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Summary. When a frog skin is used to separate two 
compartments ,  and lithium is added to the external 
medium, t ransmembrane electric potential oscilla- 
tions frequently occur. When no external current is 
imposed, sustained oscillations, with a period of 
about  10 min, are maintained for several hours. An 
oscillation of the Na  + influx accompanies the electric 
oscillation, though the two oscillations are out of  
phase to a greater or less extent. 

Theophyllin promotes  a significant decrease in the 
mean electric potential of  the skin, but it does not 
affect very much the characteristics of  the oscillation. 
Impor tan t  factors influencing the oscillation are tem- 
perature, permeability of  the external membrane  to 
lithium, and potassium concentration in the internal 
medium. No correlation can be detected between oscil- 
lation characteristics and skin area. This suggests 
that the oscillation is of a local nature, possibly origi- 
nating at the cellular level. Occurrence of macroscopic 
oscillations implies coupling between local oscillators. 
Coupling between two epithelia has been studied un- 
der diverse conditions. The coupling is of an electrical 
nature: by varying the value of the coupling resis- 
tance, it is possible to control synchronization of the 
oscillations. 

been studied in more detail. [6, 32, 33, 35] and a 
number  of experimental data have been obtained. 
However, up to now, no comprehensive theoretical 
interpretation of the phenomenon has been proposed. 

We aim to derive such an interpretation by using 
the formulation of the nonstat ionary states, as devel- 
oped by the Brussels school [10, 21]. The idea is that 
the epithelium attains a stationary state when no lith- 
ium is present in the external medium, but that 
addition of lithium would promote,  in the flow-force 
relations of  the epithelium, one of those nonlinearities 
that can lead to instability and oscillations. In the 
chronological development of  our approach,  the ex- 
periments and the theoretical considerations have 
been elaborated simultaneously. For  the sake of  clar- 
ity, we have divided our work into several parts. The 
present paper gives only our original experime, ntal 
data, i.e., data the necessity for which has emerged 
in the course of  the theoretical elaboration and wlhich 
we have not found in the literature. The details of 
the theoretical treatment will be explained subse- 
quently in two steps: (i) building of a local model 
of  oscillations and (ii) explanation of how the local 
oscillators synchronize themselves in the form of an 
overall oscillation of the electric potential. 

Since Dubois -Raymond discovered in 1848 [5] the 
electromotive force of the frog skin, many studies 
have shown that the presence, in the external medium, 
of  either Na  + or Li +, was absolutely necessary to 
maintain the epithelium potential [7, 11, 20]. K +, 
Cs +, Rb + or NH4 + are ineffective [33]. It  was first 
considered that Li + merely replaced Na  + in the elec- 
trogenic process, but it soon became apparent  that 
the presence of Li + in the external medium was also 
capable of  inducing an oscillation of the transepithe- 
lial potential [13]. Since then, the phenomenon has 

1. Materials and Methods 

The frogs were male Rana esculenta originating from two different 
suppliers (Animalabo, 75014 Paris, France; and Guy Conetard, 
Le Pissot 85270 St Hiller de Riez, France), and referred to as 
batches A and B in the following text. Between arrival at the 
laboratory and being used in the experiments, the frogs were kept 
in a pond maintained at constant temperature 10 ~ For the exper- 
iments, the animals were decapitated and the skin of the abdomen 
removed. It was mounted in an experimental device [30] modified 
from that of Ussing [38], between two compartments e and i corre- 
sponding, respectively, to its external and internal faces. The com- 
partments were filled with various solutions of mineral salts or 
organic substances, including the conventional Ringer solution 
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Fig. 1. Scheme of the apparatus used for 
producing electrical coupling between two 
frog skins. @ and @ : external and internal 
media for both frog skins 1 and 2. R~: salt 
bridge, with a variable resistance between 
the external or the internal compartments .  
E: saturated KC1 electrodes allowing 
transepithelial potential measurements .  B.' 
Ag/AgC1 electrodes allowing injection of an 
imposed electric current. 

t 
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Fig. 2. Scheme of the apparatus used for flux measurements .  @ 
and @ : external and internal media. 0: mean temperature of the 
compartment .  Pt: plat inum probe for temperature measurements ,  
contained in an inox chamber (IC). Th I and 2: thermostatically 
controlled chambers (the labeling radioisotope is in Th 1). PI: 
pump circulating the external solution in compar tment  e. MC: 
microcollector sampling solutions f rom compar tment  i for radioac- 
tive measurements .  R: reservoir with unlabeled Ringer solution. 
P2 : pump supplying thermostated chamber  Th 2 with Ringer solu- 
tion taken from reservoir R. FC G a m m a  Spectrometer. 

(NaC1, l l 2 m M ;  KC1, 2 mM; NaHCO3,  2.4 raM; CaCI2, 2 raM) or 
more or less modified variants of the above basic Ringer solution. 
The solutions in compar tment  e and i are, respectively, referred 
to as "ex te rna l"  and " in te rna l"  solutions. According to the experi- 
ment,  the area of skin separating both compartments  varied be- 
tween about  0.3 and 3 cm 2. Prior to beginning any type of treat- 
ment,  the skin was equilibrated by filling both compartments  with 
conventional Ringer solution and left until stable electric parame- 
ters were obtained. This took from one to several hours,  depending 
on the sample. 

The measurements  of the transepithelial electric potentials were 
made with KCl-saturated electrodes. Agar bridges (Agar-Agar 2%) 
with concentrated NaC1 (1 M) were used to link the electrodes 
to the solutions in the compartments .  The potentials to be measured 
lying between 10 to 100 mV and the epithelium impedance being 
at the most  a few k~2, a conventional potential recorder was suitable 
for such measurements .  We used a 12-way recorder which allowed 
several experiments to be carried out  simultaneously. It was possi- 
ble to impose an external current of  fixed value through the skin 
by using a battery; and, when necessary, a reinjection circuit [30] 

imposed across the skin any desired value of electric potential 
difference, with a transepithelial electric current  of up to 
50 pA c m -  2 The reinjection electrodes were of the Ag/AgC1 type. 
A particular case of such a situation was that of the short  circuited 
conditions, when the imposed potential difference was maintained 
at zero [39]. The compartments  used in those conditions were 
given a conic shape [30] so that  the equipotential surfaces were 
quasi-parallel to the skin. A continuous injection of air bubbles 
ensured both homogenizat ion of the solutions in the compartments  
and oxygenation of the skin. Electrical linkage of two different 
epithelia was achieved by using agar bridges (see Fig. 1) with NaCt  
concentration chosen such that  the bridges assumed any desired 
value of electrical resistance. 

