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charge  carr iers  7,11,12. Mn++ has  usua l ly  been  r ega rded  to  
be  i m p e r m e a n t  and  i t  h a s  been  used as an  i nh ib i t o r  of 
Ca conduc tance .  A n t a g o n i s t i c  ac t ion  of Mn++ to  t he  Ca, 
Sr a n d  B a  ac t ion  p o t e n t i a l s  ha s  been  d e m o n s t r a t e d  in 
gu inea-p ig ' s  a t r ia ,  w h e n  i t  was  used  in low concen t r a t i ons  
(0.15-1 m M )  6. I n  t h e  p r e s e n t  s tudy ,  ac t ion  po t en t i a l s  
w i t h  o v e r s h o o t  were el ic i ted u n d e r  Na-f ree  a n d  Ca-free 
cond i t ions  in t he  p rsence  of 2-95 m M  Mn ++. T he  re la t ive-  
ly close a g r e e m e n t  b e t w e e n  t he  e x p e r i m e n t a l  po in t s  and  
t he  theo re t i ca l  slope for a Mn elect rode (30 m V / d e c a d e  
a t  30~ in F igure  2 is c o n s i s t e n t  w i th  t he  v iew t h a t  Mn ++ 
c o n d u c t a n c e  is large d u r i n g  t he  peak  of t he  overshoot .  
Because  of t he  occur rence  of Mn ac t ion  p o t e n t i a l  a n d  
of Mn slow i n w a r d  c u r r e n t  s in  gu inea-p ig ' s  v e n t r i c u l a r  
muscle  a n d  s imi la r  ac t ion  po t en t i a l s  e l ic i ted in frog 
h e a r t  (Dr. D, ELLIS, pe rsona l  communica t ion ) ,  m e m b r a n e  
p e r m e a b i l i t y  to  Mn§ is h a r d l y  negl igible  in  cardiac  
muscle .  

Summary. The  m e m b r a n e  p o t e n t i a l  in  gu inea-p ig ' s  
pap i l l a ry  muscles  f rom r i g h t  ven t r i c le  was  recorded  b y  
glass microe lec t rodes  a n d  s t i m u l a t i o n  was effected b y  

c u r r e n t  pulses appl ied  t h r o u g h  a sucrose-gap.  Ac t ion  
p o t e n t i a l s  w i t h  o v e r s h o o t  were r ecorded  in t he  so lu t ion  
lack ing  Na+ a n d  Ca++ b u t  c o n t a i n i n g  2-95 m M  Mn ++. 
The  ove r shoo t  was  inecease w i t h  t he  increased of [Mn++]o 
b y  a b o u t  30 mV/decade .  S imi lar  M n + + - d e p e n d e n t  ac t ion  
p o t e n t i a l s  were also o b t a i n e d  in Na-f ree  so lu t ion  con ta in -  
ing 0.6 m M  Ca ++. The  resul t s  i nd i ca t e  t h a t  Mn inward  
c u r r e n t  is suff ic ient  to  genera te  ac t ion  po t en t i a l s  in  
card iac  muscle,  
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C h e m i c a l  Exc i tab i l i ty  of A x o n s :  E x c i t a t o r y  and Inh ib i tory  Effects  of Puta t ive  N e u r o t r a n s m i t t e r s  
and M o d u l a t o r s  on  F r o g  Sc iat ic  N e r v e s  

