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ABSTRACT

A s e r i e s  o f  e x p e rim e n ts  was perform ed t o  i n v e s t i g a t e  v a r io u s  

b e h a v io r a l  and n e u ro p h y s io lo g ic a l  a s p e c ts  o f  th e  N o v e lty  Response (NR) 

o f  p u ls e - ty p e  weakly e l e c t r i c  f i s h .  The NR i s  a  r e f l e x i v e  b eh av io r in  

w hich th e  f i s h  m om entarily  in c r e a s e s  th e  r a t e  o f  E le c t r i c  Organ 

D isc h a rg e s  (EODs) in  re sp o n se  t o  a n o v e l s t im u lu s .  The f i r s t  s e t  o f  

e x p e rim e n ts  ( C hap .I) exanined  th e  e f f e c t s  o f  s t im u lu s  m o d a lity  and 

i n t e n s i t y ,  a s  w e ll a s  c u ra r ifo rm -d ru g  im m o b iliz a tio n  on th e  m agnitude 

and h a b i tu a t io n  o f  t h e  NR in  th r e e  gym notiform  s p e c ie s :  Hypopomus

a r t e d i , H. o c c id e n ta l i s , and Gymnotus c a ra p o . H. a r t e d i  gave h ig h e r  

r e s p o n s e s  and h a b itu a te d  more s lo w ly  t o  e l e c t r i c  and l i g h t  s t im u l i  th an  

t o  sound s t i m u l i . IK o c c id e n ta l i s  made h ig h e r  r e s p o n s e s  and h a b itu a te d  

more s lo w ly  t o  e l e c t r i c  s t im u l i  th a n  t o  l i g h t  o r  sound s t im u l i ,  and G. 

c a ra p o  made h ig h e r  r e s p o n s e s  and h a b i tu a te d  m ore s lo w ly  t o  sound 

s t i m u l i  t h a n  t o  e l e c t r i c  o r  l i g h t  s t i m u l i .  A l l  t h r e e  s p e c i e s  

h a b i tu a te d  t o  e l e c t r i c  s t im u l i  a t  a b o u t th e  same r a t e s .  S tim u lus  

i n t e n s i t y  ch an g es and im m o b iliz a tio n  a f f e c te d  re sp o n se  s i z e s ,  b u t  n o t 

h a b i tu a t io n  r a t e s .  A s e r i e s  o f  n e u ro p h y s io lo g ic a l  ex p erim en ts  examined 

t h e  Torus S e m ic ir c u la r is  (TS) and o th e r  e le c tro s e n s o ry -p ro c e s s in g  

r e g io n s  o f  t h e  f i s h  b r a in  f o r  n e u ra l  a c t i v i t y  t h a t  c o u ld  be a s s o c ia te d  

w ith  th e  b e h a v io r a l  NR ( C h a p .I I ) .  E v e n t - r e la te d  p o t e n t i a l s  (EPs) and 

s in g l e  u n i t  r e c o rd in g s  in d ic a te d  t h a t  some c e l l s  o f  t h e  TS respond o n ly  

t o  e le c t r o s e n s o r y  s t im u l i  t h a t  a r e  p re s e n te d  a t  i n t e r v a l s  t h a t  a r e  

lo n g e r  th a n  th e  f i s h ’ s  EOD i n t e r v a l  l e n g th ,  i . e . ,  th e  a c t i v i t y  i s  

n o v e lty  r e l a t e d .  The m agnitude o f  t h i s  n o v e l ty - r e la t e d  a c t i v i t y  in  th e

v i i



TS can  be c o r r e la t e d  w ith  c e r t a i n  f e a tu r e s  o f  th e  b e h a v io ra l  NR, and 

may r e p r e s e n t  th e  a c t i v i t y  o f  e le c t r o s e n s o r y  n o v e lty  d e te c to r s  t h a t  a r e  

n e c e s s a ry  f o r  r e c o g n i t io n  o f  s e n so ry  changes and th e  e l i c i t a t i o n  o f  th e  

a p p ro p r ia te  b e h a v io ra l  r e s p o n s e .  B i l a t e r a l  l e s io n s  o f  th e  Torus 

S e m ic ir c u la r is  (TS) d id  a b o l i s h  e l e c t r o s e n s o r y  induced NRs, b u t n o t 

th o se  e l i c i t e d  by  l i g h t  o r sound s t i m u l i  ( C h a p .I I I ) .  Gross a b la t io n  o f  

th e  f o r e b r a in  o r th e  o p t ic  tec tu m  o f  th e s e  f i s h  d id  no t e l im in a te  th e  

NR or i t s  h a b i tu a t io n .

V l l l



THE NOVELTY RESPONSE OF PULSE-TYPE WEAKLY ELECTRIC FISH:

A NEUROETHOLOGICAL STUDY

CHAPTER I  

BEHAVIORAL STUDIES 

I n t r o d u c t io n

South American gym notiform  f i s h  a re  w eakly e l e c t r i c ;  th e y  g e n e ra te  

an e l e c t r i c  f i e l d  in  th e  w a te r b y  means o f  a n e u ra l  o r m uscu lar 

e l e c t r i c  o rg a n . Weakly e l e c t r i c  f i s h  can be  c l a s s i f i e d  a c c o rd in g  to  

th e  n a tu re  o f  t h e i r  E l e c t r i c  Organ D isch arg e  (EOD). "Wave" s p e c ie s  

produce a c o n tin u o u s  q u a s i - s in u s o id a l  v o l ta g e  and " p u ls e "  s p e c ie s  

produce a  s e r i e s  o f  v o l ta g e  p u l s e s  s e p a ra te d  by r e l a t i v e l y  lo n g e r  

in te r - p u l s e  i n t e r v a l s .  Ih e  an im a l can e v a lu a te  th e  lo c a l  i n t e n s i t y  o f  

th e  t ra n s -e p id e rm a l  EOD f i e l d  v o l ta g e  by means o f  s p e c ia l iz e d  r e c e p to r s  

( e l e c t r o r e c e p to r s ) .  O b je c ts  w ith  c o n d u c t iv i t i e s  d i f f e r i n g  from t h a t  o f  

th e  background c a u se  f i e l d  d i s t o r t i o n s  t h a t  can be m easured by th e  

re c e p to r  system  and e v a lu a te d  by  h ig h e r  b r a in  c e n te r s  (H e ilig e n b e rg  

1977). T h is  e n a b le s  th e  an im al t o  n a v ig a te  and lo c a te  p rey  i n  th e  

absence o f  o th e r  c u e s  (Lissm an & Machin 1958 ).



P u ls e - s p e c ie s  in d iv id u a ls  commonly r a i s e  t h e i r  EOD r a t e  ( i . e . ,  

d e c re a se  t h e  i n t e r - p u l s e  i n t e r v a l )  in  n o v e l s i t u a t i o n s ,  presum ably  to  

in c re a s e  t h e i r  ta n p o ra l  r e s o lu t io n  (H e il ig e n b e rg  1 9 7 7 ) . T h is  "N ovelty  

Response" (NR) seems to  be an example o f  Sokolov’ s  " o r i e n t in g  r e f le x "  

( i 960) .  The NR w i l l  occu r in  resp o n se  to  changes in  e l e c t r o r e c e p t iv e  

a f f e r e n c e  (L a rim e r & MacDonald 1 9 6 8 ), such  a s  a r e  cau sed  by  o b je c ts  in  

th e  en v ironm en t o r  by  th e  EODs o f  o th e r  w eakly  e l e c t r i c  f i s h .  The 

re c o g n i t io n  o f  su c h  d i s t o r t i o n s  o f  th e  e l e c t r i c  f i e l d  m ust r e s u l t  from 

re c o g n i t io n  o f  changes i n  r e c e p to r  a f f e r e n t  in fo r m a t io n . T h is  im p lie s  

t h a t  t h e r e  e x i s t s  a mechanism by which incom ing in fo rm a tio n  i s  compared 

w ith  some c e n t r a l i z e d  te m p la te  o r  menory. H e ilig e n b e rg  (1980) su g g e s ts  

t h a t  a r e s p o n s e  t o  l o c a l  f i e l d  d i s t o r t i o n s  r e s u l t s  fro m  some 

in te g r a t io n  o f  m essages from s u c c e s s iv e  EOD’s ,  and n o te s  t h a t  th e  

n a tu re  o f  t h i s  c e n t r a l  te m p la te  which r e p r e s e n t s  s te a d y  s t a t e  s p a t i a l  

and tem p o ra l p a t t e r n s  o f  sen so ry  a f f e r e n c e s  i s  o f  p a r t i c u l a r  i n t e r e s t .  

To d a te ,  t h e  n a tu r e  o f  t h i s  te m p la te  i s  unknown. In a d d it io n  to  

e le c tr o s e n s o r y  s t i m u l i ,  v i s u a l  and a c o u s t ic  s t i m u l i  a r e  e f f e c t i v e  in  

e l i c i t i n g  t h e  NR (L issm an  1 9 6 1 , H opk ins and  H e i l i g e n b e r g  1 9 7 8 ) . 

