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Experiments on single nodes of Ranvier of isolated frog nerve fibers 
showed that the presence of polyvalent cations in isotonic KCl solutior-is an 
essential condition for generation of normal hyperpolarization responses (HRs). 
In. solutions with low calcium concentration the HRs become abortive, dying 
away rapidly because of the onset of membrane breakdown after a compara
tively small increase in transmembrane potential difference. An increase in 
concentration of polyvalent cations in the KCl solution increases the resistance 
of the depolarized membrane, lowers the threshold for HR generation, and 
increases resistance during the HR plateau. Meanwhile, resistance of the ,c 
membrane to breakdown increases considerably. The effectiveness. of this 
action of polyvalent cations increases in the series: Mg++ < Ca++ < Ba++ < 
Ni+... << La+++. The affinity of these catio'.-1s for phospholipids of the excitable 
membrane rises in the same order. It is postulated that changes in potassium 
permeability of the membrane responsible for HRs are due to the effect of the 
electric field on interaction between polyvalent cations and structurd elements 
of the membrane forming the "gates" to the potassium channels. 

Recently published data demonstrate the important r0le of ca++ ior;.s in changes in 
sodium and potassium permeability of. the excitable membrane (1-6.). However, no 
satisfactory explanation of the intimate mechanism of this action of Ca++ has yet been 
g'.ven (7, 8). 

In the present investigation, undertaken on single nodes of Ranvier of isolated frog 
nerve fibers, hyperpolarization responses based on a regenerative change in potassium 
permeability of the membrane (9-11) were chosen as a convenient experimental model 
for the study of this problem. Changes in hyperpolarization responaes (HRs) were 
studied relative to the ca++ concentration in the medium (Ca ++) 0 afld these effects were 
compared with those of other bivalent and trivalent cations (Mg++, Ba++, Ni++, La+++). 
The choice of these .cations was determined by data in the literature regarding differ
ences in their affinity for phospholipids present in the structure of the membrane (12). 

From the results obtained certain hypotheses were put forward regarding the 
mechanism of changes in the potassium permeability of the membrane during changes 
in membrane potential. 

The preliminary data obtained during this investigation were published elsewhere (13). 

METHOD 

Experiments were carried out on single nodes of Ranvier on isolated nerve fibers 
of Rana temporaria. The double air insulator bridge method (Fig. 1) was used to stimu
late the node. and record potentials. A type ESU-1 universal stimulator was used as 
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source of polarizing (steady or linearly increasing) current and test stimuli. The re
cording circuit P consisted of a c'athode-follower assembled on a Byzov-Bonhard cir
cuit, a Disa high-stability 2-channel amplifier, and an oscilloscope with camera attach
ment. One channel of the oscilloscope was used to record changes in membrane potential, 
the other to reco.rd changes in the strength of current applied to the node: This second 
channel was stabilized with a high-ohmic resistor (200 or 400 Mrl) connected in series 
with the preparation. 

Extracellular recording by means of air bridges as a rule does not permit meawre
ments of absolute values of.the membrane potential because of the shunting effect of the 
thin layer of liquid covering the internode. In the present experiments the recorded 
potential difference at a rough estimate averaged about 70% of the true value. 

The order of the experiments was as follows: the nerve fiber was dissected in 
Ringer's solution of normal composition containing 1.08 mM KCl and 1.8 mM CaC12, 

aftor which 'the fiber ·was transferred tg the e:1\perimental chaml:Jer :;md placed on 
electrodes as shown in Fig. 1. Activity of nodes N1 and N3 was suppressed by 0.5% 
procaine or 0.3% trimecaine. After recording of action potentials of node N2, the 
Ringer's solution in the central compartment was replaced by one of the experimental 
solutions containing 114 mM KCl. This led to depolarization of the membrane of Node 
N2 and to a decrease in its resistance. Against this background, a steady or linearly 
·increasing· hyperpolarizing current of varied strength was applied to the node to obtain 
HRs. Changes in membrane resistance on replacement of the solutions and HR genera
tion were assessed from changes in potential produced by short (5 msec) pulses of hyper
polarizing current applied rhythmically to the node. AH experiments were carried.out 
at room temperature (18-20 C). 

