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Abstract~A post-tetanie membrane hyperpolarization following repetitive neuronal activity is a com­
monly observed phenomenon in the isolated frog spinal cord as weil as in neurons of other nervous 
tissues. We have now used double-barrelled Na + - and K + -ion-sensitive microelectrodes to measure the 
intracellular Na + - and K + -concentrations and also the extracellular K + -concentration of lumbar spinal 
motoneurons during and after repetitive stimulation of a dorsal root. The results show that the post­
tetanie membrane hyperpolarization occurred at a time when the intracellular (Na +] reached its maxi­
mal value, intracellular [K +J had its lowest level and extracellular [K +] was still elevated. The hyper­
polarization was blocked by ouabain and reduced by Li + . 

These data support the previous suggestion that an electrogenic Na + /K + pump mode may be the 
mechanism underlying the post-tetanie membrane hyperpolarization. 

Repetitive neuronal aetivity in many preparations is 
often followed by a post-tetanie membrane hyper­
polarization (PTH).2.13,17.21,28 Sueh a hyperpolariz­
ation has also been observed at primary afferents of 
the isolated frog spinal eord following tetanie stimu­
lation of an adjaeent dorsal root.6

, 7 ,19 Measurements 
with ion-sensitive mieroeleetrodes in that preparation 
revealed that the free extraeellular potassium concen­
tration [K +]e was still elevated during the period of 
the PTH.6 ,19 Sinee the redueed transmembrane 
K + -gradient would rather depolarize the membrane, 
the aetivation of an eleetrogenie Na + pump was sug­
gested to be the most likely explanation for the 
PTH.6 ,7,19 However, no information was available 
about the intraeellular free sodium [Na +]; and potas­
sium eoncentrations [K +] i in the neuronal elements 
involved in the PTH. 

Reeently, it has been shown that motoneurons of 
the isolated frog spinal eord allow stable intraeellular 
recordings with double barrelIed ion-sensitive miero­
e1eetrodes.3,23 Therefore, we have now used Na + -

and K + -ion-sensitive mieroelectrodes together with 
conventional eleetrodes to determine the changes of 
[Na + Je [K +]; and the input resistanee of spinal 
motoneurons indueed by repetitive stimulation of a 
dorsal root. 

EXPERIMENTAL PROCEDURES 

Preparation. Experiments were performed on the isolated 
frog spinal cord (Rana esculenta) with the techniques de-

Abbreviations: PTH, post-tetanie membrane hyperpolar­
ization; (Na +]',i' extracellular and intraceHular coneen­
trations, respeetively of ffee sodium ions; [K + Je,i' extracel­
lular and intraeellular concentrations, respectively, of free 
potassium ions. 

scribed in detail by Sonnhof et alB After decapitation, 
ventrallaminectomy was performed in cooled Ringer's sol­
ution. The spinal cord, inc\uding dorsal and ventral roots 
of the lumbar segments, was removed and placed in a 
recording chamber (volume 1.5 ml), which was eontinu­
ously superfused with Ringer's solution by means of a 
roller pump (2.5 ml/min). The Ringer's solution contained 
(mmolfl): NaCl 98.0, KCI 3.6, CaCl2 2.0, NaHC03 12.0, 
glucose 10.0. The pH was eontinuously monitored and 
adjusted to 7.3-7.5 by varying the proportion of O2 and 
CO2 in the gassing mixture. The temperature of the per­
fusion fluid was kept at 18-21°e. The dorsal roots of the 
lumbar segments of one side were placed on silver wire 
electrodes for stimulation and covered with vaseline and 
the ventral roots of the same side were drawn into glass 
suction eleetrodes for stimulation or recording from the 
ventral roots. Motoneurons were impaled by means of a 
step motor driven manipulator.24 

