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In  the past years the role of N a + in giant neurones was investigated 
mostly from two aspects: a) its role in the generation of action potential,
b)  its role in the maintenance of resting potential.

The first question arose, when it was found in the central nervous system 
of some Gastropods th a t the action potential was m aintained in Na+-free 
solution for a long time. Some authors tried to explain this fact with a contribu
tion of some other ions (Ca++, Mg ++) (G e r a s im o v  et al., 1965; O o m u r a  e t al., 
1961; J e r e l o v a  et al., 1972), others with an extracellular retention of Na + 
(Krasts and V e p r i n t z e v , 1972; M o r e t o n , 1972).

The second problem emerges in the literature, whether the existence of an 
electrogenic Na-pump can be supported on a given object and if it can, in 
what degree does it contribute to  the maintenance of the membrane potential 
(T h o m a s , 1972), on the other hand, how large is the resting Na+-perm eability 
( H o d g k in  and H u x l e y , 1952)

Regarding the giant neurones of Lymnaea stagnalis, a great mass o f 
da ta  has accumulated on the ionic mechanisms of the generation of potential. 
A t least in one point these data  agree, i. e. there are some neurones, which can 
m aintain their action potential in Na+-free solution for a long tim e (M a g ú r a  
et al., 1971; S a t t e l l e  and L a n e , 1972; K iss and S a l á n k i , 1973). However, 
up to  now on the basis of their experiments only J e r e l o v a  et al. (1972) have 
unequivocally expressed th a t  on the examined neurones in the absence o f 
N a + other ions, Ca+ + and Mg + +, play a role in generating action potential. 
The other authors mentioned above believed in the presence of some kind of a 
Na+-reservoire or restricted diffusion in the case of most of the neurones, 
nevertheless, they did not exclude the direct current-carrier role of Ca+ + ions 
in the case of some of the neurones.

We wish to  continue our examinations partly  in this direction. I t  was 
supposed th a t if the Na+-dependence of the potential generation of the identi
fied cells really differs, then it should manifest itself in the blocking effect of 
TTX on the same neurones.

On the other hand, in one of our earlier works (Kiss and S a l á n k i , 1973) 
we published such results, to  the explanation of which the participation of an
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electrogenic Na-pump in the maintenance of membrane potential was sup
posed. To confirm this hypothesis we performed some experiments with ouabain 
during the present work.

Method

Exam inations were conducted on the identified giant neurones of the 
isolated central nervous system of Lymnaea stagnalis dem onstrated on the 
scheme (Fig. 1) a t room tem perature. Membrane and action potentials were

F ig . 1. Schem e o f th e  abdom ina l an d  r ig h t p a rie ta l ganglion w ith  th e  iden tified  neurones. 
L G P a : le f t p a rie ta l ganglion ; GA: abdom ina l ganglion; R G P a : r ig h t p a rie ta l ganglion; 

GP1: p leu ra l ganglion; ns: n e rv u s sp lanchn icus; n p : ne rv u s pallialis

recorded by glass microelectrodes filled with 2.5 M KC1. The membrane 
potential and its changes were measured after the compensation of tip  potential 
of the electrode using a digital voltmeter. Eor the examinations we used an 
amplifier with FET input (K iss e t al., 1972). For injection of N a + to the 
intracellular space the “diffusion injection” technique was applied (K b n j e v i c  
e t al., 1963). The good applicability of this m ethod is supported by the data  
of K e b jt o t  and T h o m a s  (1964), as well as by W a l k e k  et al. (1971), according 
to  which the K  + and Cl-  outflow" from a “leak” electrode with resistance 
lower than 5 MOhm displaced the equilibrium potential of the ACh-effect to  a 
significant degree in one minute. The electrodes used by us for the injection 
were filled with 3 M NaCl and their resistance was 4 — 5 MOhm. A t the prepara
tion of Ringer and different ion-free solutions we proceeded according to  an 
earlier description (K iss and S a l á n k i , 1973). Tetrodotoxin (TTX) and ouabain 
were dissolved in physiological solution and were applied in perfusion a t a 
concentration 10 ~5—10~4M.
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Results
I .  Examination with T T X

