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SUMMARY 

Changes in the electrical potential established across the non-innervated mem- 
brane of the isolated electroplax occur when the innervated membrane is depolarized 
by bath application of either cholinergic agonists or a physiological solution containing 
a high concentration of K ÷. Such changes do not therefore represent a decrease in 
internal K + concentration. That  the intracellular concentrations of K ÷ and Na + do not 
vary appreciably upon bath application of cholinergic agonists is further substantiated 
by measurements of the volume of the cell and of its total content of both potassium 
and sodium. This result is of importance for the interpretation of the steady changes 
of electrical potential caused on the innervated membrane by the cholinergic agonists. 

INTRODUCTION 

The isolated electroplax from the electric organ of Electrophorus electricus is one 
of the most convenient preparations for the study of the molecular mechanisms of 
membrane excitation 1. On considering the importance of the conclusions which have 
been inferred from data obtained with this cell, it appeared to us to be of interest to 
reconsider in detail some of the basic features of the cell response to cholinergic 
agonists. One such feature is the variation in the ionic concentration of Na + and K+ 
within the cell during bath application of cholinergic agonists. As already discussed 
by several authors, the electroplax is an asymmetrical cell and only one of its faces, 
the innervated membrane, is excitable. The function of the non-innervated membrane 
is to maintain an ionic gradient between the inside and the outside of the cell by means 
of active transport. Since ions flow along their electrochemical gradient during 
excitation, it is important to know to what extent the active transport mechanism 
can compensate for the depletion of ions caused by excitation. KARLIN ~ has considered 
this problem and concluded, on the basis of several experiments, that during I - i 0  
rain of standard exposure to cholinergic agonists: (I) the intracellular K ÷ concentra- 
tion IK+]i decreases 2-fold and (2) the intracellular Na ÷ concentration [Na+]l, 
increases Io-fold. The experimental evidence presented in favor of these conclusions 
was as follows: (I) When the innervated membrane is depolarized by exposure to 
cholinergic agonists, the non-innervated membrane depolarizes as well, although 
to a lesser extent. (2) When ouabain, a specific inhibitor of active transport, is applied 
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to the non-innervated face, the repolarization of the innervated membrane, after 
exposure to cholinergic agonists, is inhibited. 

The results presented in this paper indicate that  none of these observations, in 
fact, are demonstrative of a change in internal ionic concentration. Direct measure- 
ments of ionic concentrations inside the cell show that  during excitation the total  
K + or Na + concentrations do not change by  more than lO%. The measurement of the 
steady-state potential, as used originally by  HIGMAN et al. 1, thus constitutes a reliable 
index of the changes in properties of the excitable membrane. 

MATERIALS 

Electroplax from the organ of Sachs of Electrophorus electricus were dissected 
according to tile improved method developed by  SCHOFFENIELS 8. Only undamaged 
electroplax with a fairly complete separation of the innervated membrane from the 
connective tissue of the contiguous compartment  were employed. 

The adherent water of the cell was drained against the smooth lip of a cylindrical 
beaker, by going six times progressively around the circumference of the beaker so tha t  
all sides of the preparation were drained, then the cell was weighed on a torsion 
balance (Mettler and Co.) (blotting on filter paper causes damage). The weights 
ranged between 4 and 35 mg. The analyses were carried out in the eel's Ringer 
solution 4 to which the various compounds were added. 

All the radioactive compounds were from C.E.N., Radioisotopes Department  
(Mol, Belgium). Ouabain and carbamylcholine were from K and K laboratories. 

METHODS 

Chemical analyses 
Electrolytes were extracted by  soaking the cell in dilute acetic acid overnight. 

Identical results were obtained by soaking the cell in either 6 M HC1 or 1% Triton 
X-Ioo. CNa+~ and EK +] were determined with a Zeiss spectrophotometer PMQ I I  
provided with a flame at tachment  FA. Gas supplied to the burner was a mixture of 
O~ and H a. Absorbances were read at 766.5 nm for K +, with a window width of I.O mm. 
A solution of 5" lO-4 M K + gives, in these conditions, an absorbance of 55.0. [Na+] 
was measured at 589 nm, with a window width of 0.008 mm. A solution of 5" lO-4 M 
Na ÷ gives, in these conditions, an absorbance of 33.0. 