Ion-sensitive microelectrodes. The method used for the 
construction of the double barrelIed ion-sensitive micro­
eIectrodes with tip diameters between 0.5 and 1 pm was 
described e1sewheres For the determination of the extra­
and intracellular free K + concentrations, a Corning ion 
exehanger resin (477317) was filled into the ion sensitive 
barrel; the reference barrel eontained I mol/I magnesium 
acetate (resistanees of ion exehanger barrel, 2-8 GQ; and 
referenee barrel, 15-30 MQ). All electrodes were calibrated 
before and after the experiment in solutions containing 3, 
12 and 60 mmol/l KCl with a constant background of 
150 mmol/l NaCI. A computer programme was used to 
calculate the slope and the selectivity coefficients of the 
electrodes. Only electrodes with a slope of 52-59 mV/ten­
fold change of K + concentration were used in the experi­
ment and their mean selectivity ratio was: 
K: Na = 1 :0.01-0.02. To determine [K +J" the voltage 
jump of the pure ion signal (voltage change of ion sensitive 
barrel minus voltage change of reference barrel) obtained 
by withdrawing the electrode from the motoneuron into 
the extracellular space was analysed by a computer pro-
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gram me using the selectivity ratio and the slope of the 
K + -ion-sensitive microelectrode and taking into account 
the ratio of the known extracellular to an estimated intra­
cellular Na + background (10 mmol/l). 

The intracellular free Na + concentrations [Na +] i was 
determined using two kinds of ion exchanger resins. The 
reference barrel always contained 4 molfl K + acetate. In 
some ion-sensitive microelectrodes, the ion-sensitive barrel 
was filled with the Li + ion exchanger9 having mean selec­
tivity ratios for Li:Ca:Na:K 1:0.18:0.05:0.01. The 
disadvantage of this ion exchanger with respect to the de­
termination of [Na'], was its low discrimination against 
K +; in addition, the high resistance (20-100Gf.l) induced a 
slow electrical response time. However, in a few cases we 
were successful in reducing the resistance considerably by 
using electrodes with a tip size of about 1.5 Jlm (see Fig. 3). 
This procedure, on the other hand, limited the probability 
of obtaining long lasting impalements. Therefore, most of 
the experiments were performed using a Na + -ion 
exchanger resin (ETH 227) containing a small amount of 
tetrachlorophenylborate1o. 26 (mean selectivity ralios: 
Ca: Na: K = 2-4: I : 0.025). Electrodes filled with this ion 
exchanger had lower resistances (10 Gf.l) and a good dis­
crimination between Na + and K + , although its high Ca2 + 

sensitivity has to be taken into account (see Oiscussion). 
The selectivity coefficients of both types of ion exchangers 
were dctermined by using solutions containing different 
eoneentrations of Na + with a constant background of 
Ca2 + or K +. The data were then analysed by a computer 
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programme based on the Nicolsky equation. [Na + J. was 
determined by comparing the voltage of the pure ion signal 
obtained by withdrawing the electrode from the moto­
neuron into the extraecllular spaee with the voltage 
obtained by changing the normal Ringer's solution to sol­
utions eontaining no Cal + and a constant ionie strength, 
i.e. Na + plus K + eoneentration was eonstant (120 mmol/l) 
and mixed In an alternaling way (in mmoljl): 
120 KCl + 0 NaCl; 115 KCl + 5 NaCl; 110 KCl + 
10 NaCI ete. 

All values of intraeellular Na + and K + are given in free 
ion eoneentrations. A eonversion into ion aetivities was not 
performed. 

RESULTS 

General observations 

After impaling a motoneuron with a double-bar­
relled ion-sensitive microelectrode (tip size OS-1 jlm) 
usuallya time of 20 min or more elapsed unhl the free 
intracellular K + - [K +] i and Na + -concenlrations 
[Na +]; reached a stable level. Ouring this time, in 
spite of a hyperpolarizing trend of the membrane 
potential, [K +J. and [Na +]; first shifted to lower and 
high er concentrations, respectively. After so me min­
utes, however, a Ion ger lasting 'sealing' period star ted, 
characterized by an increase of [K + ] i and a decrease 

• -OR oe 
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Fig. l. Change of intracellular K + concentration (K j ) of a frog spinal motoneuron during repetitive 
stimulation of a lumbar dorsal root (two stimulation periods with different durations). The upper traee is 
the reeording of the pure ion signal (K ,), the lower traee is that of the referenee barrel (E m) of a 
K + -ion-sensitive mieroelectrode. The bar at the end of the traee (OC) indieates aperiod in whieh a 
50 mV voltage pulse was applied between the bath and the main ground. This proeedure was performed 
in order to test the gain adjustment of the amplifier. Note that a post-tetanie membrane hyperpolariz­
ation appeared after the end of the repetitive stimulation of a lumbar dorsal root (OR). K i had its lowest 
value at this time. The inset shows the post-tetanie potential with superimposed spikes induced by the 