Estimation of unidirectional fluxes of  sodium were performed 
as usual [38] with the aid of  the radioactive isotope 2*Na. However, 
the experimental device was modified in such a way that  these 
measurements  could be made precise enough to detect possible 
oscillations of the sodium fluxes. For  that  purpose (see Fig. 2), 
the volumes of both compartments  were reduced as much  as possi- 
ble (down to 3 ml), which increased the values of  the specific 
radioactivities to be measured.  The depth of fluid above each face 
of the skin was then no more than 0.8 ram. Teflon netting was 
extended over both sides of the skin in order to prevent it from 
being pressed towards the rear walt of  either compartment .  A 
continuous flow of solution was obtained in each compar tment  
by the use of a Minipuls pump. The solutions arrived, from ther- 
mostabilized reservoirs, at the level of  the skin; then they 
progressed to the periphery of the compar tment  through 35 holes 
0.6 m m  in diameter, and were finally collected with an automatic  
sample collector. The volume of liquid outside the compartments  
was not  more than 1 ml. Liquid flow was adjusted to 5 ml m i n -  1, 
which was enough to ensure a sufficient oxygenation of the skin, 
thus rendering injection of air bubbles unnecessary and at the same 
time avoiding the development of  excessive pressure gradients liable 
to damage the skin. Each liquid sample corresponded to one min- 
ute 's  functioning of the device, hence to 5ml  solution. The ra- 
dioactivity measurements  were made with a gamma  spectrometer 
(Gammat ic  SAIP, France). In each solution reservoir, an inox 
chamber allowed measurement  of  the mean  temperature with a 
plat inum probe. Control experiments, made with the aid of  thermis- 
tors (Fenwal electronic, USA), showed that  the temperature change 
of the solution did not  exceed 0.5 ~ during flow along the skin, 
the reservoir temperature being 10 ~ and the ambient  temperature 
20 ~ This shows that the temperature at the level of  the skin 
can be estimated by that of  the reservoir with a precision better 
than 1 ~ 

Most  of the experiments were performed on the entire skin. 
However, in a few cases, only the separated epithelium was used. 
Separation of the epithelium from the underlying cellular layers 
of the skin was achieved by an appropriate enzymatic treatment 
[25]. 

In some instances both compartments ,  e and i, were subcom- 
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partmentalized (el, il ; e2, i2; etc.), thus allowing the simultaneous 
study of different areas of  a single skin. 

2. Results 

2.1. Evidence of Oscillations : General Features 
of the Phenomenon 

Consider a skin pre-equilibrated with a Ringer solu- 
tion bathing both faces, followed by a change in the 
external medium composition, in which lithium is in- 
corporated. Frequently under such conditions, the 
spontaneous potential of the skin will begin to oscil- 
late with a period of a few minutes, Figure 3 a gives 
an example of such a phenomenon. The oscillatory 
process exhibited at least two fundamental character- 
istics: (i) no condition other than the presence of 
Li + in the external medium was able to induce such 
oscillations; (ii) when it occurred, the oscillation 
started almost immediately after modification of the 
external medium. There was no visible lag-phase. 

The phenomenon was rather variable in character. 
For instance, for batch of frog A, under the ionic 
conditions "Ringer  solution in the internal medium" 
and "115 mM LiC1 in the external medium,"  the smal- 
lest and the largest values of the periods measured 
in 10 comparable experiments were 3.5 and 12.5 rain, 
respectively. Similar variations of the period value 
were observed under other experimental conditions. 
Table 1 gives the mean values and standard deviations 
of the period in the different experimental situations. 
The amplitude was even more variable (not shown 
in the table). There was also a significant difference 
between the two batches of frogs, although they were 
of the same species (see Table 1). For a given skin 
in a given ionic situation, both the period and the 
amplitude varied with time. This is not indicated in 
the table, though we have previously given [35] an 
example of skin oscillation lasting more than 20 hr, 
with the period progressively changing from 8 rain 
at the beginning of the oscillation to 18 min at the 
end. This is the reason why, in most of the figures 
and tables, we give only the mean values of the period 
over each whole experiment (duration of the oscilla- 
tion divided by the number of oscillations). The phe- 
nomenon was also seasonally dependent. The seasons 
the most favorable were autumn and winter. At the 
end of spring the oscillation became less obvious, 
and during summer it proved impossible to obtain 
any oscillation, even when the experiments were 
performed in thermostabilized conditions. During 
winter, some skins started oscillating for Li+/Na + 
ratios not greater than 0.1 or 0.2, while most needed 
much higher Li+/Na + ratios (>0.5), and a few 
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Fig. 3. Oscillation of the transepithelial electric potential Ad? (rela- 
tive to external medium). (a): Initiation of the oscillation and 
its stability with time. Appara tus  used was that described in Fig. 1. 
The internal medium was conventional Ringer solution throughout  
the whote experiment, The external medium was conventional 
Ringer solution at the beginning of  the experiment, when the skin 
potential difference was stationary. At the time indicated by the 
arrow, the external Ringer solution was changed for a 115 mM LiC1 
solution: oscillations started almost  immediately, and were sus- 
tained during several hours.  (b): Effect of  amiloride in the external 
medium. A skin, oscillating under the same conditions as described 
above, was treated with 25 ~tM amiloride at the time indicated 
by the first arrow (C~,m) : the oscillation immediately vanished with- 
out  the potential falling completely to zero. Amiloride was removed 
at the time indicated by the second arrow (Cam = 0): the oscillation 
was almost  immediately restored. 

Table 1. Period of  the oscillation for various external media" 

External Frog batch Number  of Period of 
medium experiments oscillations (min) 

Mean Standard 
value deviation 

A 10 5.9 2.4 
LiC1 115 mM 

B 7 10.4 1.5 

A 59 6.3 3.2 
Varied 

B 18 10.5 1.5 

" The internal medimn was the conventional Ringer solution. 
The external medium was either a 115 mM LiCI solution or solu- 
tions more complex and varying from one experiment to another 
(diluted LiCI solutions or solutions of total concentration 115 mM 
but  containing one or several other substances such as NaCI, KCI, 
CaC12, choline, or sucrose besides lithium). 

wouldn't  oscillate at all, even when all of the sodium 
was replaced by lithium in the external medium. 