Membrane potentials 
Membrane potentials were determined according to the procedure of HIGMAN 

et al. 1. The composition of Ringer's physiological solution is given in ref. 4. When EK +] 
was changed, ENa+ 1 was changed as well, in such a manner that  the total concentra- 
tion of Na + + K+ remained constant. 

RESULTS 

Effect of the variation of external potassium concentration on the electrical potential of 
the innervated and non-innervated membranes 

According to KARLIN z, variations of the electrical potential across the non-inner- 
vated membrane reflects a change in [K+]l. In order to test the validity of this inter- 
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pretation we decided to mimic the depolarization by  cholinergic agonists at the 
innervated membrane by  changing the external [K+]0 concentration in Ringer's 
fluid, K+ being replaced by  Na +. 

We first verified, as illustrated in Fig. I, and in agreement with the result of 
HIGMAN etal. 1, that  when K 0 varies the innervated membrane behaves like a potas- 
sium electrode: the slope of the Nernst plot of the data is 58 mV for a Io-fold increase 
in [K+]0 and the membrane potential becomes zero for [K+]o = 200 mM. We then 
measured the membrane potential of the non-innervated membrane during depolariza- 
tion of the innervated membrane by  bath  application of high [K+10. 

The driving force for inward K + movement  is given by V - VK, where V is the 
membrane potential and Vx ---- R T  in [K+li/[K+10, the equilibrium potential for K +. 
When [K+]0 increases Vx decreases, thus the driving force for inward K+ movement  
should increase: If changes in the potential across the non-innervated membrane 
indeed represent changes in [K+]l, then an increase in [K+]0 should either give an 
increase of potential or no change at all. In any case, the potential should never de- 
crease. In fact, as shown in Fig. 2, when the innervated membrane is depolarized by  
high [K+lo the potential across the non-innervated membrane decreases as well. 
Changes of potential at this level do not thus represent changes in [K+~t  . We there- 
fore abandoned measurements of the electrical potential across the non-innelvated 
membrane. 

Effects of the variation of external potassium concentration on electrical potential after 
prolonged exposure to a cholinergic agonist, earbamyeholine, and (or) to an inhibitor 
of active transport, ouabain 

Another indication in favor of a change of [ K + I I  following excitation might come 
from the use of inhibitors of active transport  such as ouabain. Ouabain prevents the 
compensatory effect of active transport  and thus should make the loss of ion due to 
excitation (or leak) more evident. I t  might even lead to a change in the equilibrium 
potential value for that  ion (Vx). 

First of all, Fig. 3 shows that  the potential response to 6.5" lO -3 M [K+10 meas- 
ured across the innervated membrane after exposure of the non-innervated membrane 
to lO -4 M ouabain for IO min is reversible and has the same amplitude as in control 
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Fig. I. Ne rns t  plot  of the  var ia t ion  of t he  m e m b r a n e  po ten t i a l  wi th  IK+]0. See tex t .  Carb, c a rbamy l -  
choline. 

Fig. 2. Depolar iza t ion  of t he  i nne rva t ed  (EI) and  n o n - i n n e r v a t e d  (El,;) m e m b r a n e  by  appl ica t ion  
of 6. 5 • IO -= M [K+]o to t he  i nne rva t ed  side. R,  indicates  appl ica t ion  of R inge r ' s  solution.  
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cells. In contrast, when 4" IO-4 M carbamylcholine is applied, the cell depolarizes as 
in the controls but  the repolarization is, in agreement with KARLIN'S result z, strongly 
inhibited. The question is, then, does such an inhibition indeed represent a change in 
[K+]l? Fig. 3 shows that  subsequent application of 6.5" IO -s and 1. 5. IO -1 M [K+]0 on 
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Fig. 3. Response of the innervated membrane to [K+]0 and ca~bamylcho]ine after exposure of 
io  -4 M ouaba in  to the  non - i nne rva t ed  m e m b r a n e  for io  min .  The  concen t ra t ions  of [K+]0 a n d  
ca rbamylcho l ine  (Carb) are  ind ica ted  and  R,  indica tes  R inger ' s  solution.  

the innervated membrane leads to almost the same absolute value of the membrane 
potential as in the control cells. Furthermore, the Nernst plot of a more complete set 
of data  obtained when [K+]o is varied from 5" IO-S up to 1.6. lO -1 M in the presence 
of carbamylcholine, or in the presence of ouabain after exposure to carbamylcholine, 
extrapolate to almost the same value of [K+]o at zero potential. If  [K+~i had changed 
by  50 % a noticeable shift in the position of the Nernst plot would have been detected. 
These results indicate that,  within our experimental conditions, we have no indication 
for an appreciable change in IK+]t *. 

