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The tem peratu re  dependence of neuron ac tiv ity  p a tte rn s  and  o f neuron 
ac tiv ity  param eters is know n bo th  for verteb ra te  anim als ( B a r k e r  and  Ca r 
p e n t e r , 1970) and  for in verteb rate  anim als ( K e r k u t  an d  T a y l o r , 1956). 
The change of am bient tem peratu re  will change th e  neuron resting po ten tia l 
( H o d g k in  and  K a t z , 1949), and  a  sim ilar significant change will also be in tro 
duced in  th e  repetition  frequency o f the  cells (C a r p e n t e r , 1967). Investigation  
o f certain  g ian t neurons showing b u rst ac tiv ity  proved th e  tem peratu re  de
pendence o f th e  ac tiv ity  p a tte rn : th e  characteristic ac tiv ity  p a tte rn  of th e  
control disappears a t  low tem peratu res below 12°C and  a t  high tem peratures 
above 33°C (W a c h t e l  and  W i l s o n , 1973; S a l á n k i  e t ab, 1973).

Previous investigations carried ou t in  our In s titu te  (S a l á n k i  e t ah,
1975) and  also th e  work o f o ther au thors showed th a t  probably  several m echa
nisms were responsible for th e  slow periodical m em brane po ten tia l change 
resulting  in  the  bu rst ac tiv ity  p a tte rn , and  for th e  generation o f th e  action 
potential.

Investigations of d ifferent ion conten t solutions also showed th a t  th e  
generation of slow waves and  action poten tials is dependent on th e  ions involved 
( J u n g e  and  S t e p h e n s , 1973; S a l á n k i  e t ah, 1975). I t  is known th a t  th e  ion 
cu rren t during voltage clam p m easurem ents has a m arked tem peratu re  de
pendence ( H o d g k in  e t al., 1952). Recognizing th e  decisive role of tem peratu re  
in th e  ac tiv ity  p a tte rn , th e  purpose of our present investigations has been th e  
determ ination of th e  tem peratu re  dependence in th e  B r-type R P a l cell of 
Helix pomatia L.

Material and method

The isolated ganglion o f Helix pomatia L. has been placed in a perfusion 
cham ber having a  volum e of 3 cm3. The tem peratu re  o f the  physiological solu
tion  and  th e  tem peratu re  of the  ganglion have been ad justed  to  th e  values 
o f 7, 22 and  33 degrees Centigrade, resp. The tem peratu re  ad justm en t has been 
perform ed by  P e l t i e r  batteries driven by  a  special circuit (V é r ó , 1974a).

Glass microelectrodes filled w ith  2.5 M KC1 having a resistance in the  
range of 4 to  7 Mohm have been used for recording th e  m em brane and  action 
potentials. Perfect com pensation of th e  electrode po ten tia l was possible by the
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use of a  high in p u t im pedance negative capacitance am plifier. The voltage 
clam p m easurem ent m ethod (V é r ó , 1974b) was used for th e  determ ination  of 
ion currents.

T he com ponents of th e  physiologicl solutions used in  our experim ents 
are given in th e  following Table

N ormal
solution

N a+  free 
solution

Ca2+
solution

NaCl (mM) 51 51
KC1 (mM) 4.6 4.6 4.6
MgCl2 • 6H 20 (mM) 12.0 12.0 12.0
CaCl2 • 2H 20 (mM) 10.0 10.0 —
N aH C 03 (mM) 2.3 — 2.3
Tris-HCl (mM) — 53.3 22.0

RPal W1

|50mV

|200nA

50msec

F ig . 1. T em p era tu re  effect on  ion cu rren ts  o f  P R a l  an d  W 1 g ian t neurons
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Results

1. Temperature effect on ion currents of RPal and Wl giant neurons

The ion curren t change of th e  R P a l  cell has been com pared w ith  the  
curren t change of th e  m onom odal pacem aker neuron in th e  visceral ganglion, 
denoted by  W l. Fig. 1 shows th e  ion currents o f cell R P a l  and  W l a t  d ifferent 
tem peratures. I t  is seen th a t  there is only a  q u an tita tiv e  difference between 
th e  tem peratu re  dependences. The curren t changes due to  tem peratu re  are 
adequately  reflected  by  th e  votage-current characteristics p lo tted  during the  
experim ents. R esults show th a t  th e  highest inw ard curren t com ponent of 
neuron R P a l  is 160 ±  10 nA a t  22°C, 50 ±  11 nA a t  7°C and  200 ±  20 nA 
a t 33°C (see Fig. 2, left side). The ou tw ard  curren t is f irs t higher a t  th e  low 
tem peratu re  of 7°C th a n  a t  22°C an d  33°C, b u t th e  derivative of th e  curren t- 
voltage characteristic shows a  m arked decrease for more positive voltages. 
P o r th e  W l neuron, th e  highest value o f th e  inw ard curren t is 190 ±  30 nA 
a t 22°C, 33 ±  7 nA a t  7°C and  220 rb 30 nA a t 33°C. The outw ard  curren t 
values are sim ilar to  those o f th e  R P a l  neuron [Fig. 2, righ t side). Fig. 3 
shows th e  re la tive conductance change o f th e  R P a l  neuron as a  function of 
th e  m em brane potential. I t  can be seen th a t  th e  in itia l conductance for the  
ou tw ard  curren t is high a t  7°C, b u t th e  conductance is lower in  th e  positive 
voltage range. The tem p era tu re  dependence of th e  conductance for inw ard 
currents is n o t so m arked.

