v i b r a t i o n a small i r o n tube through which 

passes a f l a t glass rod (7 cm. long, 1.5 mm. wide and 

0.3 mm. t h i c k ) . The glass rod i s f i x e d at points f-, 



r 
PD 

3 A 

0 

PA 

1 
A CRO 

F i g . 1. Block diagram o f v i b r a t i n g probe method. r 
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— S C R. E E N C W I R . E c . 

F i g . 2. C r o s s - s e c t i o n o f the v i b r a t i n g probe v o l t m e t e r 
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and and has. a rectangular cross-section, which tends 

to l i m i t i t s o s c i l l a t i o n s to a single plane (the plane 

of the paper as shown i n F i g . 2). In t h i s way var i a t i o n s 

i n s i g n a l output due to changes i n the plane of 

o s c i l l a t i o n of the probe are avoided. The probe, an 

i r o n wire of c i r c u l a r cross-section (diameter 0.72 mm.) 

i s attached to the glass rod at point f^; the end of 

the probe i s bent at ri g h t angles, and. vibrates with i t s 

natural frequency 250 c/s. I t i s usefu l to drive the 

probe with the l e a s t amount of power supplied to the 

telephone, since i n spite of shielding, some of the A.C. 

si g n a l a f f e c t s the probe and i s l i a b l e to be amplified. 

At the natural frequency the probe o s c i l l a t i o n s are more 

c l o s e l y sinusoidal, and for a given amplitude more 

am p l i f i c a t i o n can be.applied and hence greater s e n s i t i v i t y 

r e s u l t s . A t h i n , shielded, wire soldered to the probe at 

f , conducts the potentials induced i n the probe to the 

preamplifier stage PA. 

The preamplifier PA, consists of an.R.C.A. tube 

959, placed i n a metal box close to the probe arrangement 

(c f . F i g . 5). The signal from the probe i s applied across 

a very high resistance R(10^ Mohms) to the control g r i d 

g« of the tube, (Fig. 3). 
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r 
S I G N A L 

F R O M H 
P R O B E 

959 OUT P UT TO 
MAIN AMPLIFIER. 
M I C R O A M M E T E R . ̂

1 

F i g . 3 . P r e - a m p l i f i e r c i r c u i t 

The 959 electometer tube operates s a t i s f a c t o r i l y with 

the p l a t e voltage : 3 v o l t s , screen voltage : 4 v o l t s , 

p l a t e current : 12 microamps. Fine v a r i a t i o n of the 

4 
negative b i a s of the tube i s obtained by a 10 ohm. 
wire wound v a r i a b l e r e s i s t a n c e ¥ between two 47K f i x e d 

5 

carbon r e s i s t o r s , ( c f . F i g . 3 ) . A 10 ohm. v a r i a b l e 

carbon r e s i s t o r , p r e v i o u s l y used i n the b i a s c i r c u i t , 

produced sporadic changes i n the output s i g n a l (because 

of poor c o n t a c t ) . A b a t t e r y of 7.5 v . s u p p l i e s the 

b i a s c i r c u i t and a.1.5 v o l t b a t t e r y serves f o r fi lament 

h e a t i n g . 
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The g r i d l e a k r e s i s t a n c e and g l a s s e n v e l o p e o f 

t h e 959 tube must be c a r e f u l l y f r e e d . f r o m i m p u r i t i e s 

(by w a s h i n g w i t h a l c o h o l o r e t h e r ) o t h e r w i s e v a r i a t i o n s 

i n t h e o u t p u t s i g n a l , a r e l i k e l y t o . o c c u r from breakdown 

l e a k a g e s a c r o s s t h e s u r f a c e s . 

The o u t p u t o f t h e . p r e a m p l i f i e r i s . conducted, b y a 

s h i e l d e d c a b l e t o a n a r r o w band h i g h g a i n a m p l i f i e r 

( F i g . 4 ) . The c i r c u i t i s t h a t o f the. a m p l i f i e r , d e s c r i b e d 

b y ¥ . W i l s o n ( 2 0 ) . To a v o i d 60 c / s m o d u l a t i o n , t h e 

f i l a m e n t s a r e h e a t e d by a 6 v o l t s t o r a g e b a t t e r y . P l a t e 

v o l t a g e (300 v o l t s ) i s s u p p l i e d b y a n i n d e p e n d e n t 

r e g u l a t e d power s u p p l y (Lambda E l e c t r o n i c s . C o r p o r a t i o n ; 

M o d e l 25), c a p a b l e o f d e l i v e r i n g 125 m . a . f o r D . C . 
s 

v o l t a g e s e t t i n g s , from .200-325 v o l t s . 

The a m p l i f i e r , b u i l t t o p r o v i d e s u f f i c i e n t g a i n 

and s e l e c t i v i t y a t t h e probe f r e q u e n c y o f 250 c p s . , 

p r o d u c e s maximum, s i g n a l t o n o i s e r a t i o . , , , and shows f a s t 

r e s p o n s e t o changes o f t h e probe s i g n a l . 

The s i g n a l from t h e p r e a m p l i f i e r i s . f e d i n t o a 

1620 h i g h g a i n pentode tube T I t h r o u g h , a r e s i s t a n c e 

c a p a c i t a n c e c o u p l i n g n e t w o r k . A cathode f o l l o w e r T 2 , 

i n t h e second s t a g e , p r o v i d e s s u f f i c i e n t power so t h a t 

t h e s i g n a l m a y b e f u r t h e r a m p l i f i e d w i t h minimum d i s t o r t i o n . 
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A' 6 S J 7 - a m p l i f i e r tube T3 connected as a t r i o d e 
separates the g a i n or volume -control V from the s e l e c t i v e 
s e c t i o n of the a m p l i f i e r . 

An LC c i r c u i t and two stages of high g a i n , pentode 
connected 6SJ7 tubes T4 and T5 form the s e l e c t i v e s e c t i o n . 
This prevents the s e l e c t i v i t y from being a f f e c t e d by the 
ga i n s e t t i n g . High s t a b i l i t y and the removal of tube noise 
i s achieved by means of a negative feedback network connected 
to the 2,200 ohm. cathode r e s i s t o r of T4. The s e l e c t i v i t y 
provided by the LC c i r c u i t i s c o n t r o l l e d by a change o f 
r e s i s t a n c e B, th a t i s , through the amount of p o s i t i v e f eed
back d e l i v e r e d . The LC c i r c u i t i s thus loaded by a 
c o n t r o l l a b l e negative r e s i s t a n c e so t h a t the s e l e c t i v i t y can 
be i n c r e a s e d . A t o r o i d c o i l L of 20 he n r i e s and 610 ohms 
(DC) keeps the r e s i s t a n c e of the LC network at a minimum 
and improves s e l e c t i v i t y . So by advancing B, the band 
width can be v a r i e d from 50 cps. down t o 0.5 cps. The 
frequency to which the a m p l i f i e r i s tuned can be v a r i e d by 
changing the v a r i a b l e c a p a c i t y C o f the L - C - c i r c u i t . At 

the probe v i b r a t i o n 250 cps. and at maximum s e l e c t i v i t y , 
6 

the gain o f the a m p l i f i e r i s approximately 10 . 