Direct measurements of internal potassium concentrations by flame speetrophotometry 
Measurement of extracellular space 
Estimation of ionic concentrations within the cell requires, as a pre-requisite, 

determination of the volume of the cell. For this purpose we compared the wet weight 
of the cell with its external volume, estimated with radioactive [3Hlinulin (C.E.N. 
radioisotopes department,  Mol, Belgium), a compound to which the cell is highly 
impermeable (see METHODS). Fig. 4 shows the kinetics of equilibration of a set of cells 
in the presence of inulin. Half-equilibration is achieved in about 15 min and after 2 h 
the equilibration was assumed to be complete. In these conditions, the extracellular 
space was 75 4- 5 % of the total volume, assuming for the cell a density of I. Other 
"impermeable" indicators, such as [Me-Z~C]-fl-D-thiogalactopyranoside or 22Na, gave 
approximately the same results. Incidentally, our data are in agreement with those of 
DAVSON AND LAGE e who reported that,  using 2*Na or chloride as indicators, and slices 
of electric organ, the extracellular space constitutes 7 o% of the total  volume of the 
electroplax in the caudal region of the eel. 

* Recen t ly  RUIZ-MANRESA 5 ha s  m e a s u r e d  c u r r e n t - v o l t a g e  re la t ionships  of t he  i n n e r v a t e d  
m e m b r a n e  of t he  e lect roplax af ter  exposure  to a m a x i m a l  dose of ca rbamylcho l ine .  U n d e r  these  
condi t ions  VK does no t  change.  

Biochim. Biophys. Acta, 219 (I97 o) 398-404 



4 0 2  R. BLUMENTHAL, J . -P .  CHANGEUX 

The invariance of internal volume upon depolarization by Carbamylcholine 
We considered the possibility that  in the course of excitation an appreciable 

change in the volume of the cell might occur, which would, as a consequence, con- 
tr ibute to a change in internal ionic concentration. We therefore measured the per- 
meability of the cell to water before, during and after excitation. For this purpose 
we followed the passive transport  of tritiated water across a single electroplax mount- 
ed according to the procedure of HIGMAN et al. 1. Ringer's solution containing 3HHO 
(0.5 mC/ml) was applied to the compartment  facing the non-innervated membrane 
and normal Ringer's solution was passed at a rate of 8 ml/min through the compart-  
ment  on the innervated side. The radioactivity of the solution bathing the innervated 
membrane rapidly reaches a steady state which corresponds to the permeability 
of the cell to water at rest. Then lO -4 M carbamylcholine was added to the washing 
solution, giving a maximal depolarization of the cell. Fig. 5 shows the result of such 
an experiment: a 61 mV depolarization of the cell, which causes a 4-fold transient 
increase in potassium efflux 1, does not produce a change in water permeability within 
lO% accuracy. The permeability to water (Pd) across the cell is 2.35 ( ±  0.23). lO -4 
cm/sec. This result may  be compared with the results of VILLEGAS AND VILLEGAS v, 

who obtained a Pd of 1.42 + (0.39)" lO -4 cm/sec in the giant nerve fiber of Dory- 
teuthis plei. Since no appreciable change of water permeability occurs upon excitation, 
we therefore conclude that  no appreciable volume changes have to be taken into 
account. 

Direct determination of total internal potassium and sodium concentrations 
Since the volume of the cell does not change significantly upon excitation, direct 

measurement of the ionic content of the cell should give an estimate of the actual 
concentration of the ion under consideration in the cell. The total content of Na + 
and K+ was measured by means of flame spectrophotometry after extraction of 
cations by  dilute acetic acid (see METaODS). In Table I are shown the total contents 
of K+ and iWa + in cells exposed for various lengths of t ime to lO -4 M carbamylcholine, 
lO -4 M ouabain and to both these compounds. 

I t  is clear that  a depolarization of IO min, performed either in the presence 
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Fig. 4. R a t e  of equi l ibra t ion  of [14C]inulin wi th  e lectroplax a t  23 o. The  dots  represent  m e a n  values.  
S t a n d a r d  errors and  t he  n u m b e r  of de t e rmina t ions  for each m e a n  va lue  are  indicated.  