W hether d i f f e r e n t  s e n so ry  m o d a l i t ie s  have in d e p e n d e n t te m p la te s  o r  n o t ,  

and how th e s e  m ig h t i n t e r a c t  to  d e te rm in e  th e  f i s h ’ s b e h a v io r  a re  n o t 

known. D if f e r e n c e s  among s p e c ie s ’ re sp o n se  s i z e s  and h a b itu a t io n  to  

v a r io u s  s t im u lu s  ty p e s  m igh t in d ic a te  u n d e r ly in g  d i f f e r e n c e s  in  th e  

b e h a v io ra l  e c o lo g y  and n e u ro p h y s io lo g ic a l  p ro c e s s in g  among th e  s p e c ie s  

exam ined. The r e l i a b i l i t y  o f  NR e l i c i t a t i o n ,  and i t s  r e l a t i v e  ease  o f  

m ea su rem e n t m ake t h i s  s im p le  b e h a v io r  p a r t i c u l a r l y  a m e n a b le  t o  

e x p e r i m e n t a t i o n .  T h is  c h a p t e r  d e s c r i b e s  t h e  r e s u l t s  o f  an



i n v e s t ig a t io n  in to  t h e  e f f e c t s  o f  v a r io u s  s t im u lu s  m o d a l i t ie s  and 

i n t e n s i t i e s  on t h e  m ag n itu d e  and h a b i tu a t io n  o f  th e  NR in  s e v e r a l  

gym notiform  s p e c ie s .



M ethods

P ro c ed u re s

T h re e  s p e c i e s  o f  g y m n o tifo rm  f i s h  w e re  u s e d  a s  s u b j e c t s :  

Hypopomus a r t e d i  (n=29) , H_. o c c id e n ta l i s  ( n = l4 ) ,  and Gymnotus carapo 

(n = l4 ) .  F is h  were o b ta in e d  from com m ercial s u p p l i e r s  and m ain ta in ed  in  

a  c o n tr o l le d  en v iro n m en t (14 :10  L/D  c y c l e ) .  F ish  w ere g e n e ra l ly  t e s t e d  

i n  th e  l i g h t  phase o f  t h e  L/D c y c l e ,  b u t  som etim es ex p e rim en ts  ra n  in to  

t h e  d a rk  p h a s e . T here  were no a p p a re n t  d i f f e r e n c e s  betw een r e s u l t s  

from e x p e rim e n ts  conducted  i n  th e  two p h a s e s .  B efo re  t e s t i n g ,  th e  

f i s h ' s  EOD was m easured th ro u g h  e le c t r o d e s  p la c e d  n e a r  th e  head and 

t a i l  and fe d  to  a G rass  P-15 p r e - a m p l i f i e r  w ith  f i l t e r s  open and a g a in  

o f  10 . T h is  s ig n a l  was a n a l o g - t o - d i g i t a l  c o n v e r te d  a t  40 KHz and 

F o u r ie r  a n a ly z e d . The EOD o f  a p u ls e - ty p e  f i s h  h a s  a b road  power 

spectrum , and t h i s  was a n a ly z e d  t o  d e te rm in e  th e  EOD's dcxninant 

f re q u e n c y . S p e c ie s ' i d e n t i f i c a t i o n s  w ere based  on th e s e  EOD waveform 

a n a ly s e s , and on m o rp h o lo g ic a l c h a r a c t e r i s t i c s  (S c h u ltz  1949, Hoedeman 

1962). N ine H. a r t e d i  and s ix  G. ca rap o  w ere t e s t e d  i n t a c t ;  a l l  o th e r s  

were t e s t e d  a f t e r  b e in g  im m obilized  w ith  in tra m u s c u la r  i n je c t i o n s  o f  

g a llam in e  t r i e t h i o d i d e  s o lu t io n  (F I  axed i l :  0 .0 1 -0 .0 2  m g), a c u ra r ifo rm

d ru g . I n t a c t  an im a ls  were h e ld  lo o s e ly  in  a gauze  s l i n g ;  im m obilized 

an im als  w ere h e ld  lo o s e ly  i n  a  s p o n g e - l in e d  clam p and t h e i r  g i l l s  were 

a e ra te d  w ith  b a th  w a te r  ( c a .  0 .2  m l/s )  by  a tu b e  in s e r te d  i n to  th e  

m outh. The te m p e ra tu re  o f  th e  w a te r  b a th  used in  a l l  ex p erim en ts  was 

h e ld  c o n s ta n t  a t  2 5 ° C ( + / -  0 .5 ) ,  pH = 6 -  7 , and r e s i s t i v i t y  ranged 

from 0 .7  -  10 .0  kohra’cm (mean = 1 . 8  + / -  0 .0 6  kohm 'cm ).

The b e h a v io r  s tu d ie d  c o n s i s t s  o f  changes in  th e  i n t e r v a l s  betw een



s u c c e s s iv e  EODs. In  i n t a c t  f i s h ,  th e  EODs w ere m on ito red  w ith  a p a i r  

o f  w ires  p laced  n e a r  th e  head and t a i l  o f  t h e  s u b je c t  and d e l iv e re d  to  

a t r ig g e r in g  d e v ic e  ( F ig .  1 - 1 ) .  In  im m ob ilized  f i s h  th e  EOD no lo n g e r  

o c c u rs , b u t  th e  s p in a l  P a c e m a k e r-re la te d  S ig n a l (P S ), which in  i n t a c t  

f i s h  t r i g g e r s  th e  EOD (B e n n e tt 1 9 6 8 ), i s  s t i l l  p r e s e n t  a f t e r  F Iax ed i l  

i n j e c t i o n s .  The PS was m o n ito red  w ith  a s u c t io n  e le c tr o d e  p laced  

around th e  f i s h ’ s  t a i l ,  a m p l i f ie d ,  and d e l iv e re d  t o  th e  t r ig g e r in g  

d e v ic e .  The t r i g g e r  p u ls e  caused  b y  t h e  EOD o r  PS was s e n t  t o  an 

o n - l in e  com pu te r, w hich coun ted  th e  s i g n a l s  and m easured th e  i n t e r v a l s  

betw een (10 u s  r e s o l u t i o n ) . When an a r t i f i c i a l  EOD was used w ith  

im m obilized s u b je c t s ,  th e  PS t r i g g e r e d  a  s in g l e  c y c le  o f  a m o d ified  

s in e  wave o f  th e  a p p ro p r ia te  f re q u e n c y  and  i n t e n s i t y .  T h is  s ig n a l  was 

d e l iv e re d  to  a p a i r  o f  e le c t r o d e s  v i a  a  s tim u lu s  i s o l a t i o n  u n i t ;  one 

e le c tr o d e  was p lac e d  in  t h e  m outh o f  t h e  f i s h  th ro u g h  th e  a e r a t io n  

t u b e ,  t h e  o t h e r  fo rm ed  a  l o o p  a ro u n d  t h e  f i s h ’ s t a i l .  T h is  

c o n f ig u ra t io n  produced a r e a s o n a b le  m im ic o f  th e  n a tu r a l  EOD o c c u rr in g  

a t  a r a t e  s e le c te d  by th e  f i s h .

S u b je c ts  w ere t e s t e d  in  a s e r i e s  o f  ex p e rim e n ts  t h a t  m easured th e  

NRs t h a t  o c c u rre d  when t h e  f i s h  was p re s e n te d  w ith  a s e r i e s  o f  

e le c t r o s e n s o r y ,  v i s u a l ,  o r  a c o u s t ic  s t i m u l i .  These ex p e rim en ts  were 

desig n ed  to  a s s e s s  th e  e f f e c t s  o f  FI ax ed i l  im m o b iliz a tio n , s t im u lu s  

i n t e n s i t y ,  and s tim u lu s  m o d a lity  on th e  m agn itude  and h a b i tu a t io n  o f  

th e  NR. Most f i s h  were t e s t e d  w ith  each  o f  t h e  th r e e  s tim u lu s  

m o d a l i t i e s ,  u s u a l ly  more th an  o n c e . T h re sh o ld s  f o r  each  s u b je c t  were 

d e te r m ia e d  b e f o r e  any  e x p e r i m e n t a l  t r i a l s  b e g a n .  Each s t i m u lu s  

m o d a lity  was t e s t e d  a t  th r e e  d i f f e r e n t  i n t e n s i t i e s :  IX, 2X, and 4X



th r e s h o ld .  (H^ a r t e d i  had h ig h  th r e s h o ld s  t o  e le c t r o s e n s o r y  s t im u l i  

and th u s  c o u ld  be t e s t e d  a t  o n ly  IX and  2X th r e s h o ld  i n t e n s i t i e s . )  The 

o rd e r  o f  s tim u lu s  m o d a lity  and i n t e n s i t y  p r e s e n ta t io n  was in fo rm a lly  

ra n d o m iz e d  t o  a v o id  a n y  s y s t e m a t i c  p r o d u c t i o n  o f  s t im u lu s  

g e n e r a l iz a t io n  o r  re sp o n se  f a t i g u e  f o r  p a r t i c u l a r  m o d a l i ty / in te n s i ty  

c o m b in a tio n s .