The output of the a m p l i f i e r i s f e d i n t o a 
S y l v a n i a cathode ray o s c i l l o s c o p e , C.R.O. ( c f . F i g . 1 ) . 



The h o r i z o n t a l gain i s set at zero, and only the v e r t i c a l 

g a i n i s used. The t r a c e on the screen therefore appears 

as a l i n e . The change i n the length, o f the t r a c e f o r a 

given gain s e t t i n g and probe distance i s p r o p o r t i o n a l to 

any.change i n p o t e n t i a l induced i n the probe by i t s cap

a c i t a t i v e coupling with the p o t e n t i a l surface S. 

The t o t a l arrangement of the apparatus i s shown 

i n F i g . 5» On the r i g h t hand side the two metal housings 

are r e s p e c t i v e l y the v i b r a t i n g probe arrangement and the 

p r e a m p l i f i e r . On the table., appearing next to the p r e 

a m p l i f i e r , i s the Sylvania o s c i l l a t q r ; on i t s l e f t , the 

p o t e n t i a l d i v i d e r and the main a m p l i f i e r are shown, while 

the cathode ray o s c i l l o s c o p e can be seen i n the background. 

b . Measurement of f r o g s k i n p o t e n t i a l s . 

An attempt was made to measure the p o t e n t i a l s on 

both sides o f l i v i n g f r o g s k i n with reference to a d i s t a n t 

reference e l e c t r o d e . The f r o g (rana p i p i e n s ) was p i t h e d , 

and thus made immobile. The animal was f i t t e d to a stand 

as seen i n F i g . 6. A f l a p of abdominal s k i n was.secured 

between two l u c i t e p l a t e s , attached to a small bridge 

( c f . F i g . 7), h o l d i n g the f r o g i n p l a c e . The l u c i t e p l a t e s 

have c i r c u l a r openings of 1.4 cm. diameter, so that the 

v i b r a t i n g probe can be brought close to the plane o f the 
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membrane surface from both sides. Since the membrane 

i s secured through the l u c i t e clamp.,, the respiratory-

movement of. the frog does not. a f f e c t the probe distance. 

The wooden board to which the frog i s fastened can 

be rotated through 180°, so that either the epidermis 

(outside) or the corium (inside) faces the probe (OFP or 

IFP r e s p e c t i v e l y ) . 

A reference point f o r p o t e n t i a l i s established by 

immersing one leg of the frog into, saline contained i n a 

beaker (Fig. 6 and 7)'« A calomel electrode i s introduced 

into the solution to make contact with the p o t e n t i a l 

d i v i d e r supplying the n u l l i n g p o t e n t i a l . At a l l times 

the skin of the frog must have s u f f i c i e n t conductivity 

to guarantee the transfer of p o t e n t i a l to the membrane. 

F i g . 7. shows the r e l a t i v e p o s i t i o n of the l u c i t e 

holder and frog, and the v i b r a t i n g probe voltmeter. During 

the measurement, the 1 probe i s placed i n the centre of the 

opening i n the l u c i t e ( v i s i b l e i n the photograph), and 

brought close to the membrane surface with the aid of the 

micrometer screw of the microscope stand. 

The procedure of measurement used.is as follows: 

(1) The o s c i l l a t o r i s tuned to the probe frequency 
i n the following way. The probe i s brought close to 





F i g . 7. F r o g h o l d e r p l a c e d u n d e r v i b r a t i n g p r o b e 
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the surface which has a d e f i n i t e p o t e n t i a l . The band 

width of the a m p l i f i e r ( c o n t r o l B; F i g . 4) i s made wide, 

and the volume c o n t r o l V i s set so that a convenient t r a c e 

length appears on the CRO screen. The o s c i l l a t o r frequency-

i s v a r i e d u n t i l a maximum trace length i s obtained.. 

(2) Tuning of the a m p l i f i e r to the probe frequency 

i s achieved as f o l l o w s . The volume c o n t r o l i s set to zero, 

and the band width c o n t r o l B advanced u n t i l the CRO t r a c e 

has a b a r e l y noticeable, l e n g t h . With V again set to o b t a i n 

a convenient trace l e n g t h , the capacity c o n t r o l C i s v a r i e d 

u n t i l the s i g n a l i s a maximum. 

(3) The membrane i s connected to the p o t e n t i a l 

d i v i d e r c i r c u i t through the electrode E , as shown i n F i g . 7 

( l e f t hand side o f the figure.).. A double throw switch 

al lows the a p p l i c a t i o n of p o t e n t i a l s o f d i f f e r e n t p o l a r i t y . 
5 

A r e s i s t a n c e of approximately 10 ohms i s i n s e r i e s with the 

decade d i a l box from which the compensating p o t e n t i a l s are 

drawn. The p o t e n t i a l i s suppl ied from s i x No. 6 b a t t e r i e s . 

I f the t r a c e on the screen has a convenient l e n g t h , 

the r e s i s t a n c e of the p o t e n t i a l d i v i d e r i s . v a r i e d u n t i l the 

t r a c e length i s a minimum; t h i s i n d i c a t e s that the surface 

p o t e n t i a l has been compensated. In order to get a 

measure of s e n s i t i v i t y , one can observe the change i n 

t r a c e length caused by a given change i n p o t e n t i a l on 

e i t h e r side of the minimum p o s i t i o n . E . g . , when a change 
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o f 1 0 0 0 ohms i s e f f e c t e d w i t h a n a p p r o p r i a t e c h o i c e o f 

p r o b e d i s t a n c e , t h e d e f l e c t i o n o f t h e t r a c e on t h e s c r e e n 

c a n be made t o be t w o . i n c h e s . A s e n s i t i v i t y o f t h i s o r d e r 

— e x p r e s s e d a s x i n c h e s per.88mv. — w a s . c o n s i d e r e d 

s u f f i c i e n t f o r t h e measurements i n q u e s t i o n ; h o wever much 

h i g h e r s e n s i t i v i t y can.be a c h i e v e d w i t h t h e p r e s e n t 

a p p a r a t i v e a r r a n g e m e n t . 

S i n c e t h e s e n s i t i v i t y d e p e n d s on p r o b e d i s t a n c e , 

a s was f o u n d i n . p r e l i m i n a r y e x p e r i m e n t s , the.same 

s e n s i t i v i t y was m a i n t a i n e d f o r a s e t o f measurements b y 

v a r y i n g t h e p r o b e d i s t a n c e ( t h e a m p l i f i e r g a i n was k e p t 

c o n s t a n t ) . 

( 4 ) E q u a l changes, o f t r a c e , l e n g t h p r o d u c e d b y 

e q u a l , p o t e n t i a l , v a r i a t i o n s t o e i t h e r s i d e of. t h e minimum 

p o s i t i o n a s s u r e (more a c c u r a t e l y , t h a n t h e o b s e r v a t i o n 

o f t h e minimum t r a c e , l e n g t h i t . s e l f ) t h a t . t h e minimum 

p o s i t i o n h a s b e e n a t t a i n e d i n d i c a t i n g the. c o m p l e t e com

p e n s a t i o n o f the. s u r f a c e p o t e n t i a l . T h e . r e s i s t a n c e R o f 

t h e d e c a d e d i a l b ox s e t f o r t h e minimum, t r a c e l e n g t h i s 

r e a d o f f , a n d t h e . c o r r e s p o n d i n g p o t e n t i a l v" c a l c u l a t e d 

f r o m t h e f o r m u l a : 
R 

v = 8 .8 v o l t s , 

1 0 5 * R 

where 10^. ( a c t u a l l y 9 4 , 0 0 0 ) i s t h e number.of ohms o f t h e 

f i x e d c a r b o n r e s i s t o r i n s e r i e s w i t h t h e d e c a d e d i a l , b o x 
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( F i g . 8 ) . 