In  one of our earlier papers (K iss and S a l á n k i , 1973) three types of the 
identified neurones were distinguished on the basis of their sensitivity to  the 
removal of extracellular Na + . The activity of some cells ceased within 1 — 2 
min (Al, A5 and P5), while that of the others ceased within 6 — 8 min. (All 
and P12), finally, there was a neurone whose activity  was m aintained for a 
long time (more than  30 min; PI). For the purpose of the present experiments 
one representative of every type was chosen — Al, P I 2 and PI neurone. On 
cells Al and P I 2 10~4 M TTX blocked the generation of spikes but did not 
affect th a t of cell PI. I f  the perfusion was made with a concentration of 10~5 M, 
the effect may be characterized by a gradual row dem onstrated in Figs 2, 3 
and 4. On cell Al (Fig. 2) we may observe th a t after a quick (within 1 min)

F ig . 2 a )  S pon taneous a c tiv ity  o f  neurone Al b) 1/2 m in. a f te r  th e  app lica tio n  o f T T X . 
I t  m ay  be seen th a t  T T X  in h ib its  w ith in  1 m in  an d  a f te r  th is  IP S P -s  a re  still m a in ta in ed

fo r a  long tim e

blockade of the spontaneous activity IPSP-s are m aintained for a long time. 
The blockade of activity is preceded by a diminution of the spike amplitude. 
On cell P I 2 the amplitude of the spike does not decrease so markedly, and the 
activity stops when the spike still has an overshoot. After this, the excita
bility of the cell membrane to  an artificial depolarization is m aintained for a  
long time, during which the amplitude of the evoked spike gradually diminishes, 
however, the overshoot is maintained (Fig. 3). Finally, on neurone PI TTX is 
practically ineffective (Fig. 4).

I I .  Examination with ouabain

The effect of 10~4M ouabain causes no significant difference between 
the different identified neurones, so we give the mean of the effect measured 
on different cells. After the application of ouabain always gradually develop
ing depolarization was observed, which reached its maximum value in th e  
3rd—4th min (Fig. 5D).

In  our earlier paper we drew attention to  the fact th a t when recording 
was done by a microelectrode filled with NaCl, the K+-free solution caused 
a greater hyperpolarization contrary to  using a microelectrode filled with 
KC1 (Kiss and S a l á n k i , 1973). The greater hyperpolarization was explained 
by an electrogenic Na-pump-stimulating effect of a Na+ outflow from the 
electrode. During the present work these measurements were completed by
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F ig. 3 a )  S p o n tan eo u s  a c tiv ity  o f  cell P l ‘2’6)  E ffe c t o f T T X  a t  th e  4 th  m in . c j_S p ike  tra in s  e v o k e d  b y  d ep o la r iza tio n  ( t  )
a f te r  4 m in . o f  T T X  tre a tm e n t
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F ig . 5. L e jt:  X  — effec t o f e lec trode filled  w ith  N aC l on  th e  m em brane  p o ten tia l. R igh t:  
A  — S im ultaneous effect o f  th e  e lec trode  filled  w ith  N aC l an d  th e  K + -free  R in g er; 
В  — R eco rd ing  in  K + -free  R in g e r w ith  e lec trode  filled  w ith  KC1; C  — S im ultaneous 
e ffec t o f  th e  elec trode  filled  w ith  N aC l an d  th e  K +-free R in g er con ta in ing  ouaba in . 
D o tte d  line is th e  ap p ro x im atin g  line o f  th e  curve, T here  is sign ifican t difference betw een  
th e  p o in ts  o f  A  an d  G cu rves an d  no  s ign ifican t difference betw een  th e  p o in ts  o f  th e  
В  an d  C  curves; D  — E ffe c t o f  ou ab a in  in  n o rm al R in g e r using  e lec trode  filled w ith  KC1

using ouabain. The electrode was kept in the cell for 10 min., while the change 
in the membrane potential was continuously registered ( Fig. 5). After 10 min 
the measurements were continued in two series. In the first case (A) the K +- 
free Ringer, in the second case (С) К +-free solution containing 10-4 M ouabain 
was tested.

As an effect of К +-free Ringer, the hyperpolarization described earlier 
was obtained, however, the K+-free solution containing 10_ 4 M ouabain 
contrarily caused a depolarization. There is no significant difference in К +-free 
Ringer; either recording is done by an electrode filled with KC1, or by an 
electrode filled with NaCl in the presence of ouabain.