Table 2 shows that, after a transient modification 
of the composition of the bathing media, the re- 
versibility of the phenomenon was not very good: 
5.9 rain for the mean period in initial conditions, 5.2 
for that corresponding to changes in the media, and 
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Table 2. Effect of a transitory modification 
of the ionic conditions a 

The experiments were always carried out 
by starting the oscillation in given ionic con- 
ditions, then changing either the external or 
the internal medium, and ultimately coming 
back to the initial situation. Chol= choline; 
Ringer = conventional Ringer solution; 
Ringer (KCl:10)=Ringer solution where 
part of the NaC1 was replaced by KC1 in 
order to bring the KC1 concentration to 
10 mN. All of the fi:ogs belonged to batch 
A, 

Reference Date of External medium Internal medium Period 
No. experiment (raM) (ml~) (min) 

LiCI: 69; KC1: 46 Ringer 4.6 
~1 23-2-76 LiCI: 115 Ringer 4.6 

LiCI: 69; KCI: 46 Ringer 4 

LiCI: 23 ; KCI: 92 Ringer 7.6 
2-2 23-1 76 LiCI: 23; KCI: 92 Ringer (KCI:10) 4.6 damped 

LiCI: 23 ; KCI: 92 Ringer 7.5 

LiCI: 23; Chol: 92 Ringer 5.5 
2-3 20-1-76 LiCI: 11.5; Chol: 103.5 Ringer 6.6 

LiCI: 23; Chol: 92 Ringer 7.5 

LiCI: 23 ; KCI: 92 Ringer 5.1 
2-4 26-1-76 LiCI: 69 ; KCI : 46 Ringer 3.7 

LiCl: 23 ; KCI: 92 Ringer 4.3 

LiCI: 23 ; Chol: 92 Ringer 4 
2-5 21-1-76 LiCI: 23; Chol: 92 Ringer (KCl:10) 4.6 

LiCI: 23; Chol: 92 Ringer 4.9 

LiCI: 115 Ringer 5.6 
2-6 14-1-76 LiCl: 57.5; NaCI: 57 .5  Ringer 6 

LiCI: 115 Ringer 8.2 

LiCI: 23 ; KCI: 92 Ringer 8.6 
2-7 10-2-76 LiC1 : 46; KC1: 69 Ringer 6.5 

LiCI: 23 ; KCI: 92 Ringer 8.3 
Mean value in initial conditions 5.9 
Standard deviation in initial conditions 1.7 

Mean value during transitory conditions 5.2 
Standard deviation during transitory conditions 1.1 

Mean value when back to initial conditions 6.4 
Standard deviation when back to initial conditions 1.9 

6.4 when coming  back  to condi t ions  ana logous  to 
the ini t ial  ones. 

The shapes of  the osci l la t ions  were also somewha t  
var iable .  They var ied  f rom very simple,  quasi-s inu-  
so ida l  osci l la t ions  to h ighly  complex ,  i r regular  ones. In 
a previous  pape r  [35], we showed tha t  appea rance  
of  the complex  type of  osc i l la t ion  was favored  by  
using an external  m e d i u m  modi f i ed  f rom a Ringer  
so lu t ion  by  re ta in ing only  2% of  its or ig inal  N a  § 
and replac ing  the rest  by chol ine and 10 to 20% 
Li +. This,  however ,  canno t  be taken  as a genera l  
rule, as we have  now found  some examples  of  complex  
osci l la t ions in the absence of  choline,  and of  quasi-  
s inusoida l  osci l la t ions  in the presence of  chol ine 
Cases were even no ted  where,  in the course of  an 
exper iment ,  the osc i l la t ion  spon taneous ly  changed  
f rom a quas i - s inuso ida l  to a complex  one or,  con- 
versely, w i thou t  any  mod i f i ca t ion  of  the ba th ing  me- 
dia.  

2.2. Electric Potential Oscillations 
of the Isolated Epithelium 

Exper iment ing  with the i sola ted  ep i the l ium was ra ther  
c umbe r some  because  the la t ter  is mechanica l ly  fragile. 

I t  was especial ly diff icult  to ensure  a sufficient oxy- 
gena t ion  by inject ion of  air  bubbles  w i thou t  also tear-  
ing the epi thel ium.  F igure  4 gives, however ,  an exam- 
ple of  the results  ob ta ined  with  i sola ted  epithel ia .  
L i th ium induced  an osc i l la t ion  of  the electric poten-  
tial. The osc i l la t ion  was ra the r  i r regular  and  it 
d a m p e d  rapidly ,  while the pe r iod  (5 to 6min )  was 
of  the same o rde r  of  magn i tude  as for  the osci l la t ions  
ob ta ined  with  the ent ire  skin. 

F o r  the sake of  exper imen ta l  s implici ty ,  in wha t  
now fol lows all the exper iments  were pe r fo rmed  with 
ent ire  skins. 

2.3. Effect of the Composition of the External Medium 

The induc t ion  of  the osc i l l a to ry  process  depended  
main ly  on the existence of  a sufficiently high Li 
concen t ra t ion  in the externa l  me d ium,  t hough  it d id  
no t  appea r  to depend  very much  on the presence 
of  o ther  substances  in the externa l  med ium.  Indeed,  
in Table  1, ca lcula t ion  of  the mean  value and  of  the 
s t anda rd  dev ia t ion  of  the pe r iod  was carr ied ou t  for  
external  med ia  o f  widely  va ry ing  compos i t i on ,  inc lud-  
ing 115 mM LiC1. The  results  are  r e m a r k a b l y  similar ,  
for  f rog batches  A and B. It  is no t ab l e  also tha t  
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A. [mV] 

20 [min] 

Fig. 4. Osci l lat ion o f  the spontaneous electric polent ia! difference 
o f  the separated epithelium. The interna! medium was a conven 1 
tional Ringer solution ; the external medium was a Ringer solution 
where 98% of Na  + was replaced by Li +. 

the osmotic pressure had certainly not the same value 
in the different external media, even at the same total 
concentration 115 raM, because the different compen- 
sating substances (NaC1, KC1, choline, sucrose) have 
not  the same ionization properties. Hence, at least 
on this scale of values, the osmotic pressure of the 
external medium does not influence the period of 
the oscillation very much. 

2.4. Effect of Various Inhibitors 

Theophylline is known to induce an accumulation 
of cyclic AMP in the cells via inhibition of the phos- 
phodiesterase [15, 23]. Table 3 describes the effect of 
this drug on the electric potential of the skin in three 
different experimental situations: skin nonoscillating 
because there was no lithium in the external medium 
(experiment 3-1), skin nonoscillating although lith- 
ium was present in the external medium (experiment 
3-2), and skin oscillating in the presence of lithium 
in the external medium (experiments 3-3, 3 4, and 
3-5). Theophylline, at least when added to the internal 
medium, clearly affected the mean electric potential 
of the skin. Indeed, in all the experimental situations 
(whether the skin was oscillating or not), addition 
of theophylline to the internal medium, at doses of 
the order of magnitude of 1 m~, caused a large de- 
crease of the mean skin potential. Subsequent washing 
out of theophylline in the internal medium was always 
followed by a re-establishment of the mean potential 
of the skin. The effect on the oscillation was, however, 
much less clear. When the skin was not oscillating, 
even with a large concentration of lithium in the exter- 
nal medium (experiment 3-2), addition of 1 m g  theo- 
phylline to the internal medium did not help to induce 
oscillation. When the skin was oscillating in the pres- 
ence of lithium (experiments 3-3 to 3-5), addition 
of theophylline to the internal medium seemed to 
increase the period and decrease the amplitude of 
the oscillation. However, the effect was very small 
and not always reproducible, especially as regards 
the amplitude. 

