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5-HT and the Electrogenic Sodium Pump 

The  m e m b r a n e  of i so la ted  bul l f rog  s y m p a t h e t i c  gan-  
gl ion cells in  R inge r ' s  so lu t ion  c o n t a i n i n g  n ico t ine  is 
hype rpo l a r i z ed  and  t h e  slow i n h i b i t o r y  p o s t s y n a p t i c  
p o t e n t i a l  (slow I P S P )  of these  cells is m a r k e d l y  a u g m e n t -  
ed u n d e r  t he  effect  of 5 - h y d r o x y t r y p t a m i n e  (5-HT) I. I t  
was p o s t u l a t e d  t h a t  5 -HT acce le ra ted  t h e  e lectrogenic  
sod ium p u m p  1 b y  wh ich  t he  slow I P S P  m i g h t  be  prod-  
uced 2. 

The  p r e s e n t  c o m m u n i c a t i o n  repor t s  e x p e r i m e n t a l  
ev idence  showing  t h a t  5 -HT can  indeed  acce lera te  t he  
e lect rogenic  Na+-pump.  The  K - a c t i v a t e d  hype rpo la r i za -  
t i on  of bul l f rog  s y m p a t h e t i c  gang l ion  cells, wh ich  is 
a p p a r e n t l y  p roduced  b y  a n  e lect rogenic  N a + - p u m p  a, was  
m a r k e d l y  a u g m e n t e d  u n d e r  t he  effect  of 5-HT. 

Materials and methods. I so la t ed  p a r a v e r t e b r a l  sympa-  
t h e t i c  gang l ion  cha ins  a n d  i so la ted  sp lanchn ic  ne rve  
t r u n k s  of bul l f rogs  (Rana catesbeiana) were used. Changes  
of t he  m e m b r a n e  p o t e n t i a l  in  t he  gangl ion  cells and  in t he  
ne rve  f ibres  were m e a s u r e d  us ing  t he  sucrose-gap me- 
thod2,  8. The  ionic compos i t i on  ( r aM per  1000 cm a H 2 0  ) 
of t h e  R inge r ' s  so lu t ion  used was as follows: 112 m M  
NaC1, 2 m M  KC1, 1.8 m M  CaC12 a n d  2 I n M  N a H C O  3. 
2 m M  KC1 was s i m p l y  o m i t t e d  in order  to  p rov ide  a K +- 
free R inge r ' s  solut ion.  T he  p r e p a r a t i o n s  were c o n t i n u o u s l y  
super fused  w i t h  a so lu t ion  f lowing t h r o u g h  a c h a m b e r  
(50 • 5 x 4  ram) a t  the  r a t e  of 0.2 cm3/sec. The  f luid in  t he  
c h a m b e r  could be  rep laced  comple te ly  b y  one of d i f fe ren t  
compos i t i on  w i t h i n  a p p r o x i m a t e l y  5 see. C o m p o u n d s  
a d d e d  to  t h e  so lu t ions  were 5 -HT c rea t in ine  su l fa te  
(Wako),  c r ea t in ine  su l fa te  (Nakarai) ,  o u a b a i n  (Merk) and  
n ico t ine  su l fa te  ( K a t a y a m a ) .  
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Effects of 5-HT and ouabain on the K+-activated hyperpolarization 
of sympathetic ganglion cells (A) and splanchnic nerve axons (B) of 
bullfrogs. The preparations were continuously perfused with K+-free 
Ringer's solution; the duration of the application of Ringer's 
solution was shown by arrows (in records 1, 3, 4 and 5 in A), and 
records 1, 3 and 4 in B)). 0.12 mM nicotine was added to the super- 
fusing fluid throughout these experiments. A) Record 1 and record 3 
were taken before and at approximately 25 rain after an application 
of 0.1 mM 5-HT (record 2), respectively, and record 4 was taken 
approximately 25 rain after withdrawal of 5-HT. 2 • 10 -a mM 
ouabain was added 5 min after record 4, and record 5 was taken 25 min 
thereafter. Note the hyperpolarization in record 2, and depolarization 
in record 5. B) Record 1 and record 3 were taken before and approxi- 
mately 25 min after 1 mM 5-HT application (record 2), respectively. 
5-HT was withdrawn and 2 • i0 -~ mM ouabain was added after 
record 3, and record 4 was taken 20 min thereafter. Note depolariza- 
tions in record 2 and record 4. 