F ig . 4 a )  Spon taneous a c tiv ity  o f  neurone P I  b) A fte r  T T X  tre a tm e n t la s tin g  20 m in .
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Regarding the Cl- -free Ringer, a hypothesis was described in our earlier 
work (Kiss and S a l á n k i , 1973), according to which the burst activity  devel
oped here is a result of a depolarization caused by the absence of Cl- , and 
consequently, an activation of an electrogenic Na-pump. This was controlled 
comparing the effect of Cl“ -free Ringer and Cl- -free solution containing 10-4 M 
ouabain. For this investigation, neurones AlO and PI were used, on which the 
Cl- -free solution caused the most m arked changes (Kiss and S a l á n k i , 1973). 
Also during the present investigations the regular rhythm  became irregular in 
every case, in most of the cases a burst-like activity  was obtained. After this
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F ig . 6. E ffe c t o f  o uaba in  in 01 -  -free so lu tion  a )  C ontro l a c tiv ity ; b)  E ffec t o f Cl -  -free 
so lu tion ; c an d  d) E ffec t o f  ou ab a in  in  C l~-free so lu tion  a t  th e  f i rs t  an d  th e  4 th  m in ,

respec tive ly

perfusing with Cl- -free solution containing ouabain consequently the interburst 
hyperpolarization phases gradually became shorter, while in several minutes 
a continuous activ ity  developed with a greater frequency than  in the control 
(Fig. 6.). Another type of reaction was obtained, when the normal Ringer 
was change a t once to  Cl- -free solution containing ouabain. In  this case ouabain 
potentiates the depolarizing effect of the absence of Cl- , and the activity after 
a tem porary increase is inactivated a t a depolarized level.

50rnV

Discussion

Our results show th a t on the investigated neurones of Lymnaea the 
character of spontaneous activity  is regulated in a complex m anner by Na + , 
K + and Cl-  concentration of the extra- and intracellular space. F irst of all, 
it may be established th a t regarding the generation of the pacemaker activity 
there are real differences among the identified neurones. This is shown by the 
coincidence of gradual rows which can be set up for the blocking effect of 
TTX and Na+-free solution in the case of the three investigated neurones.
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In  the case of cell A1 the action potential is obviously Na+-dependent, 
since it is blocked in a very short time by Na + -free solution and TTX. On the 
contrary, in the case of neurone PI the very high resistance against TTX and 
Na + -free solution suggests th a t the spike is much less Na +-dependent. In  this 
case the question of the current-carrier ion remains open henceforth, since in 
this cell we failed to  confirm such a role of the Ca++ion (Kiss and S a l á n k i , 1973).

An essential new conclusion is obtained for cell P I 2: this neurone repre
sents a th ird  type between the above two extremes. I ts  action potential is 
N a +-dependent, bu t besides some other ions (Ca++, Mg++) might play a role 
in the generation of the spike. The role of the la tte r two was found by J e r e l o v a  
et al. (1972) on other neurones of Lymnaea. The supposition of multiionic 
spike does not exclude th a t on the neurones of similar type in Na + -free solution 
also passive or active Na + retention may occur, as M o r e t o n  (1972) and the 
present authors (K iss and S a l á n k i , 1973) considered probable, although 
S a t t e l l e  and L a n e  (1972) contradict it on the basis of their histological 
observations.

The intracellular Na+ concentration as well as the extracellular K  + 
and Cl-  concentration affect the spontaneous activity mostly in an indirect 
m anner through the control of the membrane potential. In  our earlier paper 
we concluded th a t an electrogenic Na-pump may play an im portant role in 
the control of the membrane potential of the giant neurones of Lymnaea. 
However, this conclusion was drawn only in an indirect manner. During the 
present work the change in the membrane potential was registered continuously 
from the penetration with the electrode filled with NaCl, then the registration 
was continued in К  +-free solution. A surprising result was obtained th a t the 
К  +-free solution did not inhibit considerably the electrogenic mechanism: the 
rate  of increase of the membrane potential remains the same, as was the case 
in the normal solution. In  the literature the opinion has prevailed for a long 
tim e th a t the electrogenic Na-pump can be blocked by the removal of external 
K + (C a r p e n t e r , 1970; T h o m a s , 1972). However, contradictory data  are also 
known, i. e. there is no inhibition, or its full development needs considerable 
tim e (A x iy a m a  and G r u n d f e s t , 1971). S o the present result does not contradict 
every data  of the literature. On the other hand, it is raised th a t  the hyper
polarization obtained is the result of two effects, the electrogenic pump 
mechanism and the increase of К  +-concentration gradient, which effects are 
difficult to  separate in the given case. However, the hyperpolarization caused 
directly by the absence of K+ is not considerable, as it is known from 
S a t t e l l e  and L a n e ’s (1972) and our (K iss and S a l á n k i , 1973) work. The 
fact th a t if ouabain is added to  the К  + -free Ringer the hyperpolarization does 
not develop, moreover, the membrane potential is slightly depolarized suggests 
the same. The amplitude of the last change does not depend on whether the 
recording is done by the electrodes filled with NaCl or KC1, this unequivocally 
suggests th a t the hyperpolarization obtained by the electrode filled with 
NaCl is a result of the electrogenic Na-pump stimulation.