first shoek of the stimulus train. 
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Fig. 2. Extracellular K + concentration (Kel and membrane 
potential (E.,,) during repetitive synaptic stimulation. In 
this experiment, a conventional microelectrode was pos­
itioned intracellularly in a lumb ar motoneuron and a 
K + -ion-sensitive microelectrode extracellularly in the 
motoneuron pool of the same segment. The lowest trace 
illustrates the recording of the reference barrel of the 
K + -ion-sensitive microelectrode (ref). The inset shows an 
action potential induced by antidromic stimulation of a 
ventral root followed by a postsynaptic potential induced 

by the first shock of the stimulus train. 

of [Na+]j. The measurements presented in this paper 
were taken at least 30 min after impalement of the 
motoneuron, a time at which intracellular levels had 
reached a steady state. 

Free intraeellular K+eoneentration ([K+];) 

In the steady state, the [K+]j baseline varied 
between 80 and 105 mmoljl in motoneurons with rest­
ing membrane potentials of -70 to - 80 mV and 
action potentials of 90--105 mV amplitude (obser­
vations from 10 motoneurons). In motoneurons with 
lower resting membrane potentials of around 60 mV, 
[K +]j was between 50 and 65 mmoljl. During repeti­
tive stimulation of a dorsal root (10--20 s, 10--30 Hz) a 
slow onset decrease of [K +] j was observable (Figs 1 
and 8). The maximal change of [K+]j measurable 
after such trains of stimuli was 5 mmoljl. After the 
stimulation, it always took several minutes until 
[K +]j returned to the baseline. It is noteworthy, that 
due to the Nernstian relation between voltage and 
concentration, relatively small voltage changes of the 
K~ -signal were observed (see calibration of the upper 
trace in Fig. 1). For example, a K + -ion-sensitive 
microelectrode with a slope of 55 mV/tenfold change 
of K + concentration monitors the decrease from 
100 mmol/l to 96 mmol/l K + as a voltage signal of 
1 mV. 

A comparison of the alteration in [K +] j and the 

membrane potential (EJ of the motoneurons revealed 
one important deviation. After the end of the stimu­
lation, Ern always returned immediately to the resting 
potential followed by a post-tetanie membrane hyper­
polarization (PTH). At this time, however, [K+]j had 
just reached its lowest value before returning back to 
the baseline level (Figs 1 and 8). 

Figure 2 illustrates the time course of the extracel­
lular potassium concentration [K +] e and the mem­
brane potential of a frog spinal motoneuron during 
and after repetitive synaptic stimulation. It can be 
seen that [K +]e reached its maximal level at the end 
of the repetitive stimulation and was still elevated at 
the time of the PTH. A comparison between the time 
course of [K +] j and [K +] e reveals that [K +]. 
showed its maximal value before [K +1 approached 
its lowest level. Additionally, the recovery time to the 
baseline was always shorter for [K +]. than for [K +1. 
Summarizing the observations concerning the 
changes of [K +]j, [K +]. and the membrane potential 
in the post-stimulation period, it was observed that 
the membrane potential did not passively follow the 
transmembrane K + ion distribution. 

Free intraeellular Na+ eoneentration ([Na+];) 

After reaching a steady-state level, [Na+]j baseline 
varied between 4 and 16 mmoljl in motoneurons with 
resting membrane potentials of -75 to -65 mV (ob­
servations from 8 motoneurons). During repetitive 
stimulation of a dorsal root (10--20 s; 10--30 Hz) an 
increase of [Na +] j with a slow onset was observed 
(Figs 3, 4, 5). The maximal increase of [Na+]j 
measured after trains of stimuli with parameters de­
scribed above was 5 mmoljl. The time course of the 
[Na+]j recovery resembled the observations made 
with the K + -ion-sensitive microelectrodes, in that 
several minutes elapsed until the baseline was 
reached. In Figs 3 and 4, the 2 types of ion exchanger 
resins used to measure [Na+]j are compared. It is 
c\ear that the selectivity factor Na:K determines the 
voltage change of the [Na+]j signal. The Li-ion 
exchanger resin9 (Na:K = 1:0.2) gave 2mV voltage 
change for a [Na + 1 increase from 5 to 7 mmoljl ; 
whereas the Na-ion exchanger resin (ETH 227 ;20.26 

Na: K = 1 :0.025) gave an ion signal of nearly 10 mV 
du ring the increase of [Na +]j from 4 to 7 mmol/l. 