Several other drugs, known to modify the per- 
meability of  the external membrane of the skin, have 

been tested: amphotericin B [22] and parachloromer- 
curibenzoic acid, on the one hand (supposed to in- 
crease the passive permeability of external membrane 
to sodium), and amiloride, on the other hand (sup- 
posed to decrease this permeability) [19]. The oscilla- 
tions vanished in the presence of any of these sub- 
stances. Clearly reversible results were obtained with 
amiloride only (Fig. 3b), and even when the oscilla- 
tion was blocked, the skin was able to maintain a 
non-negligible potential difference which was hardly 
likely to be due to passive diffusion only. The mini- 
mum dose of amiloride required to suppress the oscil- 
lation was found to be in the region of 5 to 10 gM. 
Here again, the value of the period found after elimi- 
nation of amiloride appeared to be always somewhat 
longer than that observed before addition of the poi- 
son. The mean drift, calculated from 7 different exper- 
iments, was about 12%. 

2.5. Modification of the Composition 
and Osmotic Pressure of the Internal Medium 

It is more difficult to modify the internal medium 
than the external medium, because the epithelium 
seems to be very sensitive to perturbations on the 
internal side, which can damage it irreversibly. For  
instance, some experiments have been performed with 
the internal medium provided with the same solutions 
(where part of the sodium was replaced by lithium) 
as given to the external medium. This did not make 
the skin oscillate better. When up to 20% (and some- 
times up to 50%) of Na § was replaced by Li + in 
the internal medium, in the most favorable case, the 
results were identical to those obtained in comparable 
conditions with no Li + in the internal medium. In 
most cases, using a Li + modified Ringer solution 
in the internal medium led to various and nonrepro- 
ducible perturbations, such as big drifts of the mean 
electric potential of the skin or rapid damping of 
the electric potential oscillations. When all of the in- 
ternal sodium was replaced by lithium, not only was 
the oscillation blocked, but the skin potential 
collapsed irreversibly. In most of our oscillation ex- 
periments therefore, no lithium was added to the in- 
ternal medium. We also assumed that the lithium 
transported through the skin from the external me- 
dium did not  contribute a significant amount  of lith- 
ium to the internal medium, and did not therefore 
disturb the experiment. 

We were able to modify the osmotic pressure of 
the internal medium, by diluting the Ringer solution 
from which it was made, without irreversibly damag- 
ing the skin. This, in itself, never induced an oscilla- 
tion when no lithium was present in the external me- 
dium. There were cases, though, of skins which did 
not truly oscillate although lithium was present in 
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Table 3. Theophylline effect on the oscillation of the electric potential of the skin a 

Experiment Ionic Theophylline Mean skin Period of the Amplitude of the 
No. composition (mM) potential oscillation (min) oscillation (mV) 

of external (mV) 
medium Internal External Mean SD Mean SD 

medium Medium value value 

0 0 27 . . . .  
0.1 0 28 . . . .  
1 0 22 . . . .  

3-1 Ringer 0 0 29 - - - 
0 0.1 30 . . . .  
0 1 33 - - - 

1 1 25 . . . .  

3 2 Ringer 0 0 18 . . . .  
(90% Li) 1 0 9 . . . .  

3 3 Ringer 0 0 14 11 .l 1.4 1.4 0.3 
(70% Li) 1.25 1.25 10 14.4 6.5 0.5 0.3 

0 0 24 11.8 1.0 12.1 0.0 

3-4 Ringer 0 0 41 9.4 4.1 3.2 0.9 
(70% Li, 0.1 0 33 9.9 0.2 4.2 0.8 
28% choline) 0.2 0 31 10.2 0.9 7.2 2.4 

0.5 0 25 11.3 0.3 4.0 1.2 
1 0 22 12.4 0.4 2.2 0.4 
0 0 25 11.3 0.7 6.4 1.0 
1 0 22 13.8 0.5 1.9 0.3 
2 1 21 16.3 2.t 1.0 0.2 

3 5 Ringer 0 0 25 7.0 0.4 2.3 0.6 
(70% Li, 0.1 0 25 9.8 0.5 8.7 2.4 
28% choline) 1 0 15 12.0 0.5 3.6 1.1 

0 0 38 10.3 0.4 7.1 0.8 
0 1 29 12.3 0.9 15.6 1.4 
0 0 28 10.0 1.4 3.0 2.5 

a Internal medium was always the conventional Ringer solution; external medium was a Ringer solution 
where part of Na § was possibly replaced by Li § or choline. When no values of period and amplitude are 
given, it means that the skin did not oscillate. 

their external medium, and which began to oscillate 
following a 20% diminution of the internal osmotic 
pressure. This effect, however, was not fully reproduc- 
ible as it was obtained only 5 times in 12 comparable 
experiments. 

The effect of the internal concentration of potas- 
sium was more interesting. The experiments were 
carried out by modifying the K+/Na  § ratio (at 
roughly constant total ionic concentration) in the 
Ringer solution on the internal face of the epithelium. 
Figure 5 b shows a typical result obtained. Increasing 
the internal potassium blocked the oscillation, which 
was restored when the right concentration of potas- 
sium was re-established. The experiment was not 
always perfectly reproducible. However, from 14 ex- 
periments comparable to that of Fig. 5b, it appeared 
that, even when increasing the internal K+-concentra - 
tion did not completely suppress the oscillation, it 
enhanced the period of the oscillation in most cases. 
Moreover, increasing the internal potassium concen- 

tration also changed the shape of the oscillation curve, 
which then tended to look like a relaxation process 
instead of remaining quasi-sinusoidal. 