Fig. 5. Membrane  po ten t ia l  and  wate r  pe rmeab i l i ty  as a func t ion  of t ime  af ter  appl ica t ion  of lO -4 M 
ca rbamylcho l ine  (Carb) and  Ringer  (R) as indicated.  The  wa te r  pe rmeab i l i t y  is defined as Pd  
J/p, where  J is the  aHHO flux per  un i t  a rea  (counts /min  in t he  super f luen t ) / ( sec .a rea  of t he  
window) and  p t he  specific ac t iv i ty  of aHHO in the  b a t h i n g  solution.  
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T A B L E  I 

[K+]i A N D  [Na+]l I N  S I N G L E  E L E C T R O P L A X  C E L L S  

T h e  concen t ra t ions  are  in m M / k g  cells a f te r  correct ion for ex t race l lu la r  space.  

403 

Medium + Time of [K+]l [Na+]l 
additions (IO "-4 M) application 

(rain) 

Number 
of cells 

Ringe r ' s  so lu t ion  16o.1 4- 8.9 11.8 
+ ca rbamylcho l ine  I 159. 5 4- 9.0 14. 5 
+ ca rbamylcho l ine  io  153.9 4- 7 .1 7.9 
+ ca rbamylcho l ine  20 152.2 4- 4.7 18.1 
+ ca rbamylcho l ine  + 

R inger ' s  solut ion io  + io  158.9 4- 8.8 14.8 
+ ouaba in  io  155. 5 4- 7.5 16.6 
+ ouaba in  18o 131.3 4- 11.7 37.3 
+ o u a b a i n  
+ ouaba in  + 

ca rbamylcho l ine  io  152.2 4- 9.6 16.7 
+ ouaba in  + 

ca rbamylcho l ine  18o 122.1 4- 5.8 35.7 

4- 6 67 
4- 24.6 15 
4 -30 .7  23 
4- 18. 4 i i  

4- 13.5 9 
4 -26 .2  i2 
-~-35.o i I  

-4- 17.1 9 

-4- 30.3 II 

or in the absence of ouabain, does not produce any significant change (less than Io%) 
in [Na +] and [K+]. Only prolonged exposure of several hours to ouabain in the 
presence or the absence of carbamylcholine gives an appreciable change. Excitation 
of the cell, following a standard procedure of a few minutes, therefore, does not pro- 
duce any significant change in the total [K +] or [Na +] in the isolated electroplax. 

DISCUSSION 

Using both electrophysiological and chemical methods, we are unable to dem- 
onstrate any significant change in the total concentration of ions in the electroplax, 
during chemical excitation. The changes in electrical potential at the non-innervated 
membrane, therefore, cannot be considered to provide an index of internal ionic con- 
centration ; such changes may rather represent some kind of electric coupling between 
the innervated membrane and the non-innervated membrane, or simply changes in 
electrical potential at the innervated membrane outside the window surface. The effect 
of ouabain is rather difficult to interpret. Either it represents local changes in the 
ionic gradients which are small enough to leave the total ionic concentration un- 
changed (this implies that  some kind of compartmentalization exists within the cell), 
or ouabain applied at the non-innervated membrane crosses the cell and becomes an 
effector of the inner face of the innervated membrane through some kind of pharma- 
cological action distinct from inhibition of active transport. In any case, although 
ions flow passively across the innervated membrane during excitation, the volume of 
the cell is large enough and the active transport sufficiently high, that no appreciable 
alteration of the steady concentration of ions within the cell is detectable. This result 
is of importance for the quantitative interpretation of the cell response. If appreciable 
changes in ionic concentration were involved in the course of this response, the actual 
measurement of the steady-state potential at a given concentration of agonist would 
not strictly represent changes in properties of the innervated membrane. The present 
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resul ts  suppor t  the  conclusions of HIGMAN et al. 1 and of CHANGEUX AND PODLESKI 8 
t h a t  these  s t eady - s t a t e  potent ia ls  are reasonable  indices of the  pe rmeab i l i ty  changes 
occurr ing at  the  innerva ted  membrane .  This conclusion is fu r ther  suppor ted  b y  the  
observa t ion  of KASAI AND CHANGEUX 9 t ha t  the  dose- response  curves ob ta ined  b y  
measur ing  the  s t eady - s t a t e  potent ia ls ,  in  vivo, and Na  + fluxes across purified mem- 
b rane  bags,  in  vitro, super impose  almost  exact ly .  
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