The tem peratu re  change h ad  n o t only effects on th e  value of th e  ion 
curren t b u t also on i t ’s tim e dependence. Fig. 1 shows clearly th e  inw ard 
curren t decay tim e increase a t  7°C as com pared w ith  th a t a t  22°C. A t 33°C,

F ig . 2. C u rren t-vo ltage  ch a rac te ris tic s  o f R P a l  an d  W l neurons. □ :  7°C, 0 : 22°C,
33°C

9*
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F ig. 3. V o ltage  dependence o f  R P a l  n eu ro n  re la tiv e  conductances (gt : N a + conductance , 
glmax: h ighes t N a + conductance , g0: K+ conductance , gBmax: h ig h es t K + conductance .

□  : 7°C, 0 : 22°C, 33°C

th e  inw ard curren t decay tim e is substan tionally  lower th a n  th e  decay tim e a t  
22°C. Fig. 4 shows th e  inw ard curren t decay tim e as a  function o f th e  m em brane 
po ten tia l for different tem peratures. I t  can be seen th a t  for th e  lowest com 
m and pulse of 10 mV there is an  approxim ately  50 msec decay tim e difference 
betw een values m easured a t  d ifferent tem peratures, corresponding to  a 50% 
change. F o r th e  highest com m and pulse of 90 mV, th e  tim e difference is only
2.5 . . .  3 msec; however, th e  percentage tim e difference is equal to  th a t  ob
ta in ed  for th e  lowest com m and pulse.
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F ig . 4. R P a l  n eu ron  inw ard  cu rren t tim e  d u ra tio n s  a s  a  fu n c tio n  o f  m em b ran e  
p o te n tia l a t  d iffe ren t te m p e ra tu re s . □ :  7°C, 0 : 22°C, 33°C

2. Temperature effect on RPal neuron ion currents in  N a +-free and Ca2+-free 
solutions

R P a l  neuron iron curren t d a ta  for physiological solutions having differ
en t ion contents have been reported  in our previous investigations (S a l á n k i  
e t ah, 1975). Thus a t  22°C, th e  inw ard  curren t practically  disappears in  N a +- 
free solutions, an d  shows a  30% decrease in  Ca2+-free solutions. The m em brane 
curren t changes are identical to  those ob ta ined  in  norm al physiological solu
tions; in  th is  case, th e  control values have been those ob ta ined  w ith  an  ion- 
free solution a t  22°C. Thus th e  inw ard curren t in  th e  N a +-free solution appears 
no t even a t  7°C. The inw ard curren t in th e  Ca2+-free solution is decreased for 
lower tem peratu res and  increased for higher tem peratu res by  th e  same p er
centage as in  norm al physiological solution. In  an  ion-free solution, th e  tem 
peratu re  effect on the  curren t tim e dependence will be th e  sam e as in norm al 
solutions.

3. The effect of conditioning hyperpolarization on R P a l neuron ion currents in  
normal physiological solutions

I t  is known th a t  th e  ou tw ard  curren t of some g ian t neurons has tw o com 
ponents; a  low delayed com ponent which, though  possessing some inactivation , 
is p resent during th e  whole period o f th e  com m and pulse, and  a  fast com ponent 
which precedes even th e  inw ard curren t and  is characterized by  com plete in 
activation ; th is  fast com ponent is produced b y  conditioning from  a  voltage 
level below the  resting m em brane po ten tia l (N e h e r , 1971). This conditioning 
hyperpolarization has been investigated  for th e  R P a l  neuron, and  i t  was found 
th a t  in th e  tem peratu re  range covered, th e  fast com ponent is n o t present.