RESULTS · 
... 

Typical HRs obtained at nodes depolarized with 114 mM KCl solution containing 
1-10 mm ca++ are illustrated in Fig. lB, a. These responses are characterized by a 
well defined threshold, a steep increase and a steady plateau, during which the membrane 
resistance increases by 2.5-3,5 times by comparison with the 'initial resistance of the 
depolarized membrane. This resistance in carefully dissected fibers was usually close 
in absolute magnitude to the resistance of the resting membrane of the same node iri 
Ringer's solution. Only during a very strong l:yperpolarizing qurrent did evidence of a 
breakdown appear in the membrane, as shown by the appearance of irregular waves of 
potential and, ultimately, by a fall in membrane resistance and steep decline of the HR 
plateau. This membrane breakdown (11) was reversible in the sense. that a membrane 
left at rest for some time recovered and could retain about the same charge as before 
the first destructive action. 

An essential feature of the membrane breakdown was that it always appeared after 
a short latent period, during which the membrane remained capable of holding a high. 
voltage. The duration of this period, other conditions being equal, was inversely pro
portional to the degree of membrane hyperpolarization. 

As mentioned above,- generation of HRs is usually associated with changes in mem
brane permeability to K+ ions. To test this hypothesis, experiments were carried out 
in which 20 mM tetramethylammonium chloride (TEA), a substance specifically block
ing the potassium channels of the membrane (14-17), was added to the KCl solution 
bathing the node. It is clear from Fig. lB, d and e that TEA partially abolishes mem
brane depolarization caused by an excess of K ions and increases the resistance to 
values close to those reached during the HR plateau. Under these conditions the hyper
polarizing current can produce no further increase in resistance or any changes in 
.voltage:on the membrane up to the limit at which a breakdown occurs (Fig. lB, f). 

The investigation also showed that the presence of Ca++ in the solution is an essen
tial condition for the generation of normal HRs. In a "calcium-free medium"-or more 
precisely, in a KCl solution containing traces of Ca++*, the membrane became unstable 

*Frankenhaeuser (2) showed that so-called calcium-free solutions contain not less 
than 0.01 mM ca++ on account of the presence of these ions as an impurity in water and 
other salts. 
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Fig. 1. A) Diagram showing arrangement of iso-. 
lated nerve fiber in experimental chamber. Nodes N 1 

and N3 in 0.5% procaine solution; node N2 in isotonic 
KCl solution with different concentrations of poly
valent cations. C-electrical circuit for polarization 
and stimulation of node, P-recording system. B) Hy
perpolarization responses (HRs) of node N2• a-HRs 
in 10 mm ca++; b and c-abortive HRs after prolonged 
stay of same node in solution of 114 mM KCl + 4. mM 
EDT A; top beam-changes in membrane potential, 
bottom beam-current applied to node (steady current 
with square pulses superimposed on it for-measuring 
membrane resistance); d-node in solution of 114 mM 

--KCl + 2 mM CaC12; e-same node after addition oT 
20 mM TEA to solution; f-same node - breakdown 
produced against background of TEA · action; top 
beam - current applied, bottom beam - change in 
membrane potential, Broken line shows initial level 
of potential before addition of TEA. 
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resistance of the depolarized membrane (Fig. 2 D) and to characteristic obliteration of 
the transitional process during HR development (Figs. 2 D and 4 B). 
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Fig. 3. Total conductivity of node membrane g as a function of change in mem
brane potential -toward hyperpolarization V with different concentrations of poly
valent cations in 114 mM KCl solution. Initial level of membrane potential before 
beginning of application of hyperpolarizing current taken as zero. Broken line 
shows values of V in transitional period of HR development. A) Effects of Ca++ 
and La+++ ions; B) effects of Mg++, Ca++ and La+++ in different concentrations. 
Abscissa: values of V in mv (not corrected). Negative values of V denote in
crease in internal electronegativity. Ordinate: membrane conductivity G of 
membrane depolarized by K+ ions. 