Accord ing  to a wide ly  accep ted  view, neu rons  and  o the r  
exc i t ab le  ceils c o n t a i n  two f u n d a m e n t a l l y  d i f fe ren t  
t ypes  of e lec t rogenic  m e m b r a n e s :  chemica l ly -exc i t ab le  
(and usua l ly  e lec t r ica l ly- inexci table)  synap t i c  m e m b r a n e s ,  
a n d  e lec t r ica l ly-exc i tab le  axona l  membranes1 .  Most  
theor i e s  of d rug  ac t ion  rega rd  synapses  as t he  t a r g e t  for 
neu ro t rop i c  drugs,  t h u s  a s suming  expl ic i t ly  or impl i c i t ly  
t h a t  the  e lec t r ica l ly -exc i tab le  m e m b r a n e  of axons  is 
chemica l ly - inexc i tab le .  A l t h o u g h  local ionic cur ren t s~  
r a t h e r  t h a n  chemica l  med ia to r s  such  as ace ty lcho l ine  '~ 
a p p e a r  to  be  respons ib le  for t he  p r o p a g a t i o n  of ac t ion  
po ten t ia l s ,  d rug  i n t e r a c t i o n  s tudies  on  i so la ted  sciatic 
ne rves  ~ h a v e  p r o v i d e d  e x p e r i m e n t a l  ev idence  for t he  
presence  in axona l  m e m b r a n e s  of specific recep tors  for 
ace ty lchol ine ,  L-epinephr ine ,  h i s t a m i n e  and  serotonin .  
W e  h a v e  recen t ly  s h o w n  (in non-anes the t i zed ,  ga l lamine-  
p a r a l y z e d  rabbi ts )5 ,  ~ t h a t  the  mic ro ion topho re t i c  a d m i n -  
i s t r a t i on  of ace ty lchol ine ,  t r y p t a m i n ,  no r ep i neph r ine  a n d  
o the r  p u t a t i v e  n e u r o t r a n s m i t t e r s  to  corpus  ca l losum 
f ibres  can  elicit  or i n h i b i t  t h e  occurrence  of ac t ion  
po ten t ia l s .  Since few if a n y  synapses  h a v e  been  obse rved  
in t he  corpus  cal losum, these  resul t s  sugges t  t h a t  a x o n a l  
m e m b r a n e s  m a y  be  chemica l ly  exci table .  W e  h a v e  t e s t e d  
th i s  hypo thes i s  in i so la ted  sciat ic  ne rves  (Rana pipiens 
a n d  Rana catesbeiana) b a t h e d  in a modi f i ed  R i n g e r ' s  
so lu t ion  (NaC1 112 r a M ;  KC1 3.5 m M ;  CaC12 1.8 m M ;  
PO~H2K/NaOH buffer ,  p H  7, 0.07 mM;  dext rose  11 mM}. 

A 5 ba r r e l  m ic r op i pe t t e  sys tem was p laced  in to  a 
d e s h e a t h e d  po r t i on  of t he  nerve .  A 4.8 M NaC1 ba r r e l  
was  used for ex t race l lu la r  record ing  of mul t ip le  u n i t  
a c t i v i t y ;  3 o the r  ba r re l s  were used for t h e  mic ro ion to-  
pho re t i c  a d m i n i s t r a t i o n  (eject ing and  ho ld ing  c u r r e n t s :  
5-20 hA) of d rugs  (0.5 M,  p h  5) (acetylcholine,  norep ine-  
phr ine ,  dopamine ,  2 - pheny l e t hy l am i ne ,  t r y p t a m i n e ,  his-  
t amine ) .  A 3 M NaC1 ba r r e l  was  used as o u t p u t  for an  
a u t o m a t i c  c u r r e n t  b a l a n c i n g  sys t em 7 and  also to  t e s t  for 
c u r r e n t  a r t i fac ts .  W e  h a v e  of ten  recorded  s p o n t a n e o u s  
f i r ing  of nerve,  sugges t ing  t h a t  t he  p r e p a r a t i o n  was no t  in 
a t r u l y  phys io logica l  s ta te .  A t  m o s t  sites, t he  f i r ing r a t e  
was  no t  modif ied  b y  t h e  a d m i n i s t r a t i o n  (5 sec to  3 min)  
of synap t i c  a c t i v a t i n g  drugs  (0.5 M) .  However ,  we found  