Post-tetanie membrane h yperpolarization (PT H) 

Aseries of experiments were performed in order to 
analyze whether an electrogenic Na + /K + pump mode 
is the main reason for the post-tetanie membrane 
hyperpolarization (PTH). First, in three experiments 
an intracellular Na + - and an extracellular K + -ion­
sensitive microelectrode were placed simultaneously 
in the motoneuron pool. This enabled us to observe 
the time course of [K +]. [Na +]j and Ern induced by 
tetanie stimulation of a dorsal root (Fig. 5). The 
results showed that the PTH occurred at aperiod 
when both [Na+1 and [K +]. were still elevated. 
Secondly, the membrane resistance was measured 
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Fig. 3. Change of intracellular Na + concenlration (Na,) during repetitive stimulation of a lumbar dorsal 
root. In this experiment. the Li + -ion exchanger resin9 was used to determine Na,. Due to the poor 
discrimination between Na and K (selectivity ratio 1 :0.2) a voltage change of only 2 mV was obtained 
during the increase of Na, from 5 to 7 mmoljl (cf Fig. 4). At the periods indicated by bars (DC), 50 and 
20 mV voltage steps were applied between the bath and the main ground. The inset shows a postsynaptic 

potential elicited by the first shock of the stimulus train. 
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Fig. 4. Change of intracellular Na + concentration (Na.) 
during repetitive stimulation of a lumbar dorsal root. In 
this experiment, a Na + -ion exchanger resin 20

•
26 was used 

to determine Na,. Thc good discrimination of Na against 
K (selcctivity ratio 1:0.025) resulted in a voltage change of 
nearly 10 mV during the increase of Na, from 4 to 
7 mmol/l. At the time indicated by a bar (DC), a 50 mV 
voltage step was applied between the bath and the main 
ground. The inset again shows the response elicited by the 

first shock of the stimulus train. 
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Fig. 5. Changes of extracellular K + concentration (K,), 
membrane potential (Ern)' and intracellular Na + concen­
tration (Na,) during repetitive stimulation of a dorsal root. 
In this experiment, a Na+ -ion-sensitive microelectrode2o

.
26 

was placed intracellularly in a motoneuron and a K + -ion 
sensitive microelectrode extracellularly in the motoneuron 
pool of the same segment at a similar depth. The upper­
most trace is the recording from the reference barrel of the 
extracellular K + -ion-sensitive microelectrode (ref). Note 
that the post-tetanie membrane hyperpolarization occurs 

at a time when K. and Na, are still elevated. 
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Fig. 6. Input resistanee of a frog spinal motoneuron during 
the post-tetanie hyperpolarization. A: reeording of the 
membrane potential during and after repetitive synaptie 
stimulation of a dorsal root. The hyperpolarizing deflee­
tions result from hyperpolarizing eonstant current pulses 
(10 nA, 100 ms). Note that no change in the membrane 
resistance was observable during the post-tetanie mem­
brane hyperpolarization. B: The effeet of taurine (TAU) on 
the input resistanee of the same cell. Application of this 
amino acid into the bathing solution c\early reduced the 

input resistanee. l5 

during the PTH using constant hyperpolarizing cur­
rent pulses injected into the soma of the motoneurons 
(Fig. 6). Using this method, apparently no change of 
the input resistance was detectable in the 5 moto­
neurons tested (limitations in the interpretation will 
be discussed below). Thirdly, the action of ouabain on 
the PTH was investigated (10 ceHs). Ouabain 
(~1O ~mol/l) always completely blocked the PTH 
(Fig. 7). Finally, the effect of Lj+ (15 mmol/l; 
exchanged for NaCl) on the PTH was also studied 
because of its suspected interaction with the electroge­
nie Na + /K + pump.21 Li + reduced the amplitude of 
the PTH and also changed the amplitude and the 
time course of the [K +]i signal as demonstrated in 
Fig. 8. Similar observations were made on a further 
15 cells. 