After the end of the HR obtained in the presence of Mg++, ca++, or Ba++ ions, as a 
rule the membrane resistance fell sharply below its initial level, and at the same time 
the strehgth of depolarization increased slightly (Figs. lB, •a; 2C). By' contrast with 
this, in the presence of 10-15 mM Ni++ ,_the phase of temporary increase in depolariza
tion of the membrane and lowering of resistance below the initial level was usually 
absent. Instead of it a phase of weak after-hyperpolarization was observed, during 
which the increased membrane resistance gradually returned to its initial low value 
(Figs. 2D; 4B). 

In special experiments the effect of different bivalent catio_hs on reaisfance of the 
membrane to breakdown was compared. These experiments showed that the stabilizing 
action of these cations, taken in equimolar concentrations, increases in the series: 
Mg++< Ca++< Ba++< Ni++ (Fig. 5). 

The next stage of the investigation was to use trivalent cations La+++. Addition of 
. La+++ to the solution in a concentration of 0.1 mM had about the same stabilizing action 
on the node membrane as 10 mM Ca++. An increase in the concentration of La+++ to 10 
mM, however, made the membrane so stable that the voltage applied to it in order to 
produce breakdown had to be 3-5 times greater than in the case of action of 10 mM 
Ca++ (Fig. 5A). 

La+++ ions had a specific effect on HRs. During the action of La+++ in low concen
trations (of the order of 0.1 mM) the.HRs acquired about the same character as after 
addition of 10 mM Ca++ to the solution of 114 mM KCl: a small.increase in resistance 
of the depolarized membrane and an increase in resistance on the HR plateau took 
place. 
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Fig. 2. Effect of Ca++ and Ni++ ions on HRs of node 
of Ranvier. A) 114 mM KCl. BrokenHne shows ini
tial level of resting potential in Ringer's solution. 
Breakdown of membrane (termination of HRs) can be 
seen when membrane potential exceeded level oi 
resting potential (broken -line); B) same node after 
prolonged stay in solution of 114 mM KCl + 4 mM 
EDT A and repeated applications of hyperpolarizing 
current; C) same after replacing EDT A in solution 

· by 10 mM CaC12; · D) same after replacing 10 mM 
CaC12 by 10 mM Ni_Cl2• 

and did not hold voltages significantly higher than the initial transmembrane potential dif
ference at rest. Breakdown of the membrane and complete collapse of the HR plateau 
developed under these conditions in response to threshold strength of current for pro
ducing HR (Fig. 2 A; 1 B; 4 A). If the node was kept for a long· time in a solution of 114 
mM KCl and, in particular, if 2-4 mM EDTA (sodium ethylenediamine tetra-acetate) 
a compound- binding Ca++, was added to it, after several repeated applications of hyper
polarizing current the membrane often completely lost its ability to generate HRs 
(Fig. 2 B). Under these conditions addition of ca++ to the KCl solution restored normal 
HRs (Fig. 2 C). . · . 

Variation of [Ca+•] in the KCl solution within the range from 0.1 to 40 mM, showed 
that an increase in [ Ca++] causes: 1) an increase in resistance of the depolarized mem
brane while the membrane potential remains unchanged; 2) a decrease in the threshold 
potential for HR generation; 3) an increase in membrane resista:ice during the HR · 
plateau; 4) a considerable increase in resistance of the membrane to the action of a 
hyperpolarizing current evoking breakdown phenomena. 

If the total conductivity of the membrane depolarized by K+ ions is taken as unity, 
the effects of Ca++ enumerated at the first three points can be expressed by the shift 
of the curve showing membrane conductivity (g) as a function of the change in potential 
V along the voltage axis (Fig. 3 A). Under the influence of an increase of [ Ca ++]0, the 
g-V curve can be seen to be displaced toward higher values of V. The upper and lower 
levels of the curve, i.e., stationary values of conductivity of the depolarized and hyper
polarized membrane, are displaced downward. 

The effect of Ca++ ions ·on HRs was compared with the effects of certain bivalent 
cations: Mg•+, Ba++ and Ni++. · 

The experiments show that changes in t_he HR parameters under the influence of 
• these ions are qualitatively similar to those produced by Ca••. However, in equimolar 

concentrations, Mg++ ions have a weaker action (Fig. 3 B) and Ba++ a rather stronger 
action than ca••. Ni++ ions were much more effective than those listed above, for their 
addition to the solution in concentrations .of 10-15 mM led to a significant increase in 
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reached 80-85% of its value when the iiode was kept in Ringer's solution of normal 
composition. Because of this the hyperpolarizing current lost its ability to produce a 
further considerable decrease in ionic conductivity of the membrane. A direct result of 
these changes was obliteration of the intermediate process during HR development. 