Results and discussion. The  K + - a c t i v a t e d  hype rpo la r i za -  
t i on  was f i rs t  d e m o n s t r a t e d  w i t h  r a b b i t  u n m y e l i n a t e d  
ne rve  f ibres  3. A s imi la r  K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  
can  be  obse rved  in bul l f rog  s y m p a t h e t i c  gangl ion  cells 4. 
In  t h e  p r e sen t  expe r imen t ,  i so la ted  s y m p a t h e t i c  gangl ia  
were in i t i a l ly  super fused  w i t h  K+-free R inge r ' s  so lu t ion  
for  60 rain.  W h e n  t he  f luid was swi tched  to  R inge r ' s  
so lu t ion  (con ta in ing  2 m M  KC1), a K + - a c t i v a t e d  hype r -  
po l a r i za t i on  of gang l ion  cells r each ing  a m a x i m u m  va lue  
(2-4 mV) w i t h i n  a p p r o x i m a t e l y  3 ra in  could be  recorded  
(Figure A-1). The  m a x i m u m  a m p l i t u d e  of t he  K+-ac t iva t -  
ed h y p e r p o l a r i z a t i o n  of a g iven  p r e p a r a t i o n  was fa i r ly  
c o n s t a n t  be tween  60 and  180 ra in  in  t h e  X-free  R inge r ' s  
solut ion,  p rov ided  each  app l i ca t ion  of R inge r ' s  solut ion 
for  a p p r o x i m a t e l y  3 ra in  was  r epea t ed  a t  an  in t e rva l  of 
15 rain.  

The  m e m b r a n e  hyperp01ar i za t ion  of s y m p a t h e t i c  gan-  
gl ion cells, wh ich  was p roduced  b y  5-HT, could be  observ-  
ed on ly  in n ico t in ized  p r e p a r a t i o n s  1. Hence,  t he  effects of 
5 -HT on t he  K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  were s tud ied  
in  t h e  presence  of n ico t ine  (0.12 raM)  wh ich  was p resen t  
in  t h e  super fus ing  f luid t h r o u g h o u t  t he  expe r imen t .  W h e n  
5 -HT (1-10 -2 raM)  was added  to K+-free R inge r ' s  solu- 
t ion,  t he  gangl ion  cells were hype rpo la r i zed  (Figure A-2) ; 
t h e  5 -HT- induced  h y p e r p o l a r i z a t i o n  was a lways  smal ler  
in  K+-free R inge r ' s  so lu t ion  t h a n  in R inge r ' s  so lu t ion  z. 
The  5 -HT- induced  h y p e r p o l a r i z a t i o n  reached  i ts  m a x i m u m  
va lue  w i t h i n  a p p r o x i m a t e l y  3 ra in  a n d  t h e r e a f t e r  g radua l -  
ly d i m i n i s h e d  w h e n  5 -HT was p r e sen t  for more  t h a n  10 
min.  

The  a m p l i t u d e  of t h e  K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  
obse rved  in  t he  p resence  of 5 -HT (1-10 -~ raM)  was m u c h  
h igher  t h a n  t h a t  obse rved  in t h e  absence  of 5 -HT;  i t  was  
cons i s t en t ly  increased  (6 expe r imen t s )  b y  more  t h a n  100 % 
in t he  presence  of 0.1 m M  5-HT (Figure  A-3). Such  a n  
effect  of 5 -HT was obse rved  as long  as 5 -HT r e m a i n e d  in 
t he  so lu t ions  a n d  was comple te ly  revers ib le  u p o n  its 
w i thd rawa l .  

Gangl ion  cells were no t  hype rpo la r i zed  b u t  depolar ized  
b y  5 -HT in t h e  absence  of n ico t ine  z. I n  t he  p re sen t  experi-  
men t ,  such  a depo la r i za t ion  b y  5 -HT was also observed  in 
t he  K-free R i n g e r ' s  so lu t ion  c o n t a i n i n g  no nicot ine .  The  
K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  was cons i s t en t ly  a u g m e n t -  
ed b y  5 - t l T  in 4 e x p e r i m e n t s  us ing  0.1 m M  5-HT to the  
same  e x t e n t  as obse rved  in t h e  presence  of n icot ine .  

No a u g m e n t a t i o n  of t he  K + - a c t i v a t e d  hyperpo la r i za -  
t i on  was obse rved  w h e n  c rea t in ine  su l fa te  was  used 
in s t ead  of 5 -HT c rea t in ine  sulfate.  