DISCUSSION 

From the methodological point of view the interfer­
ence of other ions or moleeules with the ion 
exchanger resins used in this study has to be con­
sidered. There are no problems concerning the ionic 
interference of the K + ion exchanger used (Corning 
477317; mean selectivity ratio K:Na = 70:1). How­
ever, it is weIl known that this ion exchanger is also 
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Contra I Ouabain 10 JJmol /I (+ 15 min ) 

.... 
DR9,10Hz,10s 

Fig. 7. Effect of ouabain on the post-tetanie membrane hyperpolarization. The upper trace shows a 
eontinuous intracellular recording of the membrane potential of a motoneuron. At the limes indicated 
by the arrows, a dorsal root was stimulated repetitively (20 Hz, 10 sI. Ouabain was added to the bathing 
solution during the per iod indicated by the bar. Note that ouabain completely bloeked the PTH. In the 
lower traces, the PTH obtained in normal Ringer's solution (control) and its blockade after ouabain 

applieation are illustrated with a faster time base (another experiment). 
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Fig. 8. Effect of Li + on the post-tetanie membrane hyperpolarization. The two upper traces to the left 
show the changes of the K i signal and the membrane potential of a motoneuron induced by repetitive 
stimulation of a dorsal root in the presence of Li +. The lowermost trace shows action potentials evoked 
by a single antidromic stimulus and the first dorsal root stimulus of the stimulus train. The 2 other 
columns demonstrate the same parameters after changing from a Ringer's solution containing 15 mmol/1 
Li + (exchanged for NaCl) to normal Ringer's solution and back to the Li + -Ringer. At the bar (DC). a 
50 mV voltage step was applied between the bath and the main ground. Note that Li + reduced the 
amplitude of the PTH and the AP-amplitude. In addition. Li + prolonged the time course and increased 

the amplitude of the K i signal simultaneously to a decrease of the K i baseline. 

sensItive to quarternary ammonium ions. 14 At 
present, we cannot completely exclude the possibility 
that an interference by some unknown cytoplasmic 
compound may contribute to the baseline or the kin­
etics of the observed ion signal. A valinomycin based 
K + -ion-sensitive microe!ectrode was not used due to 
the high resistance of the ion-sensitive barre! (100 GQ; 
tip size 0.5 .um) which resulted in a very slow electrical 
time constant. Concerning the Na; measurements, the 
high sensitivity of the ion exchanger (ETH 22720

•26 ) 

for Ca2 + -ions has to be considered. Calculations 
based on a se!ectivity ratio for Ca:Na:K = 4:1 :0.02 
revea! that the same voltage change of 4--5 mV can be 
obtained by increasing [Na +]; from 8 to 10 mmol/l 
(background: 100 mmol/! K +; 0.1 .umol/l Ca 2 +) or 
[Ca2 +] from 0.1 to 1 /-lmo!/! (background: 100 mmo!/! 
K +; 10 mmo!/! Na +). However, two arguments sug­
gest that the voltage change is indeed due to an in­
crease of [Na+J;. First, contro! experiments in wh ich 
we used intracellular Ca2 + -ion-sensitive microelec­
trodes (ETH 1001) in frog spinal motoneurons did not 
show a voltage shift of more than 1-2 mV during re­
petitive synaptic activation with our usual stimulation 
parameters (not illustrated). Experiments using Ca2 +-

ion-sensitIVe microelectrodes in snail neurons also 
revealed Ca;-signals in the range of only 1-2 mV dur­
ing a depolarization of 50 mV amplitude from the 
resting membrane potential for aperiod of up to 
20 S. 11 Therefore, it is rat her unlikely that the voltage 
signal of up to 10m V obtained by the Na + 

exchanger is entirely due to an increase in the intra­
cellular Ca2+. Secondly. powerful mechanisms are 
known to exist that effectively bind Ca2+ entering the 
cytoplasm and therefore prevent a large increase of 
the free intracellular Ca2 + concentration. l Therefore, 
we conclude that the Ca2 + interference with the Na +­

ion exchanger is of little significance for our measure­
ments of the intracellular Na + -kinetics. However. it 
has to be taken into account for determining the Na + 

baseline, since up to 30~i~ of the pure ion signal 
obtained by changing from the intra- to the extrace!­
lular space may be due to the Ca2 + concentration 
gradient. 