(5) Measurement o f membrane p o t e n t i a l d i f f e r e n c e s 

i n v o l v e t h e m e a s u r e m e n t . o f t h e d i f f e r e n c e i n p o t e n t i a l 

r e q u i r e d t o compensate t h e s u r f a c e p o t e n t i a l o f e a c h s i d e 

o f t h e membrane, r e l a t i v e t o the. same r e f e r e n c e p o i n t 

a n d a t a g i v e n s e n s i t i v i t y . 

W i t h t h e f r o g membrane, f i r s t t h e i n s i d e , and t h e n 

t h e o u t s i d e ( o r v i c e v e r s a ) o f t h e s k i n was f a c i n g t h e 

p r o b e , ( I F P a n d OFP), a n d i n d e p e n d e n t measurements o f 

t h e p o t e n t i a l s made. The change i n t h e p o s i t i o n o f t h e 
•the 

f r o g membrane, s i n c e i t d o e s . n o t make c o n t a c t w i t h A v i b r a t i n g 

p r o b e , d o e s n o t a f f e c t t h e c o n t a c t p o t e n t i a l s u n a v o i d a b l y 

c o n n e c t e d w i t h t h e c o m b i n a t i o n o f v a r i o u s m e t a l s , e t c . , i n 

t h e m e a s u r i n g i n s t r u m e n t . 

c. Measurement o f f r o g s k i n p o t e n t i a l s d u r i n g , d i f f u s i o n  
p r o c e s s e s . 

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

l i v i n g membranes i s - p r o b a b l y , a s p o i n t e d o u t p r e v i o u s l y , 

c o n n e c t e d w i t h t h e e l e c t r i c f i e l d g r a d i e n t e x i s t i n g i n 

t h e membranes, and a c o r r e l a t i o n c an be a t t e m p t e d b e t w e e n 

t h e r a t e o f d i f f u s i o n o b s e r v e d i n s p e c i a l d i f f u s i o n 

e x p e r i m e n t s , a n d t h e m e a s u r e d b i o e l e c t r i c p o t e n t i a l , a c r o s s 

t h e membrane. I t i s , however, o f i n t e r e s t t o i n v e s t i g a t e 



r 
TO TELE PM ON E AND 
E L E C T R O M E T E R . TUBE 

V O L T M ET E R 

MEMBRAN E. 

D I F F U S I O N C E L L 

S O L U T I O N 

F i g . 8,. Compensating p o t e n t i a l d i v i d e r ( l e f t ) and D i f f u s i o n c e l l ( r i g h t ) . 



27 

w h e t h e r t h e d i f f u s i o n o f s u b s t a n c e s i n t o ( a n d t h r o u g h ) 

t h e membrane a f f e c t s t h e b i o e l e c t r i c p o t e n t i a l . T h i s 

was done i n e x p e r i m e n t s d e s c r i b e d i n t h i s s e c t i o n . 

A s p e c i a l c e l l , made. of. l u c i t e , was b u i l t ( F i g . 3 , 

r i g h t s i d e )'̂  w h i c h a l l o w s t h e measurement o f p o t e n t i a l s o f 
. - t h e 

f r o g s kxn s u r f a c e s w h i c h f a c e ^ v i b r a t i n g p r o b e , w h e r e a s t h e 

o t h e r s i d e o f t h e s k i n i s i n c o n t a c t w i t h a s o l u t i o n o f t h e 

s a l t , e t c . T h i s s o l u t i o n . i s c o n n e c t e d t h r o u g h a g l a s s t u b e 

t o a r e s e r v o i r , f i l l e d w i t h t h e same s o l u t i o n . The b e a k e r 

h o l d s t h e e l e c t r o d e E , c o n n e c t e d t o t h e p o t e n t i a l d i v i d e r 

( F i g . l e f t h and s i d e ) . The e l e c t r o d e E p e r m i t s t h e 

a p p l i c a t i o n o f a c o m p e n s a t i o n p o t e n t i a l . 

The membrane i s h e l d b e t w e e n a l u c i t e s l e e v e and 

a l u c i t e c y l i n d e r . An o p e n i n g ( d i a m e t e r 1.6 cm.) i n t h e 

t o p o f t h e l u c i t e s l e e v e a l l o w s t h e p r o b e t o be p o s i t i o n e d ' 

o v e r t h e s u r f a c e . 

I n p r e p a r i n g t h e d i f f u s i o n c e l l f o r a p o t e n t i a l 

measurement, t h e f o l l o w i n g p r o c e d u r e was u s e d : 

(1) A s o l u t i o n o f t h e d i f f u s i n g s u b s t a n c e i s p o u r e d 

i n t o t h e r e s e r v o i r ( t h e c o n d u c t i n g t u b e h a s a s t o p c o c k ^ 

p e r m i t t i n g i s o l a t i o n o f t h e r e s e r v o i r a n d d i f f u s i o n c e l l ) • 

(2) The membrane t o be s t u d i e d i s p l a c e d o v e r t h e 

t o p o f t h e m a i n b o d y o f t h e d i f f u s i o n c e l l a n d t h e l u c i t e 

s l e e v e i s f i t t e d o v e r i t , h o l d i n g t h e membrane i n p l a c e . 
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(3) The inverted d i f f u s i o n c e l l i s f i l l e d with the 

solution, and connected to the glass tube i n the upright 

p o s i t i o n through a tapered, glas.s-lucite j o i n t . One i n t r o 

duces the calomel electrode into the reservoir solution, 

and equalizes the l e v e l s of the solution, in.the. r e s e r v o i r 

and the c e l l . 

(4) The probe is.brought s u f f i c i e n t l y close to the 

membrane surface, through the opening at the top of the 

d i f f u s i o n c e l l . With an appropriate gain s e t t i n g of the 

amplifi e r and s u f f i c i e n t l y small probe distance one. applies 

the n u l l i n g procedure described i n the preceding section, 

(C,b,3). 
(5) In some instances, a small volume of. water 

covering the membrane, was placed i n the opening of the 

d i f f u s i o n c e l l below the probe, and the p o t e n t i a l changes 

observed r e s u l t i n g from the d i f f u s i o n of materials through 

the membrane into the l i q u i d . l a y e r . 

The d i f f u s i o n c e l l arrangement was used i n experi

ments with cellophane, membranes, (preliminary measurements) 

and with frog skin obtained, from the back and abdomen. 
2 

Skin with an area of 4 cm , was removed from the frog, and 

used either immediately, or a f t e r preserving i t . i n water 

f o r a few hours. 



D. RESULTS OF EXPERIMENTS 

(a) P o t e n t i a l measurements. 

As explained i n a previous s e c t i o n (0 ,6^ a value 

f o r the membrane p o t e n t i a l , r e s u l t s . a s a d i f f e r e n c e 

between the p o t e n t i a l s , o f the two s u r f a c e s . o f the s k i n 

measured r e l a t i v e to a reference p o i n t . 