E x p e r i m e n t s  were also car r ied  ou t  w i t h  ne rve  fibres. 
I n  these  expe r imen t s ,  d e s h e a t h e d  sp lanchn ic  ne rve  
t r u n k s  were super fused  w i t h  K+-free R inge r ' s  solut ion,  
a n d  the  K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  was recorded  b y  
c h a n g i n g  t he  K+-free so lu t ion  to R inge r ' s  so lu t ion  (Figure 
B- l ) .  As in  t h e  case of t he  ganglia ,  t he  a m p l i t u d e  of t he  
K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  (1-2 mV) was fa i r ly  
c o n s t a n t  b e t w e e n  60 a n d  180 ra in  in  t he  K+-free solut ion.  

Axons  of t h e  sp l anchn ic  ne rve  were depolar ized b y  
5-HT (1-10 .3 raM) (Figure B-2) in  t he  presence  as well  as 
in  t he  absence  of n ico t ine  (0.12 m M ) .  No a u g m e n t a t i o n  
of the  K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  was observed  w i t h  
5 - t t T  (Figure B-3) in  t h e  presence  or absence  of n icot ine .  
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The  K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  of b o t h  gangl ion  
cells a n d  sp lanchn ic  ne rves  was r eve r s ib iy  e l imina t ed  b y  
t h e  a c t i o n  of ouaba in .  As seen in F igure  A-5 and  B-4, t he  
K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  was comple te ly  p r e v e n t -  
ed b y  o u a b a i n  in a c o n c e n t r a t i o n  as low as 2 • 10 .3 r a M ;  
a depo l a r i za t i on  now  occurred  When t he  K+-free f luid was 
swi t ched  to  t he  R inge r ' s  solut ion.  

The  fac t  t h a t  K + - a c t i v a t e d  h y p e r p o l a r i z a t i o n  of b o t h  
s y m p a t h e t i c  gang l ion  cell bodies  a n d  axons  was ve ry  
sens i t ive  to  o u a b a i n  well  suppor t s  t h e  concep t  i t  was 
gene ra t ed  b y  a n  a c t i v a t i o n  of t he  e lect rogenic  Na+- 
p u m p  s. A l t h o u g h  t h e  m e c h a n i s m  b y  wh ich  t he  K+-act i  - 
r a t e d  h y p e r p o l a r i z a t i o n  of gang l ion  cells was  acce lera ted  
b y  5 -HT could no t  be  clar if ied,  t he  acce le ra t ion  d id  no t  
seem to  be due  s i m p l y  to a n  increase  of t he  m e m b r a n e  
res i s t ance ;  tire m e m b r a n e  res i s t ance  of gang l ion  cells 
m e a s u r e d  b y  in t r ace l lu l a r  microe lec t rodes  was no t  in- 
c reased b y  5 -HT 5. Therefore ,  t he  p r e s en t  resu l t s  suggest  
t h a t  5 -HT d i r ec t ly  acce lera tes  t h e  e lect rogenic  N a + - p u m p  
in  gang l ion  cellsL 5 -HT acce le ra ted  t he  K +- ac t i va t ed  

K. F2OKETSU and Y. SHIRASAWA, unpublished observation (1973). 

h y p e r p o l a r i z a t i o n  of gangl ion  cells b u t  no t  t h a t  of ne rve  
fibres. P r e sumab ly ,  t he  recep tors  which  m e d i a t e  t he  
effect  of 5 -HT are  loca ted  on t he  m e m b r a n e  of t he  cell 
bodies  of s y m p a t h e t i c  neu rons  b u t  are a b s e n t  in  t he i r  
axons. 

Zusammen]assung. Die H y p e r p o l a r i s a t i o n  von  para -  
v e r t e b r a l e n  Gangl ien  des Ochsenf rosches  (Rana catesbeia- 
na) in  vi t ro ,  die d u r c h  K+ n a c h  vorhe r ige r  I n k u b a t i o n  in 
K+-freier  R inger lSsung  ausgel6s t  wird, wa r  in  G e g e n w a r t  
von  Sero ton in  ( 5 - H y d r o x y t r y p t a m i n )  deu t l i ch  vers t / i rk t .  
Auf  die K+-bed ing te  H y p e r p o l a r i s a t i o n  yon  A x o n e n  des 
N. sp l anchn icus  b l ieb  Se ro ton in  ohne  Einf luss .  Es  wird  
a n g e n o m m e n ,  dass  Se ro ton in  die e lek t rogene  N a + - P u m p e  
fiber R e z e p t o r e n s t i m u l a t i o n  ak t iv ie r t ,  die an  der  Mere- 
b r a n  der  Zel lk6rper ,  n i c h t  j edoch  an  A x o n e n  s y m p a t h i -  
scher  N e u r o n e n  v o r h a n d e n  ist. 
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E l e c t r o r e c e p t i v e  P r o p e r t i e s  of  Silurus glanis (L.)  