un i t s  whose  r a t e  of f i r ing  was modi f ied  b y  these  agents .  
These  si tes appea red  to be  h igh ly  localized because  m i n o r  
d i s p l a c e m e n t s  of t he  e lec t rode  r ende red  t he  d rug  ineffec- 
t ive .  Ace ty lcho l ine  (Figure 1) o f ten  induced  firing. Nore-  
p ineph r ine ,  2 - p h e n y l e t h y l a m i n e  a n d  t r y p t a m i n e  e i the r  
i nduced  f i r ing or i n h i b i t e d  s p o n t a n e o u s  firing, depend ing  
on  t he  site. The  m o s t  c o m m o n  response  to h i s t a m i n e  
a d m i n i s t r a t i o n  was a br ief  pe r iod  of f i r ing followed b y  
inh ib i t ion .  I n  m a n y  ins tances ,  t he  effects of ace ty lcho l ine  
(Figure 1), h i s t a m i n e ,  or n o r e p i n e p h r i n e  ou t l a s t ed  for 
sec or even  m i n  t h e  e jec t ing  cu r ren t .  Di f fe ren t  un i t s  
showed  d i f fe rent  p a t t e r n s  of response  to t he  d rug  tes ted .  
The  effects of m o s t  drugs  a t  a g iven  si te  were usua l ly  
reproduc ib le ,  b u t  t a c h y p h y l a x i s  was  observed  wi th  2- 
p h e n y l e t h y l a m i n e ,  h i s t a m i n e  a n d  acetylchol ine .  Com- 
p a r i n g  dopamine ,  no rep inephr ine ,  2 - p h e n y l e t h y l a m i n e  
a n d  t r y p t a m i n e  on  the  same uni t s ,  severa l  ins tances  were 
found  in wh ich  one amine  was  exc i t a to ry ,  a n o t h e r  
i nh ib i to ry ,  a n d  a n o t h e r  w i t h o u t  effect. F igure  2 shows 
one example  of un i t s  in wh ich  d o p a m i n e  (bu t  n o t  norepi -  
nephr ine )  decreased  t he  r a t e  of firing. W h e n e v e r  norep ine-  
p h r i n e  and  2 - p h e n y l e t h y l a m i n e  exe r t ed  oppos i te  effects, 
i n h i b i t i o n  usua l ly  d o m i n a t e d .  

These  on-going  e x p e r i m e n t s  raise  in t e re s t ing  possibi l-  
ities, b u t  i t  would  be p r e m a t u r e  to  conc lude  t h a t  t he  
d rugs  t e s t ed  are able  to  elicit  a c t i o n  po ten t i a l s  in a x o n a l  
m e m b r a n e s .  The  resu l t s  o b t a i n e d  m i g h t  be due to  t h e  
ar t i f ic ia l  e x p e r i m e n t a l  cond i t ions  of our  in v i t ro  se t -up  
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Fig. 1. Drug-induced firing in 
isolated frog sciatic nerve. The 
microiontophoreetie administra- 
tion of aeetylcholine (10 nA for 30 
see) induced firing (B) in a pre- 
viously quiescent preparation (A). 
The aeetyleholine-induced firing 
persisted for more than 6 min 
after termination of the ejecting 
current (C). D) shows the spikes at 
an expanded time scale. 

0.1 s e c - -  

0.5 mV 

Fig. 2. Selectivity of drug effects. 
The mieroiontophoretic adminis- 
tration of dopamine (DA) for I rain 
reduced the frequency and ampli- 
tude of the spikes whereas that of 
norepinephrine (NE) did not. 
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s u c h  a s  p H  or  d r u g - i n d u c e d  s e n s i t i z a t i o n  t o  c u r r e n t  e f f ec t s  
(it  is p o s s i b l e  t h a t  d r u g s  a l t e r  t h e  t h r e s h o l d  o f  n e r v e  
f i b r e s  t o  t h e  e x c i t a t o r y  o r  i n h i b i t o r y  e f f e c t s  of  t h e  e j e c t i n g  
c u r r e n t s ) .  