2.6. Sustained Character of the Oscillation 

Several authors [6, 33] have described oscillations of 
the spontaneous potential which were not sustained 
for more than 1 or 2 hr. We have sometimes obtained 
the same type of result, but we have also observed 
oscillations sustained for more than 20 hr. When the 
oscillation vanished after a few hours it often looked 
like the disconnection of an oscillator rather than 
like the passive damping of an oscillation. Further- 
more, the oscillation sometimes vanished, then started 
again without any modification of the external 
medium (Fig. 5a). Such a phenomenon was observed 
12 times over 133 experiments. Once, the phenome- 
non even occurred three times successively during 
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Fig. 5. Oscillation of the transepithelial electric potential A+ (rela- 
tive to external medium). (a): A complex type of behavior was 
sometimes encountered. External and internal media were, respec- 
tively, 115 mM LiC1 and conventional Ringer solutions throughout 
the whole experiment. The oscillations seem to vanish spon- 
taneously and start again. The shape of the oscillation curve sug- 
gests the occurrence of an interference between several individual 
oscillatory processes. (b): Effect of the internal concentration of 
potassium. The skin was oscillating in the same conditions as 
above. At the time indicated by the first arrow (K/+=10mM), 
the K + concentration in the internal Ringer solution was changed 
from 2 to 10 mM. The oscillation rapidly vanished, with only a 
slight decrease of the mean electrical potential difference of the 
skin. When conventional Ringer solution was replaced in the inter- 
nal medium, at the time indicated by the second arrow (K~ + = 2 raM), 
the oscillation was almost immediately restored. Note that, 
although the composition of the media were comparable for experi- 
ments a and b during the first 45 min, the shapes of the oscillations 
were quite different. 

t h r ee ' hou r s  in a single exper iment .  This suggests the 
occur rence  o f  an osc i l l a to r  work ing  at  the l imi t  of  
d i sconnec t ion ,  r a the r  than  tha t  o f  the regu la r  passive 
d a m p i n g  of  a system. 

In shor t -c i rcu i ted  condi t ions ,  the occur rence  of  
osc i l la t ions  o f  the electr ic  cur ren t  under  the effect 
o f  l i th ium has  been men t ioned ,  here and there,  with- 
ou t  a grea t  concern  by the au thor s  for  the p h e n o m e -  
non  [18, 26, 40]. W e  also have observed  osc i l la t ions  
for  a var ie ty  of  condi t ions  o f  imposed  poten t ia l ,  in- 
c luding  shor t -c i rcu i ted  condi t ions  [35]. In m o s t  cases 
the amp l i t ude  of  the osci l la t ions  d imin i shed  rap id ly  
with time. However ,  Table  4 shows tha t  the oscil la-  
t ions m a y  be sus ta ined,  so long as the re inject ion 
cur ren t  was no t  too  large. The resul t  depends ,  in 
fact ,  on the phys io log ica l  s tate o f  the skin. F o r  in- 
stance,  a re in jec t ion  cur ren t  o f  5 g A  c m - 2  tended  
to suppress  the osc i l la t ion  when the ep i the l ium had  
a l ready  been work ing  for  several  hours  (exper iment  
4-3),  whereas  it r ema ined  uneffect ive wi th  freshly pre- 
pa red  epi the l ia  (exper iments  4 -  I and  4-2).  U n d e r  the 
shor t -c i rcu i ted  condi t ions ,  the o rde r  o f  magn i tude  o f  
the re injected cur ren t  was 30 g A  c m - 2 ,  and,  under  

Table 4. Influence of a reinjected electric current on the oscillation" 

Reference Date of Reinjection Period of Remarks 
No. experiment electric oscillation 

current (min) 
(~tA cm- 2) 

0 II.2 
+ 2 12.5 

4-1 13-3-78 + 7 14.5 
+12.5 12.8 
--12.5 14.5 

0 8.5 
+ 5.5 10.5 

4-2 23-3-78 § 12 13.5 
- -  6 I2 
+12 12 

0 12 4-3 14-3-78 
+ 5 (rapidly 

damped) 

4-4 11-5-78 
0 8.3 

+I2.5 8.5 
Damped 

0 I3.1 

Skin 
potential 
collapses 

The epithelia were subjected to different densities of electric 
current, either from internal to external medium (negative values) 
or vice versa (positive values}. All the frogs belonged to batch 
B. Internal medium was a conventional Ringer solution, and exter- 
nal medium was a 115 mM LiC1 solution. 

the usual  condi t ions  o f  recording,  the osci l la t ions  
a lways seemed to be r ap id ly  d a m p e d  ; bu t  when work -  
ing with  a sufficient magni f ica t ion ,  it  a p p e a r e d  tha t  
the osc i l la t ions  were, in fact,  sus ta ined  (with a very 
smal l  ampl i t ude  though)  for  up  to 1 h r  or  more.  
F u r t h e r m o r e ,  when the osc i l la t ions  had  a lmos t  "van- 
ished, renewal  o f  the  external  m e d i u m  (even wi thou t  
changing  its compos i t i on )  was enough  to re ini t ia te  
the osc i l la t ion  with  a large ampl i tude .  

2.7. Temperature Effect 

As shown in Fig.  6, osc i l la t ion  vanished  when the 
t empera tu re  was reduced  f rom 28 to 15 ~ and was 
res tored  when the ini t ia l  t empe ra tu r e  was once more  
re ins ta ted.  The same exper imen t  has  been r e p roduced  
5 t imes with  the same result ,  except  for  the fact  tha t  
the osc i l la t ion  has no t  a lways been res to red  exact ly  
as it  was before  the t empe ra tu r e  change  t ook  place. 

2.8. Sodium Flux Measurements 

With  a pe r iod  o f  a few minutes ,  it  is very unl ike ly  
tha t  the osc i l la t ion  can be in te rpre ted  by pure ly  capac-  
it ive effects. Besides, d i f ferent  au thor s  [6, 33] have 
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Fig. 6. Temperature effect on the oscillation. External and internal 
media were, respectively, 115 mM LiC1 and conventional Ringer 
solutions. - . . . . .  skin temperature (C) ; = electrical potential 
difference of the skin relative to external medium (A~ mV). 

shown that the oscillations of the skin electric poten- 
tial were accompanied by oscillations of the electrical 
resistance of the skin, which suggests that oscillation 
of the ionic fluxes might accompany the potential 
oscillation; hence the idea of following the influx of 
sodium during an oscillation induced by lithium. 

Standardization of the experimental device was 
performed in a preliminary experiment, with aid of 
a nonoscillating artificial ion exchange membrane 
(here a cation exchanger) separating two different so- 
lutions. The first solution (e) was conventional Ringer 
solution, the second one (0 was the Ringer solution 
diluted five times. Solution (e), 5 ml in volume, was 
labeled with 30~tCi a4Na. The flux of sodium from 
e to i, according to the concentration gradient of 
the salt, was measured using exactly the same device 
as the one measuring the unidirectional fluxes of so- 
dium through the skin (see p. 108). The scattering of 
the points, which is due to the nature of the experi- 
mental device, prove d to be small enough to allow 
the calculation of Na-flux values with a maximum 
possible error of 8%. This precision was sufficient 
to show that the oscillation of the electric potential 
of a frog skin was actually accompanied by an oscilla- 
tion of the Na + influx (Fig 7). From five successive 
experiments carried out under comparable conditions, 
it appears that both oscillations (electric potential and 
Na + influx) had the same period, though they were 
sometimes almost in phase and sometimes clearly out 
of phase. 