In general , i t has been found that these d i f f e r e n c e s 

are of the order o f lOOmv. (50 - 200), and that normally 

the i n s i d e . ( I F F ) i s p o s i t i v e l y charged r e l a t i v e to the 

outside (OFP). The r e s u l t s were t a b u l a t e d , f o r example 

,as f o l l o w s : 



No. 2. B a c k . 

P o s i t i o n Time P o t e n t i a l Mean P o t e n t i a l 
m i n u t e s mv. mv. d i f f e r e n c e 

D ( I t ) i n mv 

OFP 33:00 205 

35:20 196 -

37:00 192 
i 38:30 188 193 

63 
I F P 47:40 255 

48:50 255 

52:00 257 

54:50 256 256 

60 
OFP 66:15 201 

68:10 197 

72:05 193 

#4:45 193 196 
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The a b b r e v i a t i o n OFP r e p r e s e n t s " O u t s i d e ( o f s k i n ) 

f a c e s p r o b e " , and I F P : " I n s i d e f a c i n g probe", . The d i f f e r e n c e 

"D" between t h e o u t s i d e and. i n s i d e p o t e n t i a l s . i s g i v e n a s 

D(I+) o r D(0+), where t h e p l u s s i g n i n d i c a t e s t h a t . I o r 0 

i s p o s i t i v e r e l a t i v e t o t h e c o r r e s p o n d i n g o p p o s i t e 0 o r I , 

r e s p e c t i v e l y . 

I n t h e p r e c e d i n g t a b l e , t h e i n s i d e i s found p o s i t i v e 

r e l a t i v e t o t h e o u t s i d e , , t h e p o t e n t i a l s b e i n g . D( 14- ) — 6 l . 5 m v . 

H i g h e r m e m b r a n e - p o t e n t i a l s up t o 200 mv. were o b s e r v e d ; 

a r e v e r s a l o f p o t e n t i a l o c c u r r e d a f t e r t h e f r o g was k e p t f o r 

3 h o u r s p r e c e d i n g t h e e x p e r i m e n t i n a d r y c o n t a i n e r . 

Some o f t h e r e s u l t s a r e e x h i b i t e d i n t h e form o f 

g r a p h s ( c f . F i g . 9 , '10)• F i g . 9 shows t h a t a f t e r 3 h o u r s 

t h e s k i n p o t e n t i a l of. i n i t i a l l y 95 mv. i s r e d u c e d t o a 

s m a l l value.,, and i s even r e v e r s e d t o D ( 0 * ) = 9mv. 

I n F i g . 10, t h e r e s u l t s , o f p o t e n t i a l measurements 

w i t h N o . 7 a r e g i v e n . I n t h i s case,, the. p o t e n t i a l , d i f f e r e n c e 

i s p r a c t i c a l l y c o n s t a n t o v e r a p e r i o d o f 1 h o u r . The 

d r i f t s o f t h e p o t e n t i a l l e v e l s (IFP and OFP) o c c u r n e a r l y 

p a r a l l e l t o one a n o t h e r and depend upon changes i n c o n t a c t 

p o t e n t i a l s , e t c . A f t e r one h o u r a s m a l l volume, o f 0 . 7 $ 

N a d s o l u t i o n was p l a c e d on t h e o u t s i d e s k i n . ( O F P ) , 

a l l o w e d t o be a b s o r b e d , a n d . t h e r e m a i n d e r d r a i n e d o f f . 
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Following the absorption of sodium chloride, from the side of . 

the epidermis, the p o t e n t i a l f a l l s s l i g h t l y to D(.'I*) = 89 mv., 
and l a t e r to D(I+) = 71 mv., with a tendency of reaching a 

zero value a f t e r about 3 hours, si m i l a r to the case shown i n 

F i g . 9. 

The general picture of measurements i s i n good agree

ment with the main points of the statements quoted i n section 

B, a. 

b. D i f f u s i o n experiments. 

As has been mentioned before, frog skin shows 

i r r e c i p r o c a l permeability f o r the, d i f f u s i o n of sodium 

chloride and of a few amino acids, as found by Wertheimer 

(19). I t would have been of in t e r e s t to repeat Wertheimer*s 

d i f f u s i o n experiments on frog skin, and to measure d i r e c t l y , 

by a n a l y t i c chemical methods, the rate of transport of 

solutes., etc. Such measurements were planned, but could 

not be undertaken f o r lack of time. 

As stated above (C,c) an attempt was made to measure 

the p o t e n t i a l changes during d i f f u s i o n through frog skin, 

and to bring the r e s u l t s of these experiments i n general 

agreement with Wertheimer*s r e s u l t s . 

A few preliminary experiments were performed with 
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c e l l o p h a n e m e m b r a n e , s o a k e d i n d i s t i l l e d w a t e r , i n t o w h i c h 

t h e d i f f u s i o n o f w a t e r , H C 1 , a n d g l y c i n e was o b s e r v e d . 

T h e s e e x p e r i m e n t s s e r v e d m a i n l y t o g e t one f a m i l i a r w i t h t h e 

a p p a r a t u s a n d w i t h t h e p r o c e d u r e o f m e a s u r e m e n t s . I n t h e 

c a s e o f w a t e r i n c o n t a c t w i t h -the l o w e r s u r f a c e o f c e l l o p h a n e , 

r e l a t i v e l y l i t t l e c h a n g e i n p o t e n t i a l o f t h e u p p e r s u r f a c e 

w a s o b s e r v e d . W i t h h y d r o c h l o r i c a c i d , c h a n g e s o f p o t e n t i a l 

i n b o t h d i r e c t i o n s w e r e f o u n d i n d i f f e r e n t e x p e r i m e n t s . 

T h i s i s u n d e r s t a n d a b l e s i n c e t h e o r i g i n a l p o l a r i t y o f t h e 

membrane s u r f a c e p o t e n t i a l s a r e u n d e f i n e d , d e p e n d i n g 

o b v i o u s l y o n s p u r i o u s e f f e c t s . The d i f f u s i o n o f g l y c i n e 

t h r o u g h w a t e r - s o a k e d c e l l o p h a n e i s r e l a t i v e l y s l o w , a n d 

p r o d u c e s q n l y s m a l l p o t e n t i a l c h a n g e s ( a p p r o x i m a t e l y 1G m v . ) . 

The m a i n r e s u l t s o f t h e p o t e n t i a l m e a s u r e m e n t s w i t h 

f r o g s k i n , i n t o w h i c h N a C l (Cv7$ s o l u t i o n ) d i f f u s e s , a r e 

s h o w n i n F i g . 11 a n d 1 2 . I n b o t h f i g u r e s t h e u n i t s - o f t h e 

c o - o r d i n a t e s a r e c h a n g e s i n p o t e n t i a l ( i n m v . ) a n d c h a n g e s 

i n t i m e ( i n m i n u t e s ) . S e v e r a l c u r v e s o f d i f f e r e n t 

e x p e r i m e n t s h a v e b e e n r e p r e s e n t e d i n one g r a p h f o r c l o s e r 

c o m p a r i s o n . The f i r s t r e c o r d e d p o i n t , o n t h e l e f t s i d e o f 

t h e c u r v e , was n o r m a l l y m e a s u r e d a b o u t 10 m i n u t e s a f t e r 

c o n t a c t was made b e t w e e n t h e f r o g s k i n a n d t h e s o l u t i o n . 