It is a very interesting fact that La+++ ions, despite the marked changes in mem
brane resistance, had virtually no effect on the magnitude of the membrane potential. In 
this respect their action differed essentially from that of TEA, producing definite 
weakening of membrane depolarization (see above). 

A I B 

f.sec 

I.sec. 

Fig. 5. Effect of polyvalent cations on membrane resistance of node 
of Ranvier to action of steady hyperpolarizing current producing 
membrane breakdown. A) Effect of Ca++ and La+++ ions in different 
concentrations; breakdown produced by steady hyperpolarizingcur-. 
rent. B) Comparative analysis of effect of Mg++, Ca++, Ba++ and 
La+++ ions taken in equimolar concentrations (5 mM) on resistance 
of membrane to ]inearly increasing hyperpolarizing current I. In all 
cases KCl concentration in solution 114 mM. 

Examination of the effect of La+++ ions on the after-effects of membrane hyper
polarization deserves special attention. In the presence of La+++ the phase of an after
decrease in resistance below the initial level disappeared: the resistance, which was 
increased during the action of the hyperpolarizing current, gTadually returned to its 
initial level after the end of the HR (Fig. 6A, B, C), and the higher the La+++ concen
tration in the medium the greater the time constant of this recovery. In 0.5 mM La+++, 
for instance, the time constant was ~ 0.06 sec, in 2.5 mM ~ 0.2 sec, and in 10 mM 
~ 0.5 sec. 

To complete the analysis of the pattern of action of La+++ on the HRs, the following 
facts must also be considered. 

1. During very strong hyperpolarization of the membrane in the presence of 2.5-
10 mM i;,a+++, the resistance during the HR plateau in some cases began to fall gradually, 
actually falling below the initial level before application of the hyperpolariz.irig current. 
After switching off the current, however, the resistance immediately became con
siderably increased above its initial value. . 

2. In some experiments in concentrations of the order of 1-2 mM, immediately 
after the phase of slow after-recovery of resistance a second phase of decrease. below 
the initial level was observed, this being accompanied by a small increase in the strength 
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With an increase in the concentration of La.+++ the increase in initial resistance of 
the depolarized membrane became greater still, and in 10 mM La+++ this resistance 

A 

C 

Fig. 4. Effect of Ni++ and La•'++ ions on 
HRs of node of Ranvier. A) Node in "cal
cium-free" solution · of 114 mM KCl 
(broken line shows initiallevel of resting 
potential in Ringer's solution); B) same 
on addition of 15 mlVI Ni++ to solution; 
C) another node, effect of 1 nil\l.l La+++. 
Top beam in frames A and B shows 
changes in membrane potential, bottom 
beam c·urrent applied to. node; top beam 
in frame C shows current applied, bot
tom beam changes in membrane poten
tial. Explanation in text. 
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1. Model exp~riments have shown that the affinity of bivalent cations for one of 
the most important membrane phospholipids (phosphatidylserine)-increases in the 
series: Mg++ < Ca++ < Ba++ < Ni++ (12). The stabilizing action of these ions on the 
membrane of the node of Ranvier increased in exactly the same order in the present 
experiments. . ' 

2. Trivalent cations La+++ possess very high affinity for phosphatidylserine
hundreds of times higher than Ca++ (23). The stabilizing action of La+ • + on the node 
membrane is correspondingly much stronger than the analogous effect of Ca++ ions. 

3. Electron-microscopic investigations have shown that the presence of Ca++, Ba++ 
and, in particular, La+++ ions in solutions used for fixing tissues considerably stabilizes 
the structure of cell membranes .. Lanthanum is definitely concentrated in the outer part 
of the membrane, giving it increased contrast in the electron-microscopic image (24). 

The mechanism of the stabilizing action of polyvalent cations is thus clear in 
principle: it is based on interaction between these cations and the phospholipids (and 
proteins) of the cell membrane. 