Each experim en t c o n s is te d  o f  32 p a i r s  o f  t r i a l s .  Each p a i r  

c o n s is te d  o f  a s t im u lu s  t r i a l  p rec e d e d  by a c o n t r o l  t r i a l  ( in  which no 

s tim u lu s  was p r e s e n te d ) . A t o t a l  o f  64 EOD o r  PS i n t e r v a l s  were 

m easured in  each  t r i a l  ( F i g .1 - 2 ) .  The f i r s t  16 i n t e r v a l s  o f  a  t r i a l  

were a v e ra g e d , y ie ld in g  a b a s e l in e  i n t e r v a l ;  t h e  sum o f  th e  d i f f e r e n c e s  

b e tw een  e a c h  o f  t h e  s i x t e e n  i n t e r v a l s  f o l l o w i n g  t h e  s t i m u lu s  

p r e s e n t a t i o n  ( i n t e r v a l s  33 -  4 8 )  and t h e  b a s e l i n e  i n t e r v a l  was 

c a lc u la te d  and used a s  a re sp o n se  m easu re . T hus, an  EOD a c c e le r a t io n ,  

such  a s  o c c u rs  d u rin g  th e  NR, r e s u l t s  in  a  n e g a t iv e  sum o f  i n te r v a l  

d i f f e r e n c e s .  A l a r g e r  n e g a t i v e  sum i n d i c a t e s  a g r e a t e r  EOD 

a c c e l e r a t i o n .  As an a d d i t io n a l  c o n t r o l  m e a su re , th e  sum o f  th e  

d i f f e r e n c e s  betw een each  o f  th e  s ix t e e n  EOD o r  PS i n t e r v a l s  p reced in g  

th e  s tim u lu s  ( i n t e r v a l s  17 -  32) and th e  b a s e l in e  i n t e r v a l  was a ls o  

c a lc u la te d .  Thus each  re sp o n se  m easu re  has t h r e e  c o rre sp o n d in g  c o n tr o l  

m easu res: th e  p re - s t im u lu s  sum o f  i n t e r v a l  d i f f e r e n c e s  fo r  b o th  th e

c o n tro l  and th e  s tim u lu s  t r i a l s ,  and th e  c o n t r o l  re sp o n se  m easu re . The 

in te r v a l  betw een th e  i n i t i a t i o n  o f  s u c c e s s iv e  t r i a l s  was s e le c te d  by 

th e  e x p e rim en te r and c o n t r o l le d  by th e  com pu ter. The i n t e r v a l  s e le c te d  

was c lo s e  to  th e  minimun a llow ed  b y  th e  EOD/PS i n t e r v a l  le n g th  ( i . e . ,  

th e r e  a r e  64 i n t e r v a l s  in  a t r i a l ,  so  th e  i n t e r v a l  betw een t r i a l s  m ust



be g r e a te r  th a n  64 X EOD i n t e r v a l  l e n g t h ) .  The minimum t r i a l  i n t e r v a l  

used was 5 s ,  and th e  g r e a t e s t  t r i a l  i n t e r v a l  g e n e r a l ly  d id  n o t exceed 

20 s .  T hus, s t i m u l i  were p re s e n te d  e v e ry  10 -  40 s ,  depending  on th e  

r e s t i n g  EOD r a t e  (m edian t r i a l  i n t e r v a l  = 8 s ) . The c o n tr o l  and 

resp o n se  m easures f o r  each  t r i a l  w ere th en  s to r e d  f o r  l a t e r  a n a ly s i s .

S t im u li

Two d i f f e r e n t  e le c t r o s e n s o r y  s t im u l i  w ere u se d : a  s h o r t - c i r c u i t

w ith in  th e  a n im a l’ s  e l e c t r i c  f i e l d ,  which m im ics t h e  p resen ce  o f  an  

o b j e c t ,  and a  t r a n s v e r s e ly  a p p lie d  square-w ave p u l s e ,  w hich m im ics th e  

p r e s e n c e  o f  a n o th e r  w e a k l y - e l e c t r i c  f i s h  ( B u l lo c k  1 9 8 2 ) .  The 

s h o r t - c i r c u i t  s tim u lu s  was p roduced  by a t r a n s i s t o r  s w itc h ,  t o  w hich 

were connected  a p a i r  o f  e l e c t r o d e s  in  s e r i e s  w ith  a  p o te n t io m e te r .  

W ith th e  sw itc h  o p e n , th e  r e s i s t a n c e  betw een th e  e le c tr o d e s  i s  v e ry  

h ig h , and no e f f e c t i v e  s t im u lu s  i s  p r e s e n t .  When th e  s w itc h  i s  c lo s e d ,  

t h e  r e s i s ta n c e  betw een th e  e le c t r o d e  t i p s  d e c re a s e s ,  th e  e x a c t v a lu e  

depending on th e  c o n d u c t iv i ty  o f  th e  w a te r  and t h e  p o te n tio m e te r  

s e t t i n g .  The r e s i s t a n c e  a c ro s s  th e  c lo se d  sw itc h  was a p p ro x . 0 .15  

kohm. S h o r t - c i r c u i t  s t im u lu s  i n t e n s i t y  was a d ju s te d  by chang ing  th e  

p o te n tio m e te r  s e t t i n g  and m easu ring  th e  r e s i s t a n c e  a c ro s s  th e  s tim u lu s  

e le c tr o d e s  ( ra n g e : 4 .0  -  0 .1  Mohm): a lo w er r e s i s t a n c e  r e p r e s e n ts  a

s tro n g e r  s t im u lu s .  S h o r t - c i r c u i t  d u r a t io n s  were long  enough to  e n su re  

t h e  o c c u r r e n c e  o f  a t  l e a s t  o n e  EOD/PS c y c l e  d u r in g  s t i m u l u s  

p r e s e n ta t io n .  Square-w ave s t i m u l i  were g e n e ra te d  by  means o f  a G rass 

S -44 s t im u la to r  and a s t im u lu s  i s o l a t i o n  u n i t ,  th e  o u tp u t  o f  w hich was 

d e liv e re d  v ia  two c o i le d  w ire s  on e i t h e r  s id e  o f  th e  w ater b a th .



Square-w ave i n t e n s i t i e s  w ere m easured by m o n ito rin g  th e  o u tp u t  o f  a 

p a ire d  f ie ld -m e a s u r in g  e le c t r o d e  (p la c e d  in  t h e  b a th  p e rp e n d ic u la r  to  

th e  lo n g  a x is  o f  th e  f i s h  ab o u t 1 cm from th e  p e c to r a l  re g io n )  on an 

o s c i l lo s c o p e .  Square-w ave s t im u lu s  d u r a t io n  was 0.1 m s.

V isu a l s t im u l i  w ere p roduced  by  a G ra ss  PS-22 p h o t ic  s t im u la to r  

aimed a t  th e  b a th .  The i n t e n s i t y  o f  th e  l i g h t  f l a s h  was c o n t r o l le d  by 

an i n t e n s i t y  s w itc h  on th e  s t i m u la to r .  A u d ito ry  s t i m u l i  were g e n e ra te d  

by  sen d in g  a s t im u lu s  p u ls e  t o  a Q*ass S -9  s t im u la to r  t h a t  was s e t  t o  

d e l iv e r  a 0 .5V , 200ms p u ls e  t o  an a u d io -a m p /sp ea k e r  u n i t .  The

i n t e n s i t y  o f  th e  sound s t im u lu s  was c o n t r o l le d  by an i n t e n s i t y  c o n t r o l  

d i a l  on th e  s p e a k e r .  The sp e a k e r  was mounted a p p ro x . 12 cm from  th e  

edge o f  th e  ta n k .  The i n t e n s i t y  o f  th e  sound was m easured by p la c in g  a 

m icrophone above th e  f i s h  and re a d in g  th e  o u tp u t  ( in  mV) on an 

o s c i l lo s c o p e .

D ata A n a ly s is

P re lim in a ry  o b s e r v a t io n s  in d ic a te d  t h a t  t h e  l a r g e s t  re s p o n s e  to  a 

s t im u lu s  s e r i e s  o c c u rs  w i th in  th e  f i r s t  s ix  p r e s e n ta t io n s  o f  th e  

s t im u lu s ,  and a ls o  t h a t  t h e  re s p o n s e s  f u l l y  h a b i tu a te  by  th e  end o f  th e  

s e r i e s .  T h e re fo re , two m easu res  o f  NR s iz e  w ere used in  th e  a n a ly s e s ;  

Rmax, th e  l a r g e s t  o f  th e  f i r s t  s ix  r e s p o n s e s  in  an e x p e rim e n t (n o t  

a lw ays th e  f i r s t  r e s p o n s e  i f  s e n s i t i z a t i o n  o c c u r s ) ,  and R t, th e  

h a b itu a te d  re sp o n se  l e v e l  in  an e x p e rim e n t (mean o f  l a s t  f iv e  s t im u lu s  

t r i a l  r e s p o n s e s ) .  T hese  v a lu e s  w ere averaged  f o r  a g iv en  f i s h  i f  more 

th a n  one e x p e rim en t w ith  a g iv e n  m o d a l i t y / in t e n s i ty  was p e rfo rm e d . 

T re a tm e n t  e f f e c t s  ( F I a x e d i l  i m m o b i l i z a t i o n , s t i m u lu s  i n t e n s i t y .



s t im u lu s  m o d a l i ty ,  and s u b je c t  s p e c ie s )  w ere t e s t e d  w ith  a g e n e ra l  

l i n e a r  m a tr ix  m o d el, w hich i s  a m o d if ie d  ANOVA f o r  u n eq u a l c e l l  s i z e s  

(SAS 1982).