The i n i t i a l s t a g e o f a g i v e n d i f f u s i o n p r o c e s s c o u l d 

t h e r e f o r e n o t b e o b s e r v e d , b u t t h e r a t e , o f d i f f u s i o n i n t h e 





Na CL 

5a 

F i g . 12. P o t e n t i a l changes during d i f f u s i o n process 
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i n i t i a l and l a t e r stages can.be deduced from the slopes of 

the curves. 

Referring to F i g . 11, we observe a sharp f a l l of 

p o t e n t i a l for d i f f u s i o n i n the d i r e c t i o n outside to inside 

(0-*I), where the inside of the skin faces the probe (IFP). 

A f t e r about 20 minutes from the beginning of the d i f f u s i o n 

process, the curves reach a minimum, and thereafter show 

a s l i g h t increase. 

F i g . 12 gives the r e s u l t s of NaCl d i f f u s i o n under the 

condition (I 0) and OFP; In t h i s case, no sharp p o t e n t i a l 

decrease was found i n the f i r s t part of the d i f f u s i o n 

process and no minimum was reached. 

For the d i f f u s i o n of glycine and alanine, through frog 

skin under the condition, 0^1 and IFP (Fig. 13), there i s 

a rapid f a l l of p o t e n t i a l at the beginning, and a somewhat 

sloxrer f a l l at the end. In F i g . 14, the p o t e n t i a l changes . 

during the d i f f u s i o n of amino acids through frog skin i s 

shown for the case I->0 and OFP. For glycine, the 

p o t e n t i a l v a r i a t i o n s are r e l a t i v e l y small and show f l u c t u a t 

ions o f the order of 40 mv. i n 20 minutes, becoming smaller 

with increasing observation time. Alanine,, however, gives 

a curve fo r the condition, 1-^0 and OFP, (Fig. 14), which 

resembles i n i t i a l l y the. alanine curve i n F i g . 13, f o r 

(0-^1) and IFP. The curve under the condition, (I-^O) and 

OFP, does d i f f e r , however, from that under the condition, 
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F i g . 13. P o t e n t i a l changes d u r i n g d i f f u s i o n process 



F i g . 14. P o t e n t i a l changes d u r i n g d i f f u s i o n process 



(IiKD) and I F P , i n t h a t the former reaches a minimum v a l u e , 

whereas the l a t t e r continues t o decrease s l o w l y . 

In a l l cases, the r a t e o f p o t e n t i a l v a r i a t i o n 

i n d i c a t e s a corresponding r a t e o f i n f l u x o f s o l u t e i n t o 

the membrane. The c o r r e l a t i o n between t h e measured r a t e s 

o f p o t e n t i a l changes with the observed a c t u a l d i f f u s i o n 

r a t e s w i l l be made i n the f o l l o w i n g chapter. I t should 

be kept in.mind, however, t h a t i n our experiments we d e a l 

not with t r u e t h r o u g h - d i f f u s i o n . p r o c e s s e s , but o n l y 

w i t h i n f l u x o f m a t e r i a l i n t o the f r o g s k i n . 
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E . DISCUSSION OF THE.RESULTS 

a . . T h e . s t r u c t u r e o f f r o g s k i n and the l o c a t i o n o f t h e  
e l e c t r i c f i e l d l 

The g e n e r a l r e s u l t o f t h e p o t e n t i a l measurements w i t h 

f r o g s k i n membrane (D,a) was t h e e x i s t e n c e o f a p o t e n t i a l 

d i f f e r e n c e o f about 100 mv. ( F i g . 9 a n d , 1 0 ) . T h i s i s i n 

agreement w i t h e a r l i e r i n v e s t i g a t o r s ( 6 , 8, 13, 14, 1 7 ) . 

- I n a n s w e r t o the q u e s t i o n o f t h e v a l u e s w h i c h t h e 

e l e c t r i c f i e l d i n t h e membrane may reach.,, h i s t o l o g i c a l 

e v i d e n c e has t o be e x a m i n e d . . The s k i n c o n s i s t s m a i n l y o f 

two l a y e r s , d e n o t e d a s t h e m e s o d e r m a l . c o r i u m . and t h e 

e c t o d e r m a l e p i t h e l i a l . l a y e r . The c o r i u m , w h i c h c o n s i s t s o f 

c o n n e c t i v e t i s s u e c o n t a i n i n g b l o o d v e s s e l s and m u s c l e c e l l s , 

i s e x p e c t e d t o have no s p e c i f i c p r o p e r t y o f p e r m e a b i l i t y . 

The t o t a l t h i c k n e s s o f t h e . f r o g s k i n i s 0 . 1 t o 0 . 2 mm. 

The e p i t h e l i u m c o n s i s t s o f a l a r g e number o f l a y e r s , 

d i s t i n g u i s h e d a s s t r a t u m squamosum, e p i t h e l i u m , s t r a t u m 

g e r m i n a t i v u m , and membrana b a s i l a r i s ; t h e l a t t e r i s about 

60 m i c r o n from the s k i n s u r f a c e . The h i g h e s t m e t a b o l i s m and 

c e l l d i v i s i o n t a k e s p l a c e i n the s t r a t u m g e r m i n a t i v u m , 
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c o n s i s t i n g o f c y l i n d r i c a l c e l l s (10 - 20 m i c r o n s l o n g and 

7 m i c r o n s t h i c k ) , w h i c h a r e o r i e n t e d p e r p e n d i c u l a r t o t h e 

b a s a l membrane. 

A c c o r d i n g , t o s e v e r a l i n v e s t i g a t i o n s , t h e b i o e l e c t r i c a l 

p o t e n t i a l s i n f r o g . s k i n a r e a f f e c t e d b y t h e oxygen.-supply 

a n d d e c r e a s e w i t h f a l l i n g , o x y g e n t e n s i o n . The l o c a t i o n o f 

t h e g r e a t e r p a r t o f t h e membrane p o t e n t i a l i n o r c l o s e t o 

t h e s t r a t u m g e r m i n a t i v u m i s s u g g e s t e d . M e y e r a n d B e r n f e l d 

(14) c o n c l u d e t h a t i t i s t h e t h i n b a s a l , membrane., s e p a r a t i n g 

t h e e p i t h e l i a l l a y e r f r o m t h e c o r i u m , w h i c h i s t h e a c t u a l 

s e a t o f t h e l a y e r p a r t o f t h e s k i n p o t e n t i a l ; T h i s 

homogeneous membrane h a s a t h i c k n e s s o f t h e o r d e r 1 m i c r o n , 
-4 

o r 10 cm. and i f we assume t h a t a p o t e n t i a l d i f f e r e n c e 

o f 100 mv. — 10 "Sr. e x i s t s a c r o s s s u c h a membrane, t h e 
3 

e l e c t r i c f i e l d a c r o s s t h e membrane i s o f t h e o r d e r 10 v./cm. 