F u rth e r experim ents have been carried  ou t to  investigate th e  slow 
ou tw ard  cu rren t a t  different tem peratures. A given constan t voltage level
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has been approached from  different holding levels (conditioning hyperpolari
zations). The in itia l conditioning value was equal to  th e  m em brane po ten tia l 
o f  —50 mV, th e  highest value was 150 mV, and  th e  tim e du ra tion  was 250 
msec. T he ou tw ard  cu rren t a t  7°C showed an  increase during th e  whole period 
o f th e  com m and step , b o th  w ith  50 mV and  w ith  —150 mV conditioning. 
A t 22°C an d  w ith  —50 mV hyperpolarization, th e  ou tw ard  cu rren t a tta in ed  
i t ’s s teady  s ta te  value in  50 msec. W ith  higher hyperpolarization levels, a 
m axim um  appeared  on th e  curren t-tim e plot. A t 33°C, a  m axim um  — though 
no t so pronounced — was p resen t even w ith  -5 0  mV. This m axim um  tends 
to  be more pronounced w ith  higher conditioning, an d  th e  highest m axim um  
value occurs w ith  —150 mV hyperpolarization a t  t  =  25 msec.

Fig. 5. shows th e  ou tw ard  curren t m axim um  values an d  th e  approx i
m ately  stead y -sta te  cu rren t values a t  th e  end  o f th e  com m and-step duration  
as a function of th e  holding level a t  different tem perature. I t  is seen th a t  a t 
7°C, th e  curren t value a t  th e  end o f th e  com m and step  du ra tion  represents 
sim ultaneously  th e  highest value an d  th e  steady-sta te  value. A t 22°C, the  
highest deviation betw een th e  m axim um  and  steady  s ta te  curren t values (67%) 
is p resen t w ith  a holding level of —150 mV, b u t w ith  —50 mV conditioning, 
th e  difference p ractically  d isappears. A t 33°C, th e  highest deviation occurs 
a t  —150 mV conditioning (63% ), while —50 mV will resu lt in  a  cu rren t differ
ence of less th an  5% .

Discussion

I t  is known th a t  th e  resting  po ten tia l as determ ined from  th e  equation 
o f N e r n s t  is tem peratu re  dependent. The p o ten tia l difference effected by  th e  
N a + and  K + pum ps, which is also responsible for th e  generation of th e  resting  
poten tial, is tem peratu re  dependent too  (G o r m a n  and  M a r m o r , 1970a; 
G o r m a n  and  M a r m o r , 1970b). The resting p o ten tia l is fu rth e r dependent on 
on th e  resting perm eability  of N a + and  K + which are them selves tem peratu re  
dependent param eters (M a r c h ia f a v a , 1970; L iv e n g o o d  and  K t js a n o , 1972).

F ig . 5. P R A 1 n eu ro n  ou tw ard  c u rren t h ig h es t a n d  s te a d y  s ta te  values a t  d ifferen t 
te m p e ra tu re s  as a  fu n c tio n  o f  th e  cond ition ing  h y p erpo la riza tion .

7°C, U h =  -  50 an d  -  150 m V ; •  : 22°C, Uh =  -  50 m V ; O -  22°C, Uh =  - 1 5 0  
m V ; A : 33°C, U h =  - 5 0  m V ; A : 33°C, U h =  - 1 5 0  mV.
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Thus the  tem peratu re  effect on th e  m em brane po ten tia l can also be verified 
indirectly. The m em brane conductance in  th e  case o f d ifferent ions is p ropor
tional to  th e  perm eability  (F r a n k e n h a u s e r , 1963), so i t  can easily be con
cluded th a t  th e  tem peratu re  dependence of ion currents is due to  th e  change 
of conductance. Thus in  th e  cases of R P a l  and  W l neurons too, th e  curren t 
decrease w ith  decreasing tem p era tu re  is caused by  the  decrease of N a + and  
K + conductance.

The tem peratu re  changes produced definite effects on th e  curren t func
tion  tim e param eters: a t  lower tem peratu res, th e  duration  and  the  rise/fall 
tim es of th e  inw ard currents decreased. This implies th a t  n o t only the  N a + and  
K + conductance values are decreased b u t th e ir tim e function is also changed. 
W hile th e  tem p era tu re  effect on th e  conductance value is prim arily  d e te r
m ined by  th e  highest tim e-independent conductance constan t (H o d g k in  and  
H u x l e y  1952), th e  tem peratu re  effect on th e  conductance tim e dependence 
is m ainly effected by  th e  m em brane tim e constan t change. The application 
of d ifferent conditioning hyperpolarizations showed th a t  th e  ac tiva tion  and  
inactivation  po ten tia l of th e  m em brane is tem peratu re  dependent (Magúra  
e t al., personal com m unication). Our investigations showed th a t  a t 7°C, bo th  
th e  N a + and  th e  K + ac tiva tion  is slow and  nearly  sim ultaneous. We believe 
th a t  th e  curren t increase in  tim e is p rim arily  caused by  th e  slow N a + ac tiv a
tion. A t higher tem peratu res, th e  N a + ac tiva tion  is substan tia lly  accelerated, 
and  a significant increase of K + ac tiv ity  results in  com plete inactivation ; 
th u s th e  inactivation  of th e  ou tw ard  curren t is shown b y  th e  over-all curren t 
function. This proves th a t  th e  tem peratu re  has d ifferent effects on th e  conduct
ances of N a + and  K  + ; according to  our investigations, N a + has a higher 
tem p era tu re  sensitiv ity .