In another experiment, the sodium influx was 
measured for varying values of the Li+/Na § ratio 
in the external medium (Fig. 8). The mean potential 
of the epithelium remained approximately constant 
(about 52 mV) throughout the Experiment. Mean- 
while the influx of sodium diminished from the value 
73pmol cm -2 sec -~ for the ratio L i + / N a + = 2  to 
the value 39pmol  cm -1 sec - t  for the ratio Li+/ 
Na + = 10. 
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Fig. 7. Sodium influx measurement  through the frog skin. The 
internal medium was conventional Ringer solution. The external 
medium was a Ringer solution, labeled with 24Na 33 1011 ipm 
m o l e - t ,  where 80 mM Na + had been replaced by Li +. Al though 
the oscillation is here not  of the quasi-sinusoidal type, it is evident 
that sodium influx JN, ( . . . . .  ) oscillates and is correlated with 
the transepithelial electrical potential difference (A+, relative to 
external medium). 
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Fig. 8. Sodium influx and transepithelial electrical potential differ- 
ence (relative to external medium) for varying values of  the external 
LiC1 concentration. The internal medium was conventional Ringer 
solution. The external medium contained 6 mM NaC1 to which were 
added various concentrations of LiC1 at the times indicated by 
the arrows: l l . 5mM (C~.i); 23mM (C~i); 34.5mM (C~0; and 
57.5 mM (C[0. In all these cases, the skin showed negligible oscilla- 
tion, even for the largest value of LiC1 concentration. It appears 
that  sodium influx JNa ( . . . . .  ') is much  reduced by increasing lith- 
ium concentration, while transepithelial electrical potential differ- 
ence ( - - )  remains almost  unaffected. The external medium was 
a Ringer solution, labeled with Z4Na 17.7 101t ipm mole -1. 

2.9. Influence of the Area of the Studied Skin 

Table 5 gives the result of a series of experiments 
carried out to study the oscillations obtained for dif- 
ferent surface areas of skin under constant ionic con- 
ditions (experiments 5-1 to 5-5). In order to minimize 
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Table 5. Influence of the skin area on the period of oscillation a 

Reference Date of  Value of the period (rain) for 
No. experiment skin areas (C m2) 

originating of a single frog 
for each experiment 

0.28 0.8 2 

5-1 16-11 78 5.7 5.6 5.3 
5-2 17-11-78 4.6 5 4.2 
5 3 20 11 78 4.3 5.6 6.3 
5-4 20-11-78 4 4 5.3 
5-5 11-12-78 12 9.6 10.6 
Mean value 6.11 5.96 6.34 
SD 3.35 2.14 2.45 

l / " , / .  , ... l ~ l ~ 

50 100 t [mini 

b 

a The frogs belonged to batch B. The internal medium was 
a conventional Ringer solution, while external medium was a 
115 mM LiC1 solution 

~, [mv] 
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Fig. 9. Simultaneous study of the spontaneous  potential differences 
of  three different zones of a siriglc skin by virtue of subcom- 
partmentalized chambers.  Internal medium was the conventional 
Ringer solution; external medium was a Ringer solution where 
10% Na  § had been replaced by Li + and 88% by choline. 

variations, animals of  the same batch were used and 
experiments performed within a short period of time 
(16/11/78 to 11/12/78), Statistical calculations with 
the aid of  the F-test (see, for instance, Heller [14]), 
did not reveal any significant effect of  skin area on 
the period of oscillation. Moreover,  examination of 
the values of periods obtained by other authors [6, 
26, 32, 33, 40] for variation of skin area between 
0.3 and 7 cm z, does not  show any significant correla- 
tion. 

2.10. Simultaneous Study of Different Zones 
of the Same Skin 

Figure 9 gives the result of an experiment performed 
with subcompartmental ized chambers, thus allowing 

Jo ~o 1o~ t [ml.] 

Fig. 10. Synchronization of electric potential oscillations between 
two epithelia (A+ relative to external medium). Rc is the resistance 
of the bridge between the two epitheli a (see Fig. 1 for technical 
details): R~, infinite resistance (no bridge at all); R~, 1.2kf2; 
R~, 6 kt2. The internal medium is conventional Ringer solution; 
the external medium is a l l5mu LiC1 solution. (a): Two skins 
were oscillating independently: coupling with a low resistance (R~) 
synchronized the oscillations; coupling with a large resistance 
(R~ z) allowed nonsynchroneous oscillations to continue ; reintroduc- 
ing the low-resistance bridge (R~) immediately restored synchroniza- 
tion. (b): Here also, two skins oscillating independently were syn- 
chronized with aid of a bridge with a low resistance (R~), and desyn- 
chronization occurred immediately after removal of the bridge (R~). 

simultaneous study of three different parts of  a single 
skin. The different parts of the skin were subjected 
to identical ionic conditions: (i) internal compart-  
ments, standard Ringer solution; (ii) external com- 
partments, Ringer solution modified with Li § (10%) 
and choline (88%) replacing a part  of  Na  § All three 
.parts of the skin exhibited oscillations of their electric 
potential difference, but these oscillations were out 
of  phase with each other. Moreover,  the amplitude 
of these oscillations, and the times during which each 
of them was sustained, varied very significantly from 
one zone of the skin to another. The period itself 
was not completely identical for the three cases, al- 
though it always remained of the same order of mag- 
nitude as that obtained for the full areas of  skin. 
The experiment has been reproduced 3 times with 
comparable results. 

2.11. Electrical Coupling of Skin Fragments 

Consider a skin devided into fragments (two frag- 
ments, for example), each one oscillating by itself. 
Such a situation can be achieved either by using, 
as above (w 2.10), subcompartmentalized cells on the 
full area of  skin or by cutting the skin into pieces 
and mounting each piece between two conventional 
chambers. Whichever method is used, one can electri- 
cally couple the skin fragments (as indicated in Mate- 
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Fig. 12. Interactions between oscillators. Two skins, (1) . . . .  , and 
(2) - - ,  were oscillating independently under comparable ionic 
conditions (conventional Ringer solution inside and 115 mM LiC1 
outside). Oscillation of skin 2 was very clear, whereas that of  
skin 1 was almost  nonexistent.  Coupling with the low-resistance 
(R~) made both skins oscillate in phase. After removal of the 
coupling bridge(R~),  the oscillations desynchronized, but  skin 
l then showed a strong oscillation while the amplitude of oscillation 
was very small for skin 2. 