A c r o s s t h i n n e r p a r t s o f t h e b a s a l membrane t h e f i e l d c o u l d 

r e a c h much h i g h e r v a l u e s . I t m i g h t a l s o be p o s s i b l e t o 

assume t h a t t h e p o t e n t i a l , d i f f e r e n c e i s l o c a t e d : between, t h e 

h i g h l y m e t a b o l i c , s t r a t u m g e r m i n a t i v u m . c e l l s , , and: t h e b a s a l 
membrane. I n t h i s , c a s e , a. t h i c k n e s s o f t h e i n t e r s t i c e o f 

-6 -7 
10 - 10 cm. may e x i s t , a n d u n d e r t h i s a s s u m p t i o n , 

5 6 

e l e c t r i c f i e l d s , o f _ i n t e n s i t i e s 10 - 10 v . /cm. c a n be 

e x p e c t e d . The s t r a t u m g e r m i n a t i v u m c e l l s i n n o r m a l f r o g 

s k i n , w o u l d h a v e t o be o f n e g a t i v e c h a r g e , and t h e b a s a l 

membrane o f p o s i t i v e c h a r g e . 
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b. The irrecipfcocal.permeability of frog skin f o r sodium  
chloride. : ' 

The experiments of Wertheimer (19) on the d i f f u s i o n 

of solutes through frog skin were performed with, skin of 

the hind legs of frogs, a fact., which.,, one may assume, does 

not hunder a comparison with the present measurements i n 

which skin of the abdomen and the back were used. 

In h i s NaCl-diffusion experiments, Wertheimer analyzes 

the concentration of.the chlorine ion only, and finds that 

there i s a much greater transport of chlorine from outside 

to inside (0-*I) than i n the reverse d i r e c t i o n (.1-̂ -0); i n 

f a c t , the skin, showed a more or less.perfect impermeability 

f o r chlorine ions i n the d i r e c t i o n inside to outside (1-^ 0) 

when the d i f f u s i o n took place from Ringer's solution 

instead of from NaCl solution. 

A l a t e r paper by Huf (11) shows that, i s o l a t e d frog 

skin transports chloride ions from.O-T'I, even when both 

sides are bathed with Ringer's solution.. Krogh (12) 

observed that l i v i n g frogs absorb s a l t i n the d i r e c t i o n 

0-9-1 from a 0.01 millimolar solution. More recently, 

Ussing (17) studied.the transport of chlorine with the use 
38 

of the isotope C l , and finds that the chlorine i n f l u x 

p a r a l l e l s the i n f l u x of sodium observed with the help of 
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24 
the isotope Na . I t i s to be expected that the transfer 

of both chlorine and. sodium ions i s s i m i l a r , since a 

separation of these ions could not take place except to 

a very small degree because of strong e l e c t r o s t a t i c 

a t t r a c t i o n between the ions. Ussing found that the chlorine 

i n f l u x i s somewhat smaller than that of sodium. 

.Knowing the d i r e c t i o n of the e l e c t r i c f i e l d i n the 

fro g membrane, one can understand that chlorine ions are 

carried e l e c t r o s t a t i c a l l y from 0(-)-^-I(*). According 

to our findings (Fig. 11), when the po t e n t i a l of I i s being 

measured (IFP), a rapid f a l l of p o t e n t i a l occurs i n i t i a l l y 

i n consequence of the i n f l u x of NaCl i n the d i r e c t i o n 

0-^1. The f a l l of po t e n t i a l on the inside can be explained 

by the transfer of the negative charges of the chlorine 

ions. The minimum, and the following s l i g h t increase i n 

the curve, should then be due to the po s i t i v e sodium ions 

which, having a smaller mobility, accumulate i n the membrane 

at a slower rate than that of the chlorine ions. I t s small

er mobility may be due to a hydration layer or to complex 

formation (see below), and to the fact that free sodium 

ions are hindered by the d i r e c t i o n of the e l e c t r i c membrane 

f i e l d . 

In F i g . 12, we have a slow decrease of the p o t e n t i a l 

of the outside of the skin (OFP), which i s negative r e l a t i v e 
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t o t h e i n s i d e . O b v i o u s l y , i n t h i s case t h e e l e c t r i c f i e l d 

i n t h e membrane opposes t h e s h i f t o f t h e n e g a t i v e c h l o r i n e 

i o n s , and f a v o u r s the m o t i o n o f t h e p o s i t i v e sodium i o n s . 

We s e e , however, i n F i g . 12, t h a t the p o t e n t i a l on O ( - ) 

d e c r e a s e s , i n d i c a t i n g an i n c r e a s e i n n e g a t i v e c h a r g e . 

The e x c e s s o f n e g a t i v e charge can be e x p l a i n e d t h r o u g h 

t h e a s s u m p t i o n t h a t t h e d i f f u s i o n o f sodium i o n s i s h i n d e r e d 

i n t h e d i r e c t i o n 1-̂ 0 b e c a u s e o f a s p e c i a l u n i d i r e c t i o n a l 

mechanism o p e r a t i n g i n t h e d i r e c t i o n . 0^1. I t m i g h t w e l l 

be t h a t the o r i g i n a l s u r f a c e p o t e n t i a l o f t h e f r o g s k i n 

i s c o n s i d e r a b l y l o w e r t h a n t h e f i r s t o b s e r v e d p o t e n t i a l 

v a l u e ; t h e n an i n i t i a l i n f l u x o f f r e e p o s i t i v e sodium i o n s 

i n c r e a s e s t h e p o t e n t i a l o f t h e s u r f a c e , and a subsequent 

t r a n s f e r o f t h e c h l o r i n e i o n s p r o d u c e s t h e s low d e c l i n e o f 

p o t e n t i a l . The i n c r e a s e o f p o t e n t i a l , t a k i n g p l a c e i n t h e 

f i r s t few m i n u t e s , c o u l d n o t be o b s e r v e d b e c a u s e o f t h e 

t i m e r e q u i r e d t o a d j u s t the m e a s u r i n g i n s t r u m e n t . 

The r e s u l t o f F i g . 11 shows t h a t a t the b e g i n n i n g o f 

d i f f u s i o n , t h e c h l o r i n e i o n has t h e g r e a t e r m o b i l i t y , but 

t h e sodium i o n a c c u m u l a t i o n f o l l o w s i t . . . c l o s e l y , and 

a p p a r e n t l y i n t i m e , r e v e r s e s the e f f e c t o f c h l o r i n e on t h e 

p o t e n t i a l . The a c c u m u l a t i o n o f i o n s i s a consequence o f t h e 

f a c t t h a t the d i f f u s i n g m a t e r i a l cannot p a s s t h r o u g h t h e 

s k i n i n t o a l i q u i d medium. 
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According to Ussing (17), a special mechanism of 

sodium ion.transport operates i n frog skin i n the d i r e c t i o n 

0-^1, where the sodium ion d i f f u s e s through, an. e l e c t r i c 

f i e l d as an e l e c t r i c a l l y neutral complex through combination 

with a larger anion. 

In conclusion: The greater rate of change o f . p o t e n t i a l 

from 0-^1 (Fig. 11)." as compared with the case I—^0 (Fig. 12) 

indicates an i r r e c i p r o c a l transfer mechanism i n frog skin 

f o r NaCl i n the d i r e c t i o n . 0^1. This active transfer of 

NaCl can.be explained by the s h i f t i n g of the negative 

chlorine ions produced by the e l e c t r i c f i e l d , and by the 

transport of the p o s i t i v e sodium ions through a mechanism 

involving complex formation. 

c. The active transport, of amino.acids. 