H a b i tu a t io n ,  a  r e v e r s a b le  d e c l in e  in  resp o n se  s i z e  t o  r e p e a te d  

s t im u la t io n ,  was a s s e s s e d  in  two w ays. The amount o f  h a b i tu a t io n  was 

c a lc u la te d  a s  th e  r a t i o  o f  Rt/Rmax. B ecause t h i s  m easure i n d i c a t e s  th e  

p ro p o r t io n  o f  t h e  maximum re sp o n se  t h a t  rem ain s  a f t e r  h a b i t u a t i o n ,  a  

l a r g e r  v a lu e  i n d i c a t e s  a  s m a lle r  amount o f  h a b i tu a t io n .  T h is  i s  a 

m easure o f  how much th e  re sp o n se  h a s  d e c l in e d ,  b u t  n o t how r a p i d l y  t h a t  

amount o f  d e c l in e  o c c u r r e d . To a s s e s s  th e  r a t e  o f  h a b i t u a t i o n ,  a t im e  

c o n s ta n t  (Tau) o f  th e  re sp o n se  d e c l in e  p a t t e r n  was c a lc u la te d  from  th e  

b e s t - f i t  c u rv e  f i t t e d  t o  a p l o t  o f  re sp o n se  s iz e  (n o rm a liz e d  t o  a 

s ta n d a rd  ra n g e )  a s  a f u n c t io n  o f  s t im u lu s  p r e s e n ta t io n  number (A ppendix 

A ). T h is  v a lu e  r e p r e s e n t s  th e  s t im u lu s  number ( o r  f r a c t i o n  th e r e o f )  a t  

which th e  re s p o n s e  h a s  d e c lin e d  by  6 3 î .  A l a r g e r  v a lu e  i n d i c a t e s  a 

s lo w e r  h a b i tu a t io n  r a t e .  T rea tm en t e f f e c t s  on h a b i tu a t io n  w ere a ls o  

t e s t e d  w ith  GLM a n a ly s e s .  When a m ain t re a tm e n t  was found t o  b e  

n o n - s i g n i f i c a n t , d a ta  from c e l l s  w i th in  t h a t  group w ere p o o led , and th e  

d a ta  were r e t e s t e d  w ith  lo w e r-o rd e r  a n a ly s e s .  L ik e w ise , when a 

s i g n i f i c a n t  i n t e r a c t i o n  betw een main t r e a tm e n ts  o c c u r r e d , th e s e  g roups 

w ere t e s t e d  s e p a r a t e l y .  Duncan’ s  m u l t ip le  ran g e  t e s t  (SAS 1982) was 

u sed  f o r  a p o s t e r i o r i  com parisons o f  means f o r  a l l  m e a su re s .
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R e s u lts

No s t a t i s t i c a l  d i f f e r e n c e s  in  re sp o n se  s i z e s  o r  h a b i tu a t io n  r a t e s  

o r  amounts betw een th e  two ty p e s  o f  e le c t r o s e n s o r y  s t i m u l i  were found; 

th u s  th e  d a ta  from  b o th  s h o r t - c i r c u i t  and square-w ave  s t im u l i  a re  

pooled in  th e  a n a ly s e s .  Some f i s h  would n o t  g iv e  r e l i a b l e  re sp o n se s  to  

a p a r t i c u l a r  s t im u lu s ;  t h e r e f o r e ,  c e l l  sam ple  s i z e s  a r e  n o t eq u a l in  

a l l  c a s e s .

S ig n i f i c a n t  c o r r e la t io n s  betw een a s u b je c t ’ s  re sp o n se  s iz e s  and 

i t s  EOD r e s t i n g  i n t e r v a l  were fo u n d . To e l im in a te  t h i s  c o r r e l a t i o n ,  

response  s i z e  d a ta  were n o rm a liz e d  by  d iv id in g  a s u b je c t ’ s  response  

s iz e  m easu res by  i t s  r e s t i n g  EOD i n t e r v a l .  Both n o rm a liz e d  resp o n se  

s iz e  m easures (Rmax,Rt) were s i g n i f i c a n t l y  c o r r e la t e d  w ith  each  o th e r  

( r  = 0 .7 9 , n = 3 4 6 , P< 0 .0001); Rt was s i g n i f i c a n t l y  c o r r e la t e d  w ith  th e  

amount o f  h a b i tu a t io n  ( r  = 0 .3 8 , n = 346 , P < 0 .0001), b u t  Rmax was n o t 

( r  = - 0 .0 5 ,  n = 346, P=0.33) • Thus t h e  amount o f  h a b i tu a t io n  may 

depend on th e  h a b itu a te d  re sp o n se  l e v e l ,  b u t  n o t th e  i n i t i a l  o r  maximal 

response  l e v e l .  H a b itu a tio n  r a t e  (Tau) d id  n o t c o r r e l a t e  w ith  any 

response  s i z e  m e a su re s , o r  w ith  th e  amount o f  h a b i t u a t i o n .

Main T reatm en t E f f e c t s

1. F la x e d i l

Im m o b iliz a tio n  w ith  t h i s  d rug  g e n e r a l l y  caused  h ig h e r  maximal 

resp o n ses  (Rmax) t o  l i g h t  s t im u l i  in  b o th  H_. a r t e d i  and c a ra p o , 

p a r t i c u l a r l y  a t  th re s h o ld  (IX ) i n t e n s i t i e s  ( F i g . 1 -3 ) .  Both Rmax and 

h a b itu a te d  re sp o n se  s i z e s  (R t) t o  sound s t im u l i  w ere h ig h e r  fo r  

im m obilized th an  i n t a c t  H. a r t e d i  ( F i g s . 1 - 3 ,4 ) .  F la x e d i l  d id  n o t
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change re s p o n s e  s iz e s  to  e l e c t r i c  s t i m u l i ,  w ith  th e  e x c e p tio n  o f  

in c r e a s in g  G_. carapo  re s p o n s e s  t o  th r e s h o ld  (IX) e l e c t r i c  s t i m u l i .  The 

e f f e c t s  o f  F la x e d i l  on ca rap o  re sp o n se s  t o  l i g h t  and sound s t im u l i  

m ust b e  view ed w ith  c a u t io n .  Sample s iz e s  f o r  i n je c te d  s u b je c t s  were 

low , e s p e c i a l l y  a t  h ig h e r  i n t e n s i t i e s .  In  a d d i t io n ,  one im m obilized 

in d iv id u a l  made an e x c e e d in g ly  h ig h  re sp o n se  to  th e  th r e s h o ld  l i g h t  

s t im u lu s  (Rmax = 3 2 . ) .  In  no c a se  were th e  mean n o rm a liz e d  resp o n se s  

o f  im m obilized  f i s h  s i g n i f i c a n t l y  low er th a n  th o s e  o f  i n t a c t  f i s h ;  

t y p i c a l l y ,  mean re s p o n s e s  w ere h i g h e r ,  e s p e c i a l l y  a t  lo w e r i n t e n s i t i e s .

R e la t iv e  to  i n t a c t  f i s h  o f  th e  same s p e c i e s ,  t h e  amount o f  

h a b i tu a t io n  was s i g n i f i c a n t l y  l e s s  f o r  im m obilized  c a ra p o  resp o n se s  

t o  e l e c t r i c  s t im u l i  (P < 0 .0 0 3 ), and f o r  im m obilized  H_. a r t e d i  re sp o n se s  

to  sound s t im u l i  (P < 0.002: F i g .1 - 5 ) .  T h is  was due m a in ly  t o  h ig h e r  

h a b i tu a te d  (R t) r e s p o n s e s  in  th e s e  c a s e s .  Ih e  amount o f  h a b i tu a t io n  

d id  n o t a lw ays d e c re a se  when h a b itu a te d  re sp o n se s  w ere g r e a t e r ;  w ith  G. 

carapo  r e s p o n s e s  t o  l i g h t  s t i m u l i ,  b o th  Rmax and Rt in c r e a s e d  such t h a t  

th e  amount o f  h a b i tu a t io n  was th e  sam e. The r a t e  o f  h a b i tu a t io n  (Tau) 

was n o t s i g n i f i c a n t l y  a f f e c te d  by F la x e d i l  im m o b iliz a tio n  in  any c a s e .  

The d a ta  f o r  b o th  i n t a c t  and im m obilized  f i s h  w ere t h e r e f o r e  pooled by 

s p e c ie s  fo r  f i n e r  a n a ly s e s  o f  e f f e c t s  on h a b i tu a t io n  r a t e s .

2 . I n t e n s i t y

In  g e n e r a l ,  b o th  Rmax and Rt in c re a s e d  w ith  in c r e a s e d  s tim u lu s  

i n t e n s i t y ,  though  th e  e f f e c t  was s t a t i s t i c a l l y  s i g n i f i c a n t  in  o n ly  a 

few c a s e s  (T a b le  1 - 1 ,2 ) ,  su ch  a s  i n t a c t  G. ca ra p o  re s p o n s e s  t o  e l e c t r i c  

s t i m u l i  (Rmax, P<0.004; R t, P < 0 .0 0 2 ) . H ab itu a ted  re s p o n s e  l e v e l s  (R t) 

showed m ore c o n s is t e n t  i n t e n s i t y  e f f e c t s  o v e r a l l .  The amount o f
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h a b i tu a t io n  was s i g n i f i c a n t l y  low ered  (P< 0 .0 2 5 ) by in c re a s e d  s tim u lu s  

i n t e n s i t y  o n ly  f o r  i n t a c t  G_. c a ra p o  r e s p o n s e s  t o  e l e c t r i c  s t i m u l i ;  a 

n e a r ly  s i g n i f i c a n t  (F< 0.055) in c r e a s e  in  h a b i tu a t io n  amount w ith  l i g h t  

s t im u l i  a ls o  o c c u rre d  (T ab le  1 - 3 ) .  The r a t e  o f  h a b i tu a t io n  was n o t 

a f f e c te d  s i g n i f i c a n t l y  by  s t im u lu s  i n t e n s i t y ,  and th u s  th e  d a ta  f o r  a l l  

i n t e n s i t i e s  were poo led  by  s p e c ie s  fo r  f u r t h e r  a n a ly s e s .