~d sd ~01 , [,-%] 

Fig. 11. Coupling of  two skins : effect of  skin area and spontaneous 
potential difference on the efficiertcy of synchronization. (a): The 
two epithelia ( . . . . .  and ) had the same area but  they differed 
in their mean  spontaneous electrical potential (about 45 and 20 mV, 
respectively). Coupling, even with a low-resistance bridge (R~) did 
not  achieve perfect synchronization of both oscillations. (b): The 
two epithelia had similar spontaneous potential values (about 
20 mV), but  different areas, 0.4 cm 2 ( - - )  and 0.8 cm 2 ( . . . . .  ). 
Coupling by the low-resistance bridge (R~) effectively synchronized 
the oscillations, while removal of the bridge allowed immediate 
desynchronization. In both experiments, the internal medium was 
l l 5mM LiCk In b, the arrows indicate the time when the exter- 
nal medium was changed from conventional Ringer solution to 
115 mM LiC1 in order to initiate the oscillation. 

conditions (w 2.6). Conversely, Fig. l l b  shows that 
coupling is possible between two epithelia with differ- 
ent areas, as long as they have similar electrical char- 
acteristics. 

Another aspect of the coupling is shown by 
Fig. 12. A poorly oscillating fragment was forced to 
oscillate by coupling to a strongly oscillating one. 
Furthermore, it is seen that, in this case, once the 
coupling was released, the previously poorly oscillat- 
ing fragment was eventually the one oscillating best. 
Such a kind of "exchange of stabilities" has been 
frequently encountered with physical oscillators 
where nonlinear behavior occurred. 

rials and Methods) with the linking resistance adjust- 
able to any desired value. A series of such experiments 
has been performed (Fig. 10). When the mean poten- 
tials of the coupled fragments were comparable, 
synchronization was always achieved, providing the 
value of the linking resistance was sufficiently low 
(1.2 kf2), while it was never achieved when the resis- 
tance was sufficiently high (6.5 kf2). For values of the 
linking resistance between 1.2 and 6.5 kf~, the results 
were more or less intermediate but not always as 
clear-cut. An interesting observation was that of an 
experiment (Fig. l la)  where coupling was not 
achieved, although the linking resistance was 1.2 k~2. 
This was a case where the mean value of the potential 
was very different for the two fragments of skin; the 
current in the coupling resistance was 16 gA cm 2 
instead of being about 5 pA cm 2, as in the other 
cases. This result is consistent with the observation 
that high external currents also tended to damp the 
oscillation of the electric current under short-circuited 

3. Discussion and Conclusions 

The thorough formulation of the oscillatory process 
in such a complex system as frog skin would require 
an almost infinite number of variables: enzymatic 
reactions, transmembrane transports, diffusion within 
each cellular compartment, etc. Indeed, any of these 
variables might act more or less, directly or not, on 
the induction, the sustaining, and the modulation of 
the oscillation. The calculations would, however, 
soon become inextricable if one endeavored to treat 
the problem directly with all its possible variables. 
We must therefore begin by attempting to pick out, 
from the set of possible variables, the few ~176 
ones, i.e., those having the determining effect in the 
induction of the oscillation. As a first approximation 
of the model, only these main variables will be used, 
while all the others, e.g., those merely modulating 
the phenomenon, can be provisionally neglected. 
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In the case of the physical oscillators, the study 
of phase relations has often been very helpful in arriv- 
ing at a better understanding of the system. One might 
thus think of looking for various skin characteristics 
oscillating in connection with the electric potential, 
and studying the phase relations. Unfortunately, it 
is doubtful whether such an approach would actually 
help in this case. Diffusion, especially in the very 
tortuous intercellular spaces, can cause delays which 
will always be very difficult to estimate and to take 
into account. It is not reproducible from one skin 
to another. This is illustrated by the conductance mea- 
surements which have been performed independently 
be Teorell [33] and Finkelstein [6] on electric potential 
oscillating skins. The former has found that electric 
potential and conductance oscillated out of phase, 
while the latter has found that they were in phase... 
phase relations such as that shown on Fig. 7 or Fig. 8 
between ionic fluxes and voltage cannot be a reliable 
basis on which to formulate a model of the skin oscil- 
lations. 

In the same manner, again by analogy with the 
usual physical oscillators, one might be tempted to 
look for variables capable of acting biunivocally on 
the period of the oscillation. But we have underlined 
the substantial variability of the period from one ex- 
periment to another and the poor reproducibility of 
the period when returning to the initial situation after 
a perturbation. This clearly makes it hopeless to at- 
tempt a systematic study of the period of oscillation 
with respect to the experimental conditions. However, 
the domain of the variable values where oscillation 
is possible is probably quite small, as oscillation oc- 
curs in winter but not in summer, and, even in winter, 
some skins oscillate and others do not under compa- 
rable experimental conditions. Therefore, to arrive at 
the main variables, the best that we can do consists 
of finding which variables x are such that a sufficient 
increment Ax prevents the oscillation, while the re- 
verse increment - A x  restores it. 

The first question is whether or not an "act ive ,"  
metabolic step must be taken into consideration 
among the main variables. There is the possibility 
that the induction of oscillations by Li § would be 
a mere passive effect. The skin would go from an 
initial stationary state, without lithium, to a final one, 
with lithium, by damped oscillations. Such phenom- 
ena are known to occur in numerous physical or phys- 
icochemical systems, and previous authors [6, 32, 
33] have indeed reported that the Li-induced electric 
potential oscillations of the skin were more or less 
rapidly damped. But we have seen here that the oscil- 
lation could actually be sustained for several hours. 
There is the result by Takenaka [32] that anesthetics 
prevent the oscillation. We have seen (Fig. 6) that 

a temperature change from 28 to 15 ~ was enough 
to delete the oscillation, while it did not completely 
abolish the spontaneous electric potential of the skin. 
All this is consistent with the oscillation, depending 
on metabolism. 