Much · greater difficulty arises for analysis of the mechanisms by which poly
valent cations influence specific potassium permeability of the membrane. 

On the basis of results obtained by voltage clamping, Frankenhaeuser and Hodgkin 
(1) put forward the hypothesis that Ca++ ions play the role of particles directly blocking 
the sodium and potassium channels of the resting membrane. Blocking was regarded by 
these workers as the result of a purely mechanical obstruction of the narrow channels 
by the large bivalent cations, held in the channels by the electric field. Depolarization 
frees the channels from Ca++, while hyperpolarization, on the contrary facilitates their 
b~hl~ ~ 

At first glance, many of the data concerning the effect of Ca++ on HRs examined in 
this paper can be readily explained from the qualitative point of view. on the basis of 
this hypothesis. For ·instance, the decrease in membrane resistance during depolariza
tion is the result of liberation of the potassium channels from the ca++ ions blocking ,11, 

them, while the regenerative increase in resistance during HO development is due to 
the returning of Ca++ into these channels. The higher the ca++ concentration in the 
medium, the more effective is the action of the hyperpolarizing current on the membrane 
and, conversely, a decrease in the Ca++ concentration causes weakening of the hyper
polarization effects: an increase in the threshold potential for HR and a smaller in
crease in resistance during the plateau, etc. 

However, the hypothesis of direct mechanical blocking of the potassium channels 
by Ca++ ions does not explain the fact that Mg++ ions have a weaker action, yet Ba++ and 
Ni++ ions have a stronger action than Ca++. Nor can the effects of La+++ ions, with their 
very strong blocking action on the potassium channels of the depolariz'ed membrane and 
with their production of distinctive changes in the after-effects following termination of 
the HRs, be explained from this standpoint. 

The explanation of these facts evidently requires the assumption that polyvalent 
cations enter into chemical interaction with those structural elements of the membrane 
which form the "gates" of the potassium channels. 

The higher the affinity of polyvalentcationsforthese structures, i.e., for molecules 
of phospholipids (or proteins), the more effectively they reduce PK of the membrane 
depolarized by K+ ions. The role of the electric field is evidently to modify the concen
tration of free ca++ ions near the gates of the potassium channels, thus controlling the 
rate of formation ,of Ca-phospholipid complexes. • Since the Ca++ concentration in the 
membrane increases during hyperpolarization, PK falls. During depolarization, on the 
other hand, the Ca++ concentration in the membrane falls, and for this reason the num
ber of complexes broken down per unit time begins to exceed the number of their re
combinations, and accordingly PK (and PNa) of the membrane increases. 

One of the strongest arguments in favor of this hypothesis can be considered to be 
the change in character of the after-effects produced by La+++. 

As was shown above, during the action of these ions, the membrane resistance, 
which rose during hyperpolarization, does not fall immediately after interruption of 
the applied current, but returns only gradually to its initial level. The higher the La+++ 
concentration in the solution, moreover, the slower this recovery takes place. 
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Fig. 6. Effectoflanthanumions 
on after-changes following ter
mination of HR. A) 0.5 · mM 
La+++.; B) 2.5 mM, and C) 10 
mM La+++. 

of depolarization similar to that always taking place 
after the end of the HR in solutions containing Mg++, 
Ca++ or Ba++ ions (Fig. 4C). 

DISCUSSION 

It is best to begin analysis of these results by• 
examining the nature of changes in membrane re
sistance underlying the HR and breakdown phe
nomena. 

It is generally considered that the decrease in 
membrane resistance produced by an. excess of K+ 
ions is due to an increase in potassium permea
bility PK and the regenerative increase in this re
sistance during HR development is due to a decrease 
in PK. The experiments with TEA undertaken in this 
investigation · confirm this hypothesis: ':!;EA, which 
blocks the potassium channels, increases membrane 
resistance to values close to those measured ini
tially in Ringer's solution. 