Still another obstacle in evaluating the exact resting 
intracellular concentration is the unknown amplitude 
of the tip potential contributing to the voltage jump 
obtained from the reference barrel while withdrawing 
the electrode from the intra- to the extracellular 
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space. In particular, the K j baseline level may be 
under- or overestimated since a potential difference of 
2 mV of the pure ion signal may be reflected in a 
[K +] j baseline shift, for example, from 96 to 
88 mmoljl. This problem, however, should not con­
tribute to the kinetics of the K j signal. 

In the following part, both amplitude and time 
course of the [K + ] e and [K + 1 signals will be com­
pared. A rough eomparison between the amplitude of 
the [K +]e rise and [K +]j fall (Figs 1, 2, 5, 8) points to 
the importance of the glial uptake in determining the 
peak of the [K +]e signal. Based on a volume ratio of 
4: 1 for the intra- to extracellular space one would 
expect a [K +1 fall in the concentration range of only 
one fourth of the [K +]e rise. Our data, however, 
based on observations from different preparations 
using identical stimulation parameters (20 Hz, 10 s) 
show approximately an equimolar concentration 
change of [K +]e and [K +1. This indicates that 
remarkable amounts of K + must be taken up into 
glial cells.4, 16 Diffusion alone, as the alternative factor 
regulating the [K +]e amplitude, does not seem to be 
sufficient to aeeount completely for the K + migration 
in the brain. 5 ,18,30 Diffusion and active uptake 
into neurons and glial cells are also the factors 
determining the decay phase of the [K +]e sig­
naI.4,5, 10, 12, 15, 16, 18,30 In contrast to mammalian 
preparations,IO however, no K + undershoot was 
observable in the post stimulation period. This finding 
is in aceordance with previous observations in the 
isolated spinal cord of the frog 19

,27 and might partly 
result from the temperature used in frog experiments 
(20°C). Compared to the extracellular K + time 
course, a mueh slower shift of the [K +ksignal was 
observed. One important factor underlying this slow 
time course may be the diffusion from the center of 
the soma region (the most likely position of the elec­
trode tip) to the membrane of the dendritic regions of 
the motoneurons. 

Our data are consistent with the idea of an electro­
genic Na+ pump as the mechanism underlying the 
PTH.6

•
7

,19 The hyperpolarization is not explainable 
by the post-tetanie change of the transmembrane K + 
distribution, which should result in a membrane de­
polarization if no change of the membrane resistance 
occurs. However, we might have missed a change of 

the K + conductance in the dendrites of the moto­
neurons induced, for example, by a Ca2+ -influx. In 
such a case, one would expect that the membrane 
hyperpolarization is electrotonically conducted to the 
soma region, whereas the permeability change may 
remain undetected. Furthermore, the complex synap­
tic input due to the repetitive stimulation of the dor­
sal roots makes it impossible to exclude completely a 
participation of an increased K + conductance in the 
production of PTH. On the other hand, the elevation 
of Na j observed in our experiments is very likely a 
strong stimulus for the activation of the Na + /K + -
pump. In addition, ouabain, which is a weil known 
inhibitor of the Na + /K + pump, completely blocked 
the PTH. Li + induced a similar effect, which may 
result from the competi tion of Li + and K + for a co m­
mon binding site at the extracellular membrane sur­
face. 22 Additionally, Li + entering the cell through 
voltage-dependent Na + channels opened du ring the 
stimulation period, probably does not stimulate the 
intracellular Na + binding site.29 This should result in 
a lack of stimulation of the Na + /K + pump. These 
findings, therefore, also favour the idea of an electro­
genic Na + /K + pump as the eausative factor underly­
ing the PTH. Finally, it is interesting to consider what 
cellular ionic environment would support a net de­
pietion of positive charges from the cell. One answer 
might be that during synaptic activation an equival­
ent amount of Na + and K + are entering and leaving 
the motoneurons. A signifieant part of the extracellu­
lar K +, however, is taken up by the glial eells,4. 16 

consequently resulting in an imbalance of extracellu­
lar [K +] compared to intracellular [Na +]. In this 
situation, an electrogenic Na + pump with a eoupling 
ratio of 3 Na: 2 K is a suitable mechanism to remove 
the excess intracellular [Na +]Y 
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