3 . M o d a lity

Each  s p e c ie s  showed a ’ p r e f e r e n c e ' f o r  one o r  two o f  th e  s tim u lu s  

m o d a l i t i e s  over t h e  o t h e r ( s ) .  ’P r e fe re n c e ’ i s  d e f in e d  h e re  a s  g r e a te r  

no rm a lized  re sp o n se  m a g n itu d e s . IL o c c id e n ta l i s  made c o n s i s t e n t ly  

h ig h e r  r e s p o n s e s  t o  e l e c t r i c  s t im u l i  th a n  t o  l i g h t  o r  sound s t im u l i  

( F i g s .1—3 ,4  & T a b le s  1 - 1 ,2 ) .  F o r H. a r t e d i  b o th  resp o n se  m easures were 

low er f o r  sound s t im u l i  th a n  f o r  l i g h t  o r  e l e c t r i c  s t im u l i  in  i n t a c t  

f i s h .  I n  im m obilized  îL a r t e d i  n o rm a lized  Rt re s p o n s e s  were g r e a te r  

fo r  l i g h t  and sound s t im u l i  th a n  f o r  e l e c t r i c  s t i m u l i ,  b u t Rmax v a lu e s  

d id  not d i f f e r  among s tim u lu s  m o d a l i t i e s .  I n t a c t  carapo  e x h ib i te d  

g r e a te r  Rmax and R t re s p o n s e s  t o  sound th a n  l i g h t  o r  e l e c t r i c  s t i m u l i .  

When im m o b ilized , th e  re s p o n s e s  t o  sound s t i m u l i  were d im in ish e d . The 

m ax im al r e s p o n s e s  (R m ax), b u t  n o t  h a b i t u a t e d  r e s p o n s e s  (R t)  o f  

im m obilized  ca rap o  w ere g r e a t e r  to  l i g h t  s t im u l i  than  to  e l e c t r i c  

s t im u l i  ( F i g .1 - 3 ) .

H. a r t e d i  h a b itu a te d  l e s s  t o  l i g h t  s t i m u l i  th a n  to  e l e c t r i c  o r  

so u n d  s t i m u l i  when i n t a c t ,  b u t  h a b i t u a t e d  l e s s  to  so u n d  when 

im m obilized  ( F i g .1 - 5 ) .  I n t a c t  G^ c a ra p o  h a b i tu a te d  le s s  t o  sound 

s t i m u l i ,  which e l i c i t e d  g r e a t e r  re s p o n s e s  (Rmax A R t) . But fo r  

im m obilized  G^ c a ra p o  l i g h t  s t i m u l i  cau sed  g r e a t e r  re sp o n se s  th an
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e l e c t r i c  o r  sound s t i m u l i ,  and m ore , n o t l e s s  h a b i tu a t io n .  The amount 

o f  h a b i tu a t io n  o f  o c c id e n ta l i s  d id  n o t  d i f f e r  among th e  th re e  

s tim u lu s  m o d a l i t i e s .

The '  p r e f e r e n c e ' f o r  a  g iv en  m o d a lity  c a n  a ls o  be i l l u s t r a t e d  by 

d i f f e r e n c e s  in  h a b i tu a t io n  r a t e s  (Tau) t o  th e  t h r e e  s t im u lu s  m o d a l i t ie s  

( F i g .1 -6 , T ab le  1 - 4 ) .  a r t e d i  h a b i tu a te d  to  sound s t i m u l i  more

q u ic k ly  th a n  to  l i g h t  o r  e l e c t r i c  s t im u l i  (sound s t im u l i  evoked low er 

re sp o n se s  in  i n t a c t  IL a r t e d i ) . G. c a ra p o  h a b itu a te d  more s lo w ly  to  

sound s t i m u l i ,  w hich e l i c i t e d  t h e  b ig g e s t  r e s p o n s e s  in  i n t a c t  f i s h  o f  

t h i s  s p e c ie s ,  th a n  t o  l i g h t  o r  e l e c t r i c  s t i m u l i .  ^  o c c i d e n t a l i s . 

which made th e  b ig g e s t  re sp o n se s  to  e l e c t r i c  s t i m u l i ,  a l s o  h a b itu a te d  

more s lo w ly  to  e l e c t r i c  s t im u l i  th an  t o  l i g h t  o r  sound s t im u l i .  

Threshold  s t im u lu s  i n t e n s i t i e s  d id  n o t  v a ry  s y s te m a t ic a l ly  among th e  

s p e c ie s .  F o r any  s t im u lu s  m o d a lity  th e  v a r i a t i o n  in  i n t r a - s p e c i f i c  

i n te n s i t y  th r e s h o ld s  was a s  g r e a t  a s  th e  i n t e r - s p e c i f i c  v a r i a t i o n .

4 . S p e c ie s

N o rm a liz e d  H_. o c c i d e n t a l i s  r e s p o n s e s  (Rm ax, b u t  n o t  R t) to  

e l e c t r i c  s t im u l i  were g r e a t e r  th a n  th o s e  o f  ca rap o  and H_. a r t e d i , 

th e  l a t t e r  h av in g  th e  lo w e s t  Rt v a lu e s  f o r  e l e c t r i c  s t i m u l i .  L ig h t 

s t im u li  evoked th e  h ig h e s t  r e s p o n s e s  from im m obilized  G_. carapo  and th e  

lo w e s t  r e s p o n s e s  from  o c c i d e n t a l i s  ( b o th  Rmax & R t) . Mean 

norm alized  re sp o n se s  to  sound s t im u l i  were lo w e s t  fo r  i n t a c t  H. a r t e d i , 

and g r e a t e s t  f o r  i n t a c t  c a ra p o . The amount o f  h a b i tu a t io n  to  

e l e c t r i c  s t im u l i  d id  n o t  d i f f e r  among th e  s p e c ie s  t e s t e d .  G_. carapo 

h a b itu a te d  l e a s t  o f  a l l  s p e c ie s  when im m obilized  and m ost when i n t a c t .  

H . a r t e d i  h a b i tu a te d  l e a s t  and G_. c a rap o  m ost t o  l i g h t  s t im u l i .
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r e g a r d le s s  o f  i n j e c t i o n  s t a t e .  I n t a c t  jL  a r t e d i  and IL o c c id e n ta l i s  

h a b itu a te d  more t o  sound s t im u l i  th a n  G_. c a ra p o  o r im m obilized  H. 

a r t e d i .  The r a t e  o f  h a b i tu a t io n  t o  e l e c t r i c  s t im u l i  d id  n o t d i f f e r  

among s p e c i e s .  H_. a r t e d i  h a b itu a te d  slow er t o  l i g h t  s t im u l i  th a n  d id  

th e  o th e r  s p e c ie s .  For sound s t i m u l i ,  G. c a ra p o  h a b itu a te d  more slow ly  

th a n  e i t h e r  Hypopomus s p e c i e s ,  w hich d id  n o t  d i f f e r  from each  o th e r .

I n t e r a c t io n s

As m en tioned  above, FI axedi l  cau sed  in c r e a s e d  re sp o n se s  t o  l i g h t  

s t i m u l i ,  p a r t i c u l a r l y  a t  lo w e r  i n t e n s i t i e s .  As a  c o n s e q u e n c e ,  

i n t e n s i t y  e f f e c t s  w e re  d im in is h e d  w i th  i m m o b i l i z a t i o n ,  d u e  t o  a 

’ c e i l in g  e f f e c t ' .  However, th e  'c e i l i n g  e f f e c t '  canno t e x p la in  th e  

la c k  o f  i n t e n s i t y  e f f e c t s  on o c c id e n ta l i s  re s p o n s e s  t o  l i g h t

s t i m u l i ,  a s  th e s e  re s p o n s e s  were n o t  n e a r ly  maximal fo r  th e s e  f i s h  

( F ig s .1 - 3 ,4 ) .  I t  i s  i n t e r e s t i n g  t h a t  fo r  a l l  t h r e e  s p e c ie s ,  t h e r e  were 

no i n t e n s i t y  e f f e c t s  on  r e s p o n s e s  t o  l i g h t  s t i m u l i  when 

F Ia x e d il- im m o b iliz e d .

B ecause F Ia x e d il  caused in c re a s e d  re s p o n s e s  to  l i g h t  in  carapo  

and IK a r t e d i , th e  a p p a re n t  'p r e f e r e n c e ' o f  t h e s e  s p e c ie s  f o r  a  g iv en  

m o d a lity  was d i f f e r e n t  betw een i n t a c t  and im m obilized  f i s h  o f  th e  same 

s p e c ie s .  R e la tiv e  to  i n t a c t  f i s h ,  F Ia x e d i l  low ered  th e  re s p o n s e s  o f  G. 

c a ra p o  t o  sound  and i n c r e a s e d  t h e  r e s p o n s e s  t o  l i g h t  s t i m u l i .  

L ikew ise , i n t a c t  a r t e d i  made th e  lo w e s t  re s p o n s e s  to  sound s t i m u l i ,  

b u t when im m obilized  t h e i r  re s p o n s e s  to  sound were a s  l a r g e  a s  th e  

re sp o n se s  t o  l i g h t  s t i m u l i .  Thus im m obilized  IK a r t e d i  show no c le a r  

' p r e f e r e n c e ' f o r  any s tim u lu s  m o d a li ty .
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O th e r  A nalyses

A few ex p e rim e n ts  w ere perfo rm ed  to  s e e  i f  th e  tim e  c o u rse  o f  th e  

NR was th e  same f o r  a l l  s t im u lu s  m o d a l i t i e s  and s p e c i e s , i . e . ,  i s  th e  

r e s p o n s e  t h e  sam e? The d a t a  c o l l e c t i o n  schem e was e s s e n t i a l l y  

i d e n t ic a l  t o  t h a t  in  th e  above  s e t  o f  e x p e r im e n ts , e x c e p t t h a t  o n ly  one 

s tim u lu s  t r i a l  was g iv e n , and th e  a c tu a l  EOD/PS i n t e r v a l s  were s to re d  

on d i s k .  W ith  t h e s e  I  c o u ld  a n a ly z e  t h e  p a t t e r n  o f  EDD 

a c c e le r a t io n /d e c e le r a t io n  t h a t  o c c u rre d  a f t e r  s tim u lu s  p r e s e n ta t io n .  