The membrane resistance and its potential 
undergo characteristic changes after termination of 
the HR obtained in the presence of Mg++, Ca++ or 
Ba++ ions: immediately after switching off the cur-: 
rent the resistance · and transme:nbrane potential 
fall below their· initial level,. gradually returning to 

·. this value only afterward. The reason for this 
'phenomenon is as follows .. 
· Prolonged membrane depolarization by an ex
cess of K+ ions causes partial ..,inactivation of PK 
(18, 19) and, in consequence, a slight decrease in its 

value relative to the level obtained at the very beginning of KCl action. Hyperpolariza
tion abolishes this inactivation, as a result of which PK rises immediately after switch
ing off the current to values above those measured initially. Meanwhile membrane 
depolarization is strengthened. Later, under the influence of depolarization, potassium 
inactivation again lowers PK and, along with this, depolarization is weakened. Ultimately 
PK and the membrane potential become stabilized at a stationary level, the level ob
served before the beginning of action of the hyperpolarizing current . 

. Changes in ionic permeability of the membrane responsible for its breakdown are 
of a different nature. These phenomena can be obtained in nodes of Ranvier not only 
when kept in KCl solution, but also in Ringer's solution of normal compo:,ition (20). 
Replacement of c1- by SO4 -- in the present experiments (the node was immersed in 
isotonic K2SO4 solution) did not weaken the breakdown. Blocking the potassium channels 
by means of TE,:1. likewise had no effect on resistance of the membrane. It can be c~
cluded from all these findings that the decrease in membrane resistance during stroi1g 
hyperpolarization is due to a nonspecific increase in its ionic conductivity, or formally
to an increase in its leakage conductance g1• 

Since breakqown phenomena become irreversible during excessively strong hyper
polarization (complete rupture of the membrane takes place) (21), there is reason to 
suppose that they are based on some form of disturbance of the microstructure of the 
membrane, such as rupture of intermolecular bonds in lipoprotein complexes, leading 
to the appearance of new pores or ion-exchange areas leading to an increase in the 

. passive transport of monovalent ions (22). 
'.[he clear relationship between membrane resistance to breakdown and the con

centration of Ca++ ions in the medium suggests that these ions stabilize the membrane 
structure,, linking phosphate and/or carboxyl groups of adjacent molecules of phos
pholipids and proteins together by means of bridges (4, 8). Considerable support for 
this suggestion can be found in the literature. 
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No other explanation of thes~ facts seems possible, except that they are due to the 
formation of stable lanthanum-phospholipid complexes in the membrane during hyper
polarization, and that these gradually break down after interruption of the current and a 
decrease in the transmembrane potential difference. 

These effects are absent during the action of Mg++, Ca.++ and Ba++, or complexes 
between phospholipids and these ions are less stable and are rapidly broken down after 
the end of the hyperpolarization. 

Of the bivalent ions investigated, only Ni++ showed a tendency to delay the decrease 
in membrane resistance after the end of the HR. However, even in 5-10 mM Ni++, this 
delay did not exceed that occurring during the action of 0.5 mM La+++. 

It may naturally be asked whether all the effects of changes in membrane potential 
can be reduced simply to the effect of these changes on the distribution of free Ca++ ions 
(or ions similar to them) in the membrane, or alternatively that the electric field has a 
direct action on the membrane structure itself, thereby changing the permeability of its 
ion channels. 

The results described in this paper do not need such additional assumptions for 
their explanation. Furthermore, some facts are obviously in disagreement with Gold
man's (3) hypothesis that the electric field influences the configuration of phospholipid 
dipoles and, consequently, influences their ion-exchange properties. According to this 
hypothesis, for instance, preferential complex formation by polyvalent cations with phos
pholipids can only take place if the dipole configuration is the same as when the trans
membrane potential difference is high. In the present experiments, however, La+++ ions 
considerably increased the membrane resistance despite its complete depolarization, 
i.e., under conditions of the maximum affinity (according to G<:Jldman) of phospholipids 
for K+ ions. Hyperpolarization during the action of La+++, on the other hand, gave rise · 
to only a further·slight increase in re·sistance. · 

No special measures were taken during the present investigation to remove trac.~s 
of_ Ca++ ions from the medium, such as were taken by Frankenhaeuser in his experi
ments (2). The performance of such experiments in the future would be extremely 
interesting, because in the light of the hypothesis which has been developed, it may be 
expected that HRs would disappear in a medium completely deprived of free Ca++ ions. 
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