Ouabain added to  the normal Ringer caused much more depolarization 
(maximum 15 mV) while the same added to K  + -free Ringer the maximum 
depolarization was 6 mV. I t  is possible th a t here the increase in K+ concentra
tion gradient effects against the depolarization caused by the pump inhibition. 
Another explanation may be the anomalous К  + -dependence of the membrane 
potential (M a r m o r  and G o r m a n , 1970; S a t t e l l e  and L a n e , 1972). According
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to  this a t 0 extracellular K + concentration there is a much less difference 
between the measured membrane potential and th a t calculated by the G o l d 
m a n  equation, than  a t a physiological K + concentration.

According to our earlier hypothesis concerning the effect of Cl "-free 
Ringer the depolarization, which occurs in the absence of Cl- , activates the 
spike generation, bu t the activity  of the electrogenic Na-pump increases 
during the tim e of the developed action potential train , which causes a hyper
polarization and accordingly a burst-like activity  develops. The present 
results support this hypothesis, since ouabain fends off the development of 
the burst activity.

Summary

I t  has been established th a t there is a correlation between the different 
sensitivity of the neurones to  the removal of Na + and to  TTX.

Ouabain causes a depolarization in every cell, which may be resulted 
by a blockade of the electrogenic Na-pump. F urther evidence of the existence 
of the electrogenic pum p is the hyperpolarizing effect of Na + injected into 
the cell. Ouabain blocks this hyperpolarization. Applying К  +-free solution 
the absence of K + did not block considerably the electrogenic Na-pump within 
the interval investigated.

The burst activity  developed in Cl~-free solution becomes a continuous 
activity  under the influence of ouabain which supports the hypothesis th a t 
the electrogenic Na-pump m ay play a role in the development of burst activity.
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A N Y U G A L M I É S  A K C IÓ S P O T E N C IÁ L O K  N a-F Ü G G É S E  
L Y M N A E A  S T A C N A L I S  L . Ó R IÁ S  N E U R O N JA IB A N

K is s  Is tv á n  és S a lá n k i János

Összefoglalás
M egállap ítást n y e r t , hogy  a  neu ro n o k  N a-e lvonásra  való  eltérő  érzékenysége és a  

T T X  irá n ti érzékenység  korre lác ió t m u ta t.
O uabain  m in d en  se jten  depo larizáció t okoz, am ely  az elek trogén  N a -p u m p a  

b lo k k o lásán ak  eredm énye leh e t. T ovább i b izo n y íték  az elek trogén  p u m p a  lé te  m e lle tt 
a  se jtb e  in je k tá lt  N a  h iperpo larizá ló  h a tá sa . O uaba in  ez t a  h ip erpo la rizác ió t b lokkolja . 
К -m entes o ld a t a lk a lm azásak o r a  К -h iány  a  v izsgált in te rv a llu m o n  belü l nem  b lo k k o lta  
szám o ttevően  az e lek trogén  N a -p u m p á t.

C l-m entes o ld a tb an  k ia laku ló  b u rs t a k tiv itá s  ou ab a in  h a tá s á ra  fo lyam atos a k tiv i
tá s sá  a laku l, am i a lá tá m a s z tja  a z t a  h ip o téz is t, hogy  a  b u rs t a k tiv itá s  k ia lak u lásáb an  
az elek trogén  N a -p u m p á n a k  szerepe lehet.
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