After  i t  was  well  e s t ab l i shed  t h a t  sha rks  and  raysl ,2 ,  
as well  as Ietalurus nebulosus 3, possessed a so-called 
' pass ive '  (non-electrogenic)  e lec t ro recep t ive  sys t em wh ich  
m a k e s  t h e m  capab le  of us ing  e lectr ical  cues f rom the i r  
e n v i r o n m e n t ,  t h e  ques t ion  arose w h e t h e r  s imi la r  r ecep t ive  
p roper t i e s  could be found  in o t h e r  teleosts .  I n  v iew of t he  
o rder  of m a g n i t u d e  of n a t u r a l  e lectr ic  fields in f r e shwa te r  4, 
i t  seems t h a t  on ly  a few of t he  k n o w n  c u r r e n t  dens i t y  
t h r e s h o l d  va lues  5-1~ e.g. those  of ClariasS, Lepidosiren 9 
and  Anguilla rostrata~~ n, are w i t h i n  t he  phys io logica l  
range.  

I n  a f i rs t  a t t e m p t  to  exam i ne  f u r t h e r  te leos t  species for 
t he  possess ion of b iological ly  s ign i f ican t  pass ive  electro- 
r ecep t ive  sys tems,  spec imens  of t h e  E u r o p e a n  si lurid 
Silurus glanis (L.) were selected ( l eng th  approx .  30 cm). 
Accord ing  to t he  m e t h o d  descr ibed b y  PETERS and  
BUWALDA 3, spikes  were recorded  f rom t he  superf ic ia l  
b r a n c h  of t h e  la te ra l - l ine  nerve,  wh ich  i n n e r v a t e s  skin  
recep tors  of t he  f l anks  12. Accord ing  to I-IERRICK 13, t h i s  
ne rve  co r responds  to t he  v e n t r a l  b r a n c h  of t he  r a m u s  
la te ra l i s  X used b y  PETERS and  BUWALDA 3 in the  si lurid 
Ietalurus nebulosus. 

The  resu l t s  r e semble  fa i r ly  closely those  o b t a i n e d  b y  
PETERS and  BUWALDA 3 and  c o n s e q u e n t l y  show t h a t  th i s  
superf ic ia l  b r a n c h  of t he  r lat .  X is i nvo lved  in t he  recep- 
t i on  of weak  electr ical  s t imul i .  As t he  a d a p t a t i o n  to  a DC 
s t imu lus  c u r r e n t  is slow ( t ime c o n s t a n t  of several  sec), t h e  
recep tors  can  be  cons idered  tonic.  W i t h  a homogeneous ,  
ve r t i ca l ly  appl ied  s inusoida l  s t imulus  cu r r en t  of 3 Hz, t he  
t h r e s h o l d  c u r r e n t  dens i t y  was approx .  10 -1~ A / m m  2. The  
uppe r  l im i t  of t he  f r equency  response  dif fered s o m e w h a t  
f rom t h a t  of Ictalurus: i n s t ead  of dec reas ing  r ap id ly  
above  10 t t z ,  t he  response  was qu i te  p r o n o u n c e d  up  to  
25 Hz, a t  wh ich  f r equency  a ce r t a in  degree of sp ike  
s y n c h r o n i z a t i o n  was observed.  W i t h  f u r t h e r  inc reas ing  
f requency,  t h e  response  d imin i shed  rap id ly .  

The  a b o v e - m e n t i o n e d  resu l t s  show t h a t  Silurus 
possesses an  e lec t ro recep t ive  s y s t e m  wh ich  m a y  well  

func t ion  in p r e y d e t e c t i o n  a n d / o r  o r ien ta t ion ,  as found  in 
Ictalurus 14,15. 

Zusammen/assung. Silurus glanis (L.) h a t  e lekt r i sche  
Sinnesorgane ,  de ren  E i g e n s c h a f t e n  m i t  denen  des 
Iclalurus nebulosus i i b e r e i n s t i m m e n :  die R e z e p t o r e n  s ind 
tonisch,  die obere  F requenzgrenze  l iegt  bet  e twa  25 Hz, 
und  der  Schwel lenwer t  be t r / ig t  ungef~ihr 10 -l~ A / r a m  2. 
Sie k S n n t e n  also, wie bet  Ictalurus, sowohl  dem Beu te -  
f ang  als der  Or i en t i e rung  dienen.  
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