The r e s u l t s  o f  t h i s  a n a ly s i s  i n d ic a te  t h a t  th e  re sp o n se  was e s s e n t i a l l y  

th e  same w ith  any o f  th e  t h r e e  s t im u lu s  m o d a l i t i e s  t e s t e d .  D if fe re n c e s  

in  tim e  c o u rs e  o f  th e  re s p o n s e  depended on th e  m agnitude  o f  th e  

re sp o n se . A l a r g e r  re sp o n se  would have a g r e a t e r  i n i t i a l  a c c e le r a t io n  

and a more e x p o n e n tia l  d e c e l e r a t io n  th a n  a  s m a lle r  re s p o n s e . Thus a  

resp o n se  o f  g iv en  m agn itude  t o  an  e l e c t r i c  s tim u lu s  would n o t d i f f e r  

from a  re sp o n se  o f  th e  same m ag n itu d e  to  a  l i g h t  o r  sound s t im u lu s .  I  

canno t u n e q u iv o c a lly  s t a t e  w hether t h e r e  a r e  s p e c ie s  d i f f e r e n c e s  in  th e  

tim e  c o u rse  o f  th e  NR. I n d iv id u a l  v a r i a t i o n  appeared  to  be a s  l a r g e  a s  

s p e c ie s  v a r i a t i o n .  None o f  th e s e  a d d i t io n a l  a n a ly s e s  were e v a lu a te d  

s t a t i s t i c a l l y .
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D isc u ss io n

The N o v e lty  R e sp o n se  (NR) o f  p u l s e - t y p e  f i s h  was fo u n d  t o  

h a b i tu a te  to  e le c t r o s e n s o r y  s t im u l i  a s  w e ll  a s  to  v is u a l  and a u d i to r y  

s t im u l i .  H a b itu a tio n  may b e  sim p ly  d e f in e d  a s  a r e v e r s ib l e  d e c l in e  in  

resp o n se  to  re p e a te d  s t i m u la t i o n ,  and h as  been  d e s c r ib e d  a s  th e  m ost 

e lem en ta ry  and u b iq u ito u s  form  o f  b e h a v io r a l  p l a s t i c i t y  (Thompson and 

Spencer 1966, P in sk e r  e t  a l  .1970). H a b i tu a t io n  o f  a wide v a r i e ty  o f  

b e h a v io ra l  and n e u ro n a l re s p o n s e s  h a s  been  s tu d ie d  i n  r a t s  ( G r i f f in  and 

P earson  1967, Hoffman and S t i t t  1969, Buckland e t  a l  1969, Korn and 

Meyer 1 9 6 6 ), c a t s  (K ilen y  e t  a l  1 9 8 0 ) , r a b b i t s  (Horn 1 9 6 7 ), b i r d s  

(P e tr in o v ic h  and Peeke 1973» S h a l te r  1 9 7 5 ), n o n - e l e c t r i c  f i s h  (R u s s e l l  

1967, Peeke e t  a l  1 9 7 9 ), t u r t l e s  (Hayes e t  a l  1 9 6 8 ), f ro g s  (Ewert and 

In g le  1971, F a r e l  e t  a l  1973, Kimble and Ray 1965, Megela and C ap ran ica  

1983), p o ly c h a e te s  (C la rk  I9 6 0 , Dyal and H e th e rin g to n  1 9 6 8 ), m o llu sc s  

(P in sk e r  e t  a l  1970, C a s te l lu c c i  e t  a l  1970, Kandel and Schw artz 1982 ), 

and even p r o t i s t s  (Wood 1970 , Osborn e t  a l  1 9 7 3 ). H a b itu a tio n  i s  one 

o f  th e  means by  which an an im al can ad a p t t o  i t s  env ironm ent and to  

changes in  th e  env ironm en t ( G r i f f in  1 9 7 0 ) . Assuming t h a t  th e  EDD r a t e  

o f  a s p e c ie s  i s  d e te rm ined  and f ix e d  by  e v o lu t io n  and s t r u c t u r e ,  an 

in c re a s e  in  EOD r a t e  c o u ld  p re s e n t  some c o s t s  t o  th e  f i s h ,  such  a s  

in c re a se d  m e ta b o lic  demand by th e  e l e c t r i c  o rgan  system  o r  in c re a s e d  

p r o b a b i l i ty  o f  s ig n a l  i n t e r f e r e n c e ;  o th e rw is e  th e y  may be ex p ec ted  t o  

alw ays f i r e  a t  a  f a s t e r  r a t e  i f  t h i s  a c c e le r a t io n  does  indeed  in c re a s e  

th e  tem poral r e s o lu t io n  o f  inccxning in fo r m a t io n . Thus, u n n ecessa ry  NRs 

cou ld  be w a s te f u l ,  and th e  h a b i tu a t io n  o f  th e  NR to  r e p e t i t i v e ,  

non-nox ious s t im u l i  cou ld  b e  a d a p t iv e .
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The d e c l i n e  i n  r e s p o n s e  m a g n i tu d e s  s e e n  i n  t h i s  s e r i e s  o f  

ex p erim en ts  f i t s  many o f  th e  c r i t e r i a  f o r  e s t a b l i s h in g  a  phenomenon a s  

h a b i tu a t io n  (Thompson and Spencer 1 9 6 6 ). The re sp o n se  d e c l in e  i s  

s p e c i f ic  to  th e  s t im u lu s  m o d a lity  t e s t e d ,  a s  can be shown by u s in g  a 

d i f f e r e n t  s tim u lu s  m o d a lity  to  e l i c i t  a r e l a t i v e l y  l a r g e  re sp o n se  a f t e r  

th e  p u ta t iv e  h a b i tu a t io n  to  th e  t e s t  s t im u lu s  h as  o c c u rre d  ( F i g .1 - 7 ) ,  

o r  by th e  o b s e rv a t io n  t h a t  a f t e r  a h a b i tu a t io n  e x p e rim en t u s in g  one 

m o d a l i t y ,  t h e  i n i t i a l  r e s p o n s e s  t o  t h e  n e x t  e x p e r im e n t  u s in g  a 

d i f f e r e n t  m o d a lity  a r e  o f  norm al ( i . e . ,  n o n -h a b itu a te d )  m ag n itu d e s . 

Spontaneous re c o v e ry  o f  t h e  NR to  a  s p e c i f i c  s t im u lu s  ty p e  i s  in d ic a te d  

by  o b se rv in g  in c re a s e d  NR m ag n itu d e  fo llo w in g  th e  o m iss io n  o f  a 

s tim u lu s  d u r in g  a  s e r i e s  o f  s t im u lu s  t r i a l s  ( F i g .1 - 7 ) .  The d e c l in e  in  

resp o n se  i s  n o t due to  f a t ig u e  o f  th e  n e u ra l  e lem en ts  in v o lv e d  w ith  

e l e c t r o s e n s o r y  p r o c e s s i n g ;  n e u r o p h y s i o l o g i c a l  r e s u l t s  ( C h a p . I I )  

in d ic a te  no r e d u c t io n  in  n e u ra l  a c t i v i t y  to  s t i m u l i  p re s e n te d  under th e  

paradigm  used h e r e .

The r e l a t i o n s h i p  b e tw e e n  h a b i t u a t i o n  and t h e  f r e q u e n c y  o f  

s t im u la t io n  was n o t t e s t e d  in  th e s e  e x p e r im e n ts , n o r was t h e  e f f e c t  o f  

s u b - z e r o  h a b i t u a t i o n  t r a i n i n g  a s s e s s e d .  I n t e n s i t y  e f f e c t s  on

h a b i tu a t io n  were t e s t e d .  Thompson and S pencer (1966) s u g g e s t  t h a t  

s tro n g e r  s t im u l i  shou ld  produce l e s s  r a p id  a n d /o r  a  low er amount o f  

h a b i tu a t io n  th a n  weaker s t im u l i .  In  th e  p r e s e n t  s tu d y  h a b i tu a t io n  

r a t e s  were n o t s i g n i f i c a n t l y  a f f e c te d  b y  s t im u lu s  i n t e n s i t y  c h a n g e s . 