T h e s e  r e s u l t s  o b t a i n e d  w i t h  m i c r o i o n t o p h o r e t i c  d r u g  
a d m i n i s t r a t i o n  c o n t r a s t  w i t h  t h e  p a u c i t y  of  a x o n a l  
e f f e c t s  i n d u c e d  b y  t h e s e  d r u g s  w h e n  a d d e d  to  t h e  b a t h i n g  
s o l u t i o n .  T h i s  m a y  be  e x p l a i n e d  b y  t h e  d e v e l o p m e n t  of  
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t a c h y p h y l a x i s ,  a s  o b s e r v e d  in  t h e  p r e s e n t  e x p e r i m e n t s .  
T h e r e  a r e  h o w e v e r  s c a t t e r e d  r e p o r t s  d e m o n s t r a t i n g  in  v i t r o  
a n d  in  v i v o  a x o n a l  e f f ec t s  of  a c e t y l c h o l i n e  4-6,s-1~ c a t e -  
c h o l a m i n e s  4, 6, 11, 12 h i s t a m i n e  4,13,1% a n d  s e r o t o n i n  4, la. 
T h e  a x o n a l  r e c e p t o r s  for  n e u r o a m i n e s  d i s p l a y  s p e c i f i c i t y ,  
s t e r e o s p e c i f i c i t y ,  a n d  s e l e c t i v e  b l o c k a d e  b y  spec i f i c  b l o c k -  
e rs  4. 

T h e  f u n c t i o n a l  s i g n i f i c a n c e  of  d r u g  s e n s i t i v e  a x o n a l  
r e c e p t o r s  is a t  p r e s e n t  u n c l e a r .  T h e y  m a y  be  d e v o i d  of  
f u n c t i o n ,  or  t h e y  m a y  s e r v e  as  a t a r g e t  for  t h e  a c t i o n  of  
d i f f u s i b l e  n e n r o m o d u l a t o r s  (e.g. 2 - p h e n y l e t h y l a m i n e )  
a n d  of  e x o g e n o u s  d r u g s .  

Summary. T h e  m i c r o i o n t o p h o r e t i c  a d m i n i s t r a t i o n  o f  
p u t a t i v e  n e u r o m o d u l a t o r s  ( a c e t y l c h o l i n e ,  n o r e p i n e p h r i n e ,  
d o p a m i n e ,  2 - p h e n y l e t h y l a m i n e ,  t r y p t a m i n e ,  h i s t a m i n e )  
t r i g g e r e d  f i r i n g  o r  i n h i b i t e d  o n - g o i n g  a c t i v i t y  in  i s o l a t e d  
f rog  s c i a t i c  n e r v e s .  
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The Anterior Cranial Gustatory Pathway in Fish 

I t  h a s  l o n g  b e e n  k n o w n  t h a t  t h e  l ips  of  f i sh  a re  s u p p l i e d  
b y  c r a n i a l  n e r v e s  V ( t r i g e m i n a l )  a n d  V I I  (facial) ,  a n d  t h a t  
t a s t e  b u d s  on  t h e  l ips  or  b a r b e l s  a re  i n n e r v a t e d  b y  t h e  
l a t t e r  1, 2. R e c e n t  i n v e s t i g a t i o n s  on  t h e  p e r i p h e r a l  n e u r a l  
r e s p o n s e  of f i sh  s e e m  to  s u p p o r t  t h e  i n n e r v a t i o n  of  t a s t e  
b u d s  b y  t h e  V I I t h  n e r v e  3 ~. Y e t ,  i n v e s t i g a t i o n s  w i t h  
h i g h e r  v e r t e b r a t e s  s u g g e s t  t h a t  t h e  t r i g e m i n u s  is a lso  
i n v o l v e d  in  t h e  t r a n s m i s s i o n  of t a s t e  m e s s a g e s  6, 7. L i t t l e  
a t t e n t i o n ,  h o w e v e r ,  s e e m s  to  h a v e  b e e n  g i v e n  to  t h e  
f u n c t i o n a l  d i f f e r e n c e  b e t w e e n  t h e  t r i g e m i n a l  a n d  fac ia l  
n e r v e s  in  f i sh  s. 

I n  t h i s  p a p e r ,  a n  a t t e m p t  w a s  m a d e  t o  t h r o w  l i g h t  on  
t h e  g u s t a t o r y  n e u r a l  p a t h w a y  of f i sh  f r o m  t h e  l ips  to  t h e  
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Fig. 1 a) Lateral view of the brain 
arid cranial nerves of the puffer. 
A, cerebellmn; B, midbrain; C, 
medulla oblongata; III ,  oculo- 
motor nerve; IV, trochlear nerve; 
V, trigenfinal nerve; VII, facial 
nerve; VIII, vestibular nerve; IX, 
glossopharyngeal nerve; X, vagus 
nerve. 