Wertheimer (19) has studied the d i f f u s i o n of amino 

acids through frog skin i n experiments similar to those 

with NaCl (E,b). The r e s u l t s of h i s measurements have 

been stated as follows (19, p. 389): 

" I t can be followed from.all experiments on 
amino . a c i d s ? polypeptides. and. peptones that 
the permeability i s better from outside to 
inside, mostly much better, than i n the 
opposite d i r e c t i o n . M ost. of the substances 
are p r a c t i c a l l y impermeable, from the inside 
to outside....There i s l i t t l e doubt that f o r 
the single amino acids there are q u a l i t a t i v e 

http://can.be
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d i f f e r e n c e s i n p e r m e a b i l i t y . One extreme 
i s t y r o s i n e w h i c h does n o t p a s s i n b o t h 
d i r e c t i o n s a s was shown b y M i l l o n ' s r e a g e n t . 
On t h e o t h e r s i d e s t a n d s g l y c i n e , where t h e 
d i f f e r e n c e i n p e r m e a b i l i t y i n b o t h d i r e c t i o n s 
was s m a l l e s t . I n i n t e r m e d i a t e p o s i t i o n a r e 
t h e o t h e r amino a c i d s , p o l y p e p t i d e s , and 
p e p t o n e s , w h i c h p a s s from o u t s i d e t o i n s i d e 
e a s i l y b u t i n t h e o t h e r d i r e c t i o n , h a r d l y 
a t a l l . One cannot see how t o e x p l a i n t h e s e 
d i f f e r e n c e s . T h e r e seems t o be no e f f e c t 
o f the s i z e o f t h e m o l e c u l e . " 

C o m p a r i n g W e r t h e i m e r 1 s f i n d i n g s w i t h t h e o b s e r v a t i o n s 

o f p o t e n t i a l changes o f f r o g s k i n , shown i n F i g . 13 and 

14, one can see t h a t t h e r e l a t i v e l y great, d i f f u s i o n r a t e 

f o r t h e case 0~>I (as f o u n d by Wertheimer) i s p a r a l l e l t o 

t h e r e l a t i v e l y l a r g e a n d c o n t i n u o u s change i n p o t e n t i a l 

f o r 0->I shown i n F i g . 13. R e f e r r i n g t o F i g . 14 ( 1 - ^ 0 ) , 

we o b s e r v e f o r g l y c i n e ' t h a t a s t e a d y s t a t e i s r e a c h e d 

a f t e r some f l u c t u a t i o n s o f p o t e n t i a l have t a k e n p l a c e . 

F o r a l a n i n e t h e r e i s f i r s t a c o n s i d e r a b l e f a l l o f p o t e n t i a l , 

b u t l a t e r a s t e a d y s t a t e a l s o seems t o be r e a c h e d 

( d i f f e r e n t l y from the b e h a v i o u r o f t h e a l a n i n e i n F i g . 1 3 ) . 

T h i s i s i n agreement w i t h t h e f a c t t h a t W e r t h e i m e r f i n d s 

l i t t l e d i f f u s i o n i n d i r e c t i o n 1-^0. One would t h e r e f o r e 

assume t h a t t h e p o t e n t i a l changes g i v e a c l e a r p i c t u r e 

o f t h e a s y m m e t r i c p e r m e a b i l i t y o f f r o g s k i n , i n agreement 

w i t h t h e e s t a b l i s h e d i r r e c i p r o c a l p e r m e a b i l i t y f o u n d by 

W e r t h e i m e r , and o t h e r s . 

The i r r e c i p r o c a l p e r m e a b i l i t y o f f r o g s k i n s u g g e s t s 

a n a c t i v e t r a n s f e r o f amino a c i d s t h r o u g h i t , t h a t i s , t h e 
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existence of a mechanism i n the membrane which a c t i v e l y 

s h i f t s amino acids i n one d i r e c t i o n , comparable to a pump

ing mechanism, and which hinders the passage of amino acids 

i n the other d i r e c t i o n (Cf. Sec. A,b).. Such active t r a n s f e r 

of amino acids has been observed, by Honer and H*c3ber ( 9 ) , 
experimenting with i n t e s t i n a l loops of r a t , and more 

recently has been suggested by Christensen et a l . (4). 

tt who have made comparisons i n the rate of 
amino acid concentrations i n e x t r a c e l l u l a r and 
i n t r a c e l l u l a r f l u i d s , and. have found them to 
be consistently higher i n the l a t t e r . They 
have found the i n t r a c e l l u l a r amino a c i d 
concentration to be p a r t i c u l a r l y high i n 
f e t a l guinea p i g ti s s u e s and associate the 
rapid growth of the f e t a l tissue with t h i s 
f i n d i n g . They, have been, l e d to postulate 
the presence of an active amino acid concentrat
ing mechanism i n the c e l l membrane". 
(Quotation from (21) ) . 

The same difference i n amino acid concentrations 

might be expected between normal and cancerous growth, 

and. therefore an analogous amino acid active t r a n s f e r 

mechanism may exist i n carcinoma. 

It i s obvious that the understanding of the active 

t r a n s f e r phenomena, p a r t i c u l a r l y for amino acids, i s 

important to the understanding of the physiology of 

transport and growth processes. Several suggestions have 

been made about transport mechanisms e f f e c t i v e i n membranes, 

though none, to.our knowledge, has paid special attention 

to f i n d an explanation f o r the i r r e c i p r o c a l d i f f u s i o n of 
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amino acids. Some of the mechanisms assume that a 

s p e c i a l c a r r i e r complex i s present i n the membrane; and 

that an ion or molecule i s attached to that complex 

on one side of the membrane, and i s l i b e r a t e d on the other 

side, the c a r r i e r complex being confined to the membrane. 

The conditions regulating the attachment on the one side, ̂  

and the l i b e r a t i o n on the other side of the membrane have 

remained more or less obscure, but have been explained 

under the assumption of differences in. hydrogen concentrat-

ions^ihe two l i q u i d s i n contact with the membrane, or 

through differences i n chemical composition and r e a c t i v i t y 

(3). The e f f e c t of an e l e c t r i c f i e l d i n the membrane, 

as we saw before (E*b), can be used to explain the transport 

of one type of ion. 

In the case of amino acids, the larger number of 

molecules present i n solution exist i n form of neutral part

i c l e s , so-called dipolar ions. Their u n i d i r e c t i o n a l 

transport through a membrane might be open to explanations 

along the l i n e s of the active transport mechanisms 

ref e r r e d to above. 