Some o f  t h e  s t u d i e s  o f  h a b i t u a t i o n  t h a t  h a v e  ex am in ed  s t i m u lu s  

i n t e n s i t y  e f f e c t s  ( e . g . ,  D avis and Wagner 1 9 6 8 , W ick legren  1967) .used 

d i f f e r e n t  i n t e n s i t y  t r a i n i n g -  and t e s t - s t i m u l i .  T h is  parad igm  i s
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a c tu a l ly  a  t e s t  f o r  s tim u lu s  g e n e r a l i z a t io n  and n o t i n t e n s i t y  e f f e c t s ,  

b e c a u s e  a  c o n d i t i o n  o f  h a b i t u a t i o n  t r a i n i n g  i s  r e p e t i t i o n  o f  a 

s t im u lu s ,  th e  p r o p e r t ie s  o f  w hich r e n a in  unchanged d u r in g  re p e a te d

p r e s e n ta t io n s  (Thcsnpson e t  a l  19 7 3 ). In  many o f  th e s e  s tu d i e s  t h a t  u se  

v a r io u s  s t im u lu s  i n t e n s i t i e s ,  th e  e f f e c t s  o f  i n t e n s i t y  on h a b i tu a t io n  

r a t e s  a re  a b o lis h e d  o r  m inim ized i f  one u se s  r e l a t i v e  r e s p o n s e  d e c l in e  

m easures in s te a d  o f  a b s o lu te  re sp o n se  s iz e s  (H inde 1 9 7 0 ). In  th e  

p re s e n t  s tu d y  th e  amount o f  h a b i tu a t io n  u s u a l ly  was n o t  a f f e c te d

s i g n i f i c a n t l y  by  in c re a s e d  s t im u lu s  i n t e n s i t y ,  b u t when e f f e c t s  d id  

occur th e  amount o f  r e l a t i v e  h a b i tu a t io n  was l e s s  a t  h ig h e r  i n t e n s i t i e s  

( F i g .1 - 5 ) .  S tim u lu s  g e n e r a l iz a t io n  o f  h a b i tu a t io n  was n o t  fo rm a lly  

te s te d  in  t h i s  s tu d y ,  b u t I  o b se rv ed  t h a t  re s p o n s e s  t o  a  s h o r t - c i r c u i t  

s t im u lu s  w e re  o f t e n  r e d u c e d  by  p r i o r  e x p o s u re  t o  a  s q u a re -w a v e  

s t im u lu s , and v ic e - v e r s a .  Two a d d i t io n a l  c h a r a c t e r i s t i c s  o f  Thompson

and S p en ce r’ s  model d e a l w ith  w hat h as  been t r a d i t i o n a l l y  c a l l e d

'd i s h a b i t u a t i o n ' .  Groves and Thompson (1970) p r e s e n t  e v id en ce  to  

su p p o rt a d u a l- p r o c e s s  th e o r y  o f  h a b i tu a t io n  t h a t  s u g g e s ts  t h a t  what 

h as  been c a l l e d  'd i s h a b i t u a t i o n ' i s  a c t u a l l y  a  se co n d , in d ep en d en t 

p ro c e s s  th e y  c a l l  ' s e n s i t i z a t i o n ' .  In  e s s e n c e ,  an in c re a s e d  resp o n se  

fo llo w in g  a  'd i s h a b i t u a t i n g ' s t im u lu s  i s  th e  r e s u l t  o f  a p ro c e s s  t h a t  

i s  d i s t i n c t  from h a b i tu a t io n ,  and th u s  th e  a b i l i t y  t o  'd i s h a b i t u a t e '  a 

resp o n se  sh o u ld  no lo n g e r  be c o n s id e re d  a c r i t e r i o n  f o r  h a b i tu a t io n .  

In  th e  p r e s e n t  s tu d y  a tte m p ts  to  'd i s h a b i t u a t e '  c l a s s i c a l l y  th e  NR 

g e n e r a l l y  f a i l e d .  H ow ever, s e n s i t i z a t i o n  o f  t h e  r e s p o n s e  o f t e n  

o ccu rred  in  th e  f i r s t  s e v e ra l  t r i a l s  o f  an e x p e rim e n t, r e s u l t i n g  in  a 

p a t te r n  o f  re sp o n se  in c r e a s e s  fo llo w e d  by re sp o n se  d e c re a s e s .  T h is
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s e n s i t i z a t i o n  p a t t e r n  u s u a l ly  o c c u rre d  i n  th e  e a r l i e r  ex p erim en ts  o f  a 

d a y 's  t e s t i n g  o f  a g iv en  f i s h .  S im ila r  p a t t e r n s  o f  s e n s i t i z a t i o n  

fo llow ed  by  h a b i tu a t io n  a re  o f te n  r e p o r te d  in  h a b i tu a t io n  s tu d ie s  ( s e e  

Groves and Thompson 1973» Thompson e t  a l  1973 fo r  r e v ie w s ) .

H a b itu a t io n  o f  th e  NR t o  e le c t r o s e n s o r y  s t im u l i  h a s  been  re p o r te d  

p re v io u s ly  ( e . g . ,  L issnan  1 9 5 8 ) . H e ilig e n b e rg  (1980) a l s o  no ted  t h a t  

h a b i tu a t io n  o f  th e  NR w i l l  o c c u r i f  s t i m u l i  a re  p re s e n te d  to o  c lo s e ly  

in  tim e t o  one a n o th e r . He n o te s  t h a t  c u r a r iz e d  a n im a ls  w i l l  h a b i tu a te  

more r e a d i ly  th a n  i n t a c t  f i s h .  In  th e  p r e s e n t  s tu d y  t h i s  was n o t th e  

c a s e .  The d i f f e r e n c e s  p ro b a b ly  l i e  i n  d i f f e r e n c e s  i n  a sse ssm e n t o f  

h a b i tu a t io n  r a t e ,  and g e n e r a l i z a t i o n s  a b o u t h a b i tu a t io n  r a t e s  can be 

m is lead in g  i f  d i f f e r e n t  m ethods o f  c a lc u la t in g  th e  r a t e s  a r e  employed 

(H inde 1 9 7 0 ). FI ax e d i l  i s  a  c u ra r ifo rm  drug t h a t  com petes w ith  

a c e ty lc h o l in e  a t  c h o l in e rg ic  r e c e p to r  s i t e s  (W aser 1 9 6 1 ) . I t  i s  a 

l o n g - l a s t in g ,  n o n -d e p o la riz in g  s u b s ta n c e  t h a t  can in c r e a s e  h e a r t  r a t e  

and blood p r e s s u r e  (AHA 19 7 3 ). In  t h i s  s tu d y  FI a x e d i l  caused  a g e n e ra l  

in c re a s e  i n  re sp o n se  s i z e s ,  e s p e c i a l l y  h a b itu a te d  re sp o n se  l e v e l s  (R t) , 

and c o n s e q u e n tly  o f te n  red u ced  th e  amount ( b u t  n o t  t h e  r a t e )  o f  

h a b i tu a t io n .  The enhanced re s p o n s e s  se en  in  t h i s  s tu d y  w ere g e n e ra l ly  

t o  n o n - e le c t r o re c e p t iv e  s t i m u l i .  C h o lin e rg ic  d ru g s  can  have b o th  

i n h ib i to r y  and e x c i ta to r y  e f f e c t s  on a ro u s a l  and r e t i c u l a r  fo rm atio n  

re sp o n se s  (Kent 1973), and v a r io u s  e f f e c t s  on b e h a v io r  and se n so ry  

p e rc e p tio n  (S e id e n  and D ykstra  1 9 7 7 ). P a r a l y s i s  may have s i g n i f i c a n t l y  

reduced th e  amount o f  se n so ry  a f f e r e n c e  t h a t  th e  f i s h  n o rm a lly  r e c e iv e s  

w h ile  m o b ile , and because o f  t h i s  p a r t i a l  se n so ry  d e p r iv a t io n  th e  

im m obilized f i s h  were scxnehow ' p r im e d ' t o  re sp o n d . H a b itu a tio n  r a t e s
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o f  th e  NR t o  a l l  s tim u lu s  ty p e s  w ere n o t a f f e c te d  by  t h i s  d ru g .

In  t h i s  s tu d y  I  found t h a t  t h e  NR v a r i e s  i n  m agnitude a s  a 

f u n c t io n  o f  s tim u lu s  m o d a lity  and i n t e n s i t y .  As would be expected  o f  a 

r e f l e x  r e s p o n s e  (K a n d e l 1 9 7 6 ) ,  i n c r e a s e d  s u p r a t h r e s h o l d  s t im u lu s  

i n t e n s i t y  caused in c re a s e d  re sp o n se  s i z e s ,  up t o  a  p o i n t .  S p ec ie s  show 

c h a r a c t e r i s t i c  re s p o n s e  l e v e l s  t o  v a r io u s  s t im u lu s  t y p e s .  None o f  th e  

few  s tu d i e s  on th e  e c o lo g y  o f  th e s e  f i s h  ( e . g . ,  L issm an 1961, Hopkins 

and H e ilig e n b e rg  1978) g iv e  any c lu e s  a s  to  vhy t h e  s p e c ie s  d i f f e re n c e s  

seen  in  t h i s  s tu d y  m ig h t o c c u r ,  e . g . ,  why c a ra p o  makes la r g e r  NRs to  

sound s t im u l i  1 G_, ca rap o  a r e  f a c u l t a t i v e  a e r i a l  r e s p i r a t o r s  (Liem e t

a l  1 9 8 4 ) ,  b u t  w h e th e r  t h e y  u s e  t h e  a i r  b l a d d e r  f o r  a c o u s t i c  

com m unication a s  do some o th e r  f i s h  i s  unknown. T h is  s p e c ie s  i s  v e ry  

a g g r e s s i v e ,  and m ay d e v e lo p  r e l a t i v e l y  c o m p le x  s o c i a l  s y s te m s  

( KLack-Clew orth 1 9 7 0 ) . Hypopomus a r e  n o t a s  a g g r e s s iv e ,  and feed  on 

s m a l le r  o rg an ism s ( E l l i s  1913) th a n  do Gym notus, w hich have l a r g e r  

m ou ths .