Our investigations also showed th a t  th e  tem peratu re  dependence in 
case of an  N a +- and  Ca2+-free solution cannot be proved in th is way. However, 
tak ing  in to  account th e  role of these ions, especially th a t  of Ca2+, in  th e  season
al changes (B a r k e r  an d  G a in e r , 1973), th e  m em brane properties are p ro b 
ab ly  effected by  the  tem p era tu re  dependent Ca2+ concentration in a m anner 
which has n o t y e t been cleared.

No specific featu re o f th e  R P a l  neuron which w ould distinguish th is  
neuron showing a characteristic ac tv ity  p a tte rn  from  o ther pacem aker neu 
rons could be discovered. The R P a l  neuron param eters have a tem p era tu re  
dependence which is p ractically  th e  sam e as th a t  o f o ther neurons w ith  non
periodic ac tiv ity  patterns. The mechanism  responsible for th e  B r-type ac tiv ity  
p a tte rn , though tem peratu re  dependent (Sa l á n k i e t ah, 1973), cannot be 
determ ined by  th e  m ethods outlined in th is paper.

Sum m ary

1. The m agnitude o f th e  inw ard  curren t decreases, th e  dura tion  of the  
inw ard curren t increases w ith tem perature.

2. The ou tw ard  cu rren t stead y  s ta te  value in  th e  case of low com m and 
step  values is highest a t  7°C, an d  in  th e  case of 50 mV and  higher com m and 
steps, i t  is lowest a t 7°C.

3. The K + conductance is decreased a t  low tem p era tu rs in  the  case of 
com m and steps higher th an  50 mV.
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4. The conditioning hyperpolarization effect is tem p era tu re  dependent; 
a  tem peratu re  increase results in  higher ac tiva tion  of b o th  N a + an d  K  + , b u t 
th ey  have a  d ifferent decrease in  th e ir tim e durations. Thus a t  higher tem pera
tu res an  increasing inactivation  of th e  ou tw ard  cu rren t can be ascertained.

5. The tem peratu re  dependence o f currents m easured w ith  N a + and  
Ca2 + free solutions is n o t d ifferent from  th e  tem peratu re  dependence of currents 
from  th e  tem peratu re  dependence of currents m easured w ith  norm al physio
logical solutions.
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H E L I X  P O M A T I A  L . B R -T ÍP U S Ű  S E J T J E  IO N Á R A M A IN A K  
H Ő M É R S É K L E T F Ü G G É S E

V adász Is tv á n  és Véró M ih á ly

Összefoglalás

1. H őm érsék le t csökkenésekor a  befelé irán y u ló  á ra m  n ag y ság a  csökken, id ő ta r
ta m a  nő.

2. A  kifelé irányu ló  á ra m  á llan d ó su lt é rtéke  k is feszültség  ug rások  ese tén  7°C-on 
a  legm agasabb , 50 mV-os és n ag y o b b  kom m and  im pulzusok  ese tén  7°C-on a  legk isebb .

3. A  K + vezetőképesség  alacsony  hőm érsék le ten , 50 m V -nál n ag y o b b  k om m and  
im pulzus ese tén  csökken.

4. A z előkondicionáló  h iperpo larizáció  h a tá s a  hőm érsék le tfüggő ; a  hőm érsék le t 
növelésekor m ind  a  N a + , m in d  a  K + ak tiv ác ió  m érték e  nő , de itő ta r ta m u k  kü lönböző  
m érték b en  csökken, így  m ag asab b  hőm érsék le ten  a  kifelé irányu ló  á ra m  növekvő  in ak ti- 
váció ja  figyelhető  m eg.

5. A  N a + és Ca2+ ionok  h ián y áb a n  m é r t á ram o k  hőm érsék le tfüggése n em  kü lön
bözik  a  n o rm á l fiziológiás o ld a tb an  ta p a s z ta l t  hőm érsék le tfüggéstő l.
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