Lithium is known to act on a number of metabolic 
processes [9, 16]. For  instance, the literature contains 
indications that Li § ions might inhibit the ADH- 
stimulated adenylate cyclase [4, 12, 31] or other en- 
zymes [3] ; lithium affects the stability of multiproteic 
organeles, such as ribosomes or virus particles [1]; 
the presence of lithium modifies the cellular content 
of potassium [18], which in turn might disturb the 
activity of a number of proteins; the hydrated ion 
of lithium has properties somewhat comparable to 
those of magnesium, which means that lithium might 
interfere with the balance of the divalent cations [28] 
and, consequently, with most of the cellular 
processes; etc. Any of these properties of Li § could 
lead to straightforward feedback systems from which 
oscillations could be expected. We have seen that 
theophylline did not promote any large and reproduc- 
ible modification of the characteristics of the oscilla- 
tion, even at the concentrations which affected the 
mean electric potential of the skin. This is not in 
favor of the first of the hypotheses given above. We 
have not yet tested the other possible hypotheses, 
but, in fact, even if some correlations were to be 
observed with the oscillation, it would remain very 
controversial to determine what is the cause and 'what 
the consequence. However, from the information al- 
ready available, it seems at least that the process of 
active ionic pumping of the skin is implicated in the 
oscillation: lithium, the only ion which can replace 
sodium to maintain the spontaneous potential of the 
skin [33] is also the only one whose presence in the 
external medium can induce the oscillation. Under 
the short-circuited conditions Li § induces oscillations 
of the electric current, which, then, corresponds to 
pumped ions only [33]. We have seen here that, at 
constant Na § concentration, increasing the Li § 
concentration in the external medium systematically 
decreased the influx of Na + through the skin. Fur- 
thermore, an oscillation of the Na+-influx ac- 
companied the oscillation of the electric potential of 
the skin with a period of similar value, and the oscilla- 
tions of the electric potential occurred with the sepa- 
rated epithelium as well as with the entire skin. Direct 
measurements of unidirectional fluxes of lithium, 'with 
stable isotopes 6Li and 7Li, have also shown us that 
Li is actively transported by the ion pump [34]. Other 
authors, with more indirect methods, have reached 
the same conclusion [24, 26,401. As there is no visible 
lag-phase between the addition of Li § and the begin- 
ning of the oscillation, one can assume that there 
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are probably not very many metabolic steps between 
the primary site of lithium action and the sodium 
pump. But it is not known whether the effect of lith- 
ium on the pump is actually direct or not. Whatever 
the case, the activity of the pump can be taken as 
an important variable for the model. 

Lithium is a requisite for the oscillation, but is 
ineffective when supplied to the internal medium. 
However, as we have shown with the stable Li-iso- 
topes [8, 34, 36], Li § can pass through the skin from 
the internal to the external medium. When it is 
supplied to the external medium at a sufficient 
concentration (> 20-30mM), lithium is effective in 
inducing the oscillation. Amiloride, which is known 
to decrease the apical conductance for sodium [19] 
and thus probably also for lithium [27] reversibly sup- 
presses the oscillation long before totally cancelling 
the mean electric potential of the skin. A structural 
model of the epithelium cells [41] slightly modified 
from that of Ussing [17, 37, 38, 39] might help in 
interpreting those data: the epithelium cells would 
have at least two ionic compartments, 1 and 2, with 
compartment 1 being situated before the sites of active 
pumping, while compartment 2 would be after; more- 
over compartment 1 would be easily accessible from 
the external medium, and compartment 2 from the 
internal one. Our results would then show that the 
concentration of lithium in cellular compartment 1 
is a main variable for the theoretical model of oscilla- 
tions, whereas that in compartment 2 is not. In like 
manner, we have seen that K+-concentration in the 
external medium had no effect on the oscillation, 
while a small increase of the K§ in 
the internal medium reversibly blocked the oscilla- 
tion. This suggests that the K§ in com- 
partment 2 is also a main variable. The oscillations 
have been shown to be neither pH-dependent between 
pH 4.7 and pH 10 [32] nor affected by the nature 
of the anion accompanying Li § [32, 33]. We have 
seen here that a modification of the external medium 
by various substances (Ca ++, choline, etc.), or a 
change of the osmotic pressure in the internal me- 
dium, might possibly modulate the shape of the oscil- 
lation or affect the amplitude, but could not induce 
an oscillation in the absence of Li § in the external 
medium. The corresponding variables can thus be 
discarded from the set of the main ones. 

Changing the area of the oscillating skin did not 
change the period of oscillation. This leads to the 
important conclusion that the skin oscillator is of 
the '~ type, i.e., that it is made of a population 
of microscopic individual oscillators which second- 
arily tend to synchronize with each other when a suffi- 
c ien t"  coupling-effect" occurs. This conclusion is also 
supported by more indirect arguments such as the 

following : the different parts of a single skin oscillate 
independently from each other, but with periods of 
the same order of magnitude, when the skin is studied 
with the subcompartmentalized chambers (w 2.10). 
Spontaneous and reversible desynchronizations of a 
single oscillating skin are sometimes observed in the 
course of the oscillation (w 2.6.), and in any case, 
the single oscillating skin generally ceases to oscillate 
long before its mean electric potential has fallen to 
zero, which can be interpreted as the local oscillators 
ending in desynchronizing themselves, thus making 
the overall oscillation of the skin statistically disap- 
pear. Coupling experiments between two skins have 
also emphasized the role of the external electric cur- 
rent as corresponding to the main "coupling-effect",  
and discounted the possibility that synchronization 
of the local oscillators might occur by diffusion of 
chemical species. 

A theoretical model of the oscillation will be devel- 
oped subsequently from these bases. It can be briefly 
outlined as follows. The first step will consist in build- 
ing a local model of oscillator at the level of a single 
epithelial cell or of a group of a few cells. Two main 
variables will be considered: Li + concentration in 
compartment I and K § concentration in compartment 
2. The nonlinearity responsible for the induction 
of the oscillation could originate from Li effect on 
apical permeability or on the ionic pump or both. 
We have seen, above, a number of arguments indicat- 
ing that the active step of the ionic transport was 
implicated in the induction of the oscillation and, 
starting from experimental results [2], it will be shown 
that the nonlinearity due to varying apical permeabil- 
ity can probably be neglected. In agreement with re- 
cent data [29] which suggest that lithium is both ac- 
tively transported and acts as a poison on the skin, 
we can thus assume an effect of lithium on the ion 
pump of the type "inhibit ion by excess of substrate." 
Such an effect is indeed a well-known cause of in- 
stability [21]. Writing the law of mass conservation 
for the two main variables can then give the set of 
partial differential equations whose periodic solutions 
will describe the local oscillation. As second step of 
the theoretical treatment, synchronization between 
the individual oscillators can ultimately be formalized 
by taking into account the local currents generated 
by the dispersion of the electric characteristics of the 
cells. 

From the biological point of view, the important 
point of this approach is that it will introduce a cer- 
tain number of parameters (c~, p, u, etc.) related to 
the cellular properties of the system, and periodic 
solutions of the partial differential equations will exist 
for only some values of those parameters. This, in 
turn, can serve as a guide to determine the cellular 
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properties associated with the ionic transport, which, 
we have seen (p. 116) would be very difficult to deter- 
mine directly. 

This work was carried out with the help of the C.N.R.S. 
(L.A. 203 and A.T.P. "Temps")  and of the D.G.R.ST. (Grant 
77 7 1272). 
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