A possible mechanism of active amino acid transport 

not requiring any ad hoc assumptions — suggested to the 

writer by Dr. Otto Bluh — i s offered i n the following. 
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The d i p o l e m o l e c u l e s , a s e l e c t r i c a l l y n e u t r a l p a r t i c l e s , 

d i f f u s e u n h i n d e r e d i n t o a membrane e v e n i f t h e membrane 

p o s s e s s e s a s t r o n g e l e c t r i c f i e l d . Once t h e y h a v e 

e n t e r e d t h e f i e l d , h o w e v e r , t h e y u n d e r g o d i s s o c i a t i o n a s 

a d i r e c t e f f e c t o f t h e e l e c t r i c f i e l d o n t h e d i p o l e m o l e c 

u l e s . T h i s d i s s o c i a t i o n i s known u n d e r t h e name o f t h e 

" W i e n d i s s o c i a t i o n e f f e c t " ( c f . 2 ) , a n d t a k e s p l a c e t o 

a n a p p r e c i a b l e d e g r e e o n l y i f t h e e l e c t r i c . f i e l d i n t e n s i t y 
4 6 / 

i s o f t h e o r d e r o f 10 t o 10 v o l t / c m . The d i s s o c i a t i o n 
e f f e c t f o r a m i n o a c i d s was f i r s t i n v e s t i g a t e d b y B l t f h 
a n d T e r e n t i u k . (2), who o b s e r v e d c o n s i d e r a b l e i n c r e a s e s 

(20 p e r c e n t ) o f e l e c t r i c c o n d u c t i v i t y o f a m i n o a c i d s 

( a n d o f p r o t e o s e s , e t c . ) i n e l e c t r i c f i e l d s o f t h e o r d e r 
5 

10 v o l t / c m . The r i s e i n c o n d u c t i v i t y o b s e r v e d i n 

a m i n o a c i d s ( a n d c e r t a i n o t h e r weak e l e c t r o l y t e s ) c a n 

b e e x p l a i n e d o n t h e a s s u m p t i o n o f t h e ' . ' r e m o v a l o f a 

p r o t o n f r o m t h e d i p o l a r i o n , t h u s p r o d u c i n g t e m p o r a r i l y 

a n e g a t i v e a m i n o a c i d p a r t i c l e . 

I n s e c t i o n ( E , a ) i t . was shown t e n t a t i v e l y , t h a t t h e 

e l e c t r i c f i e l d i n t e n s i t y i n l i v i n g m e m b r a n e s may a t t a i n 
5 6 

v a l u e s o f 10 o r 10 v o l t / c m . F r o m t h e h i s t o l o g i c a l a n d 

p h y s i o l o g i c a l e v i d e n c e , i t c a n be a s s u m e d t h a t t h e f i e l d 

i s l o c a t e d i n t h e t h i n b a s a l membrane o r c l o s e t o i t , a n d 

t h a t i t may r e a c h t h e f i e l d i n t e n s i t i e s r e q u i r e d f o r t h e 

d i s s o c i a t i o n e f f e c t . A s h a s b e e n s u g g e s t e d , b e f o r e , C e r t a i n 

t h i n p a r t s o f t h e b a s a l membrane may be t h e f o c i o f h i g h 
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e l e c t r i c f i e l d s , and serve as "portals" f o r the 

u n i d i r e c t i o n a l entry of amino acids. These points could 

be d i f f e r e n t from the points or areas responsible f o r 

the transfer of negative ions present i n strong e l e c t r o l y t e s . 

For other membranes, as those of marine eggs, studied 
—6 7 

by Cole (5), thinknesses of the order of 10 to 10 cm. 

have been found with the help of capacity measurements. 

I f we assume the existence of a strong e l e c t r i c 

f i e l d i n the frog skin membrane, the amino acid molecule 

conceivably would dissociate upon entering the f i e l d , space, 

lose i t s p o s i t i v e charge, and thus be s h i f t e d as a negative 

p a r t i c l e i n d i r e c t i o n towards the p o s i t i v e side of the 

membrane, irregardless of the side from which the molecule 

enters. In case of frog skin we know that d i f f u s i o n of 

amino acids takes place more or le s s e x c l u s i v e l y from 

outside to inside., that i s from the negative to the 

p o s i t i v e side. The e l e c t r i c f i e l d thus a c t i v e l y s h i f t s 

amino acid molecules as negative ions i n the d i r e c t i o n 

0-^*1, and prevents the transport i n the opposite d i r e c t i o n . 

A transport of pos i t i v e charge, either of protons, or of 

other p o s i t i v e i o n s , - w i l l have to take place simultaneously, 

but the negative amino acid w i l l recombine, upon reaching 

the f i e l d - f r e e space, with proton of the surrounding 

medium. 
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T h i s s o r t o f pumping mechanism f o r amino a c i d s may

be assumed t o operate i n a l l cases where an a c t i v e t r a n s f e r 

or u n i d i r e c t i o n a l d i f f u s i o n o f amino a c i d s has been 

observed, e.g. i n t h e i n t e s t i n e o f the r a t , i n f e t a l growth 

e t c . The Wien d i s s o c i a t i o n e f f e c t might a l s o p l a y a r o l e 

i n the membrane d i f f u s i o n o f weak e l e c t r o l y t e s i n g e n e r a l . 

C o r r e l a t i o n s between i r r e c i p r o c a l d i f f u s i o n and the d i r e c t i o n 

o f t h e e l e c t r i c f i e l d i n the membranes concerned, could be 

e a s i l y e s t a b l i s h e d , whereas the q u e s t i o n o f the i n t e n s i t y 

' o f the f i e l d w i l l l i k e l y always remain d e b a t a b l e . The 

mucosa o f the i n t e s t i n a l w a l l o f f r o g , e.g. has been found 

n e g a t i v e l y charged r e l a t i v e to the charge o f the deeper 

l a y e r s , i n agreement wi t h the d i r e c t i o n o f net d i f f u s i o n 

f l o w . The h y p o t h e s i s o f a c t i v e t r a n s f e r o f amino a c i d s , 

here presented, may prove t o be o f h e u r i s t i c v alue i n the 

i n v e s t i g a t i o n o f growth p r o c e s s e s , and p a r t i c u l a r l y those 

o f carcinomatous growth. 
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F . SUMMARY 

The v i b r a t i n g p r o b e v o l t m e t e r f o r t h e measurement 

o f b i o e l e c t r i c p o t e n t i a l s by B l u h and S c o t t h a s b e e n u s e d 

i n an i m p r o v e d form f o r measurements o f f r o g s k i n p o t e n t i a l 

d i f f e r e n c e s . 

I n good agreement w i t h e a r l i e r f i n d i n g s t h e o b s e r v e d 

f r o g s k i n p o t e n t i a l d i f f e r e n c e s were found t o be o f t h e 

o r d e r o f 100 m i l l i v o l t s , and the p o l a r i t y such t h a t ' t h e 

i n s i d e o f t h e s k i n was p o s i t i v e r e l a t i v e t o the o u t s i d e . 

B i o e l e c t r i c p o t e n t i a l measurements were made d u r i n g 

t h e i n f l u x o f sodium c h l o r i d e and amino a c i d s i n aqueous 

s o l u t i o n s i n t o f r o g s k i n i n e i t h e r d i r e c t i o n . C h a r a c t e r i s t i c 

p o t e n t i a l changes were o b s e r v e d f o r d i f f e r e n t s u b s t a n c e s 

a n d o p p o s i t e d i r e c t i o n s o f f l u x , and have been u s e d t o 

d e m o n s t r a t e t h e asymmetry o f f r o g s k i n p e r m e a b i l i t y . 

T r a n s f e r mechanisms f o r sodium c h l o r i d e and amino 

a c i d s have been a d v a n c e d from t h e s t a n d p o i n t o f t h e 

a s s u m p t i o n t h a t a n e l e c t r i c a l f i e l d e x i s t s i n t h e f r o g s k i n 

membrane. 
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