R a te  may b e  t h e  p r e f e r r e d  m e a su re  o f  h a b i t u a t i o n  and i t s  

a s s o c ia te d  p ro c e s s e s . H a b itu a tio n  r a t e  was d e te rm in e d  in  t h i s  s tu d y  to  

b e  in d ep e n d e n t o f  su ch  f a c t o r s  a s  s tim u lu s  i n t e n s i t y  and p resence  o r 

ab sen ce  o f  Flax e d i l .  Under a v a r i e t y  o f  c o n d i t io n s  th e  h a b itu a tio n  

r a t e  o f  a f i s h  a p p e a rs  to  r e f l e c t  f a i t h f u l l y  t h a t  s p e c ie s ’ ’p re fe re n c e ’ 

f o r  g iv e n  s tim u lu s  m o d a l i t i e s .  The amount o f  h a b i tu a t io n  and o th e r  

m easu res  t h a t  d i r e c t l y  depend on re sp o n se  s i z e  a r e  in flu e n ce d  by 

s t i m u l u s  i n t e n s i t y  and  im m o b i l i z a t io n  s t a t e ,  and  a r e  a p p a r e n t ly  

i n d i c a t i v e  o f  p ro c e s s e s  d i f f e r e n t  from th o se  a s s e s s e d  by h a b itu a tio n  

r a t e .
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Even though  th e  d i f f e r e n t  s p e c ie s  re sp o n d ed  in  v a r io u s  d e g re e s  t o  

e l e c t r i c a l  s t im u l i  and showed d i f f e r e n t  am ounts o f  h a b i tu a t io n ,  t h e  

r a t e  o f  h a b i t u a t i o n  t o  e l e c t r o s e n s o r y  s t i m u l i  was t h e  sam e 

( s t a t i s t i c a l l y )  in  a l l  s p e c i e s .  T h is  s u g g e s ts  t h a t  t h e  c e n t r a l  

p ro c e s s in g  o f  e le c t r o s e n s o r y  in fo rm a tio n  i s  th e  same ( r e l a t i v e l y )  in  

a l l  gym notiform  p u lse  s p e c i e s .  T h is  e v o lu t io n a r y  c o n s e rv a tio n  o f  

l e a r n i n g  may r e s u l t  f ro m  t h e  r e l a t i v e l y  r e s t r i c t e d  v a r i a t i o n  i n  

e f f e c t i v e  e l e c t r o s e n s o r y  s t i m u l i ,  i . e . ,  t h e r e  a r e  p r o b a b ly  fe w e r  

p a ra m e tr ic  v a r i a b le s  a s s o c ia te d  w ith  e le c t r o s e n s o r y  s t im u l i  th a n  w ith  

v i s u a l  o r  a c o u s t i c o - l a t e r a l  s t i m u l i .  N e u r o p h y s io lo g ic a l  r e s u l t s  

i n d i c a t e  t h a t  s i m i l a r  n e u r a l  phenom ena  a s s o c i a t e d  w i th  n o v e l t y  

d e te c t io n  o ccu r in  a l l  th e  s p e c ie s  s tu d ie d  h e r e  ( C h a p .I I ) .

Sudden in c r e a s e s  o f  EOD r a t e  fo llo w e d  by  d e c re a s e s  have been  

re p o r te d  in  g y nno tifo rm  f i s h  p r e v io u s ly  ( HLack-CLeworth 1970, Hopkins 

and H e ilig e n b e rg  1 9 7 8 ). They o c c u r  i n  a  v a r i e ty  o f  b e h a v io ra l  

c o n te x ts ,  in c lu d in g  p r e d a t io n ,  lo c o m o tio n , and fe e d in g  ( B la c k -d e w o r th  

1 9 7 0 ), and p o s s ib ly  se rv e  a  com m unicative fu n c t io n  (Westby 1 9 7 5 ). The 

NR d e sc r ib e d  h e re  may be  t h e  same a s  t h e s e  EOD ra te -c h a n g in g  b e h a v io r s ,  

o r  a t  th e  l e a s t  r e p r e s e n ts  a p a r t i c u l a r  s u b s e t  o f  them t h a t  o c c u rs  in  

c e r t a i n  c o n te x t s .  The v a lu e  o f  in c r e a s e d  EOD r a t e  a p p a re n tly  l i e s  in  

in c re a s e d  en v iro n m en ta l sa m p lin g . H e il ig e n b e rg  (1980) d e m o n stra ted  

t h a t  th e  d e te c t io n  o f  e le c t r o s e n s o r y  n o v e l t i e s  i s  improved a t  h ig h e r  

EOD r a t e s .

L ike h a b i tu a t io n ,  t h e  NR r e q u i r e s  t h e  s to r a g e  o f  in fo rm a tio n  

a g a in s t  w hich incom ing s i g n a l s  a r e  m a tc h e d . Ih e  d e te c t io n  o f  ch an g es 

in  se n so ry  a f f e re n c e  may o c c u r by e x c i t a t i o n  o f  a p o p u la tio n  o f  n eu ro n s
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d i f f e r e n t  from th o se  e x c i te d  by th e  p re v io u s  s t a t e  o f  a f f e r e n c e ,  o r  th e  

change in  in p u t  m ig h t e x c i te  n e u ro n s  t h a t  a r e  no lo n g e r  f i r i n g  in  

resp o n se  to  th e  p re v io u s  s t a t e  o f  a f f e r e n c e ,  i . e . ,  h ave  h a b itu a te d  to  

th e  p re v io u s  s t a t e .  I t  may th u s  be p o s tu la te d  t h a t  t h e  n o v e lty  

resp o n se  u t i l i z e s  an h a b i tu a t in g  p o o l o f  n e u ro n s . In  th e s e  e x p e rim e n ts  

th e  f i s h  q u ic k ly  ad a p te d  to  s te a d y  a f f e r e n c e s  and responded  t o  changes 

in  t h a t  s t a t e .  I f  an e le c t r o s e n s o r y  s t im u lu s  o f  v e ry  lo n g  d u ra t io n  was 

p re s e n te d , th e  f i s h  resp o n d ed  t o  t h e  o n s e t  o f  th e  s t im u lu s ,  r e tu r n e d  to  

some b a s e l in e  EOD r a t e ,  and th en  u s u a l ly  responded  to  th e  o f f s e t  o f  th e  

s t im u lu s . The re s p o n s e  to  b o th  t h e  ’on* and ’o f f ’ s t im u lu s  was th e  

same, and h a b i tu a t io n  to  th e  two s t im u lu s  ’ ty p e s ’ was t h e  same, 

im plying s im i la r  o r  i d e n t i c a l  p ro c e s s in g  o f  th e  s t im u lu s  n o v e lty  in  

b o th  c a s e s .  H e ilig e n b e rg  (1980) r e p o r t s  s im i la r  r e s u l t s ,  and a s  a 

consequence s u g g e s ts  t h a t  th e  c r i t i c a l  f e a t u r e  o f  an e le c tr o s e n s o r y  

n o v e lty  i s  t h a t  i t  c a u s e s  a change in  th e  e l e c t r o r e c e p t iv e  a f f e r e n c e s  

which p r io r  t o  th e  s t im u lu s  were c o n s ta n t  f o r  some m inim al t im e .  The 

NR to  e le c t r o s e n s o r y  s t im u l i  may th u s  b e  e l i c i t e d  by  a g e n e ra l iz e d  

e le c tro s e n s o ry  d i f f e r e n c e  d e t e c t o r .  Gymnotus carap o  a r e  s e n s i t i v e  to  

e l e c t r i c a l  s i g n a l s  o f  a lm ost any  f re q u e n c y  (W atson and B a s t ia n  1979). 

The NR o c cu rs  t o  e l e c t r o r e c e p t iv e  s t im u l i  even in  th e  ab sen ce  o f  an EOD 

o r  EOD-mimic ( C h a p . I I ) .  The n e x t  c h a p te r  r e p o r t s  on e le c t r o s e n s o r y  

n e u ra l r e s p o n s e s ,  th e  a c t i v i t y  o f  w hich i s  r e l a t e d  t o  th e  d e g re e  o f  

s tim u lu s  n o v e l ty .  These g e n e ra l  e le c t r o s e n s o r y  ” n o v e lty  d e te c to r s "  may 

be re s p o n s ib le  fo r  t h e  e l i c i t a t i o n  o f  th e  NR to  e le c t r o s e n s o r y  s t i m u l i .



23

R e fe re n c e s

AMA D epartm ent o f  D rugs (1973) AMA d rug  e v a lu a t io n s  ( 2 e ) .  P u b lis h in g  

S c ie n c e s  G roup, I n c . ,  A c to n , Mass 

B ennett MVL (1968) N eu ra l c o n t r o l  o f  e l e c t r i c  o rg a n s . In ;  I n g le  D (ed ) 

The c e n t r a l  n e rv o u s  sy stem  and f i s h  b e h a v io r .  U n iv e r s i ty  o f  

C hicago  P r e s s ,  p p . 147 -  169 

B lack -C lew o rth  P (1970) The r o l e  o f  e l e c t r i c a l  d i s c h a r g e s  in  th e  

n o n - r e p r o d u c t i v e  s o c i a l  b e h a v io u r  o f  G ym no tus c a ra p o  

(G ym notidae, P i s c e s ) .  Anim Behav Monogr 3 ( 1 ) :  3 - 7 7  

Buckland G, B uckland J ,  Jam ieson  C, Iso n  J  (1969) I n h ib i t i o n  o f  s t a r t l e  

r e s p o n s e  t o  a c o u s t i c  s t i m u l a t i o n  p ro d u c e d  b y  v i s u a l  

p r e s t im u la t io n .  J  Comp P h y s io l  Psych 6 7 (4 ) :  493 -  496 

B u llo ck  TH (1982) E le c t r o r e c e p t io n .  Ann Rev N eu ro sc i 5 :  121 -  170 

C a s te l lu c c i  V, P in sk e r  H, Kupferman I ,  Kandel E (1970) N euronal 

m e c h a n ism s  o f  h a b i t u a t i o n  and  d i s h a b i t u a t i o n  o f  t h e  

g i l  1 -w ith d ra w a l r e f l e x  i n  A p ly s ia . S c ience  167: 1745 -  1748 

C la rk  RB ( I9 6 0 )  H a b i tu a t io n  o f  th e  p o ly c h a e te  N e re is  to  sudden s t i m u l i .

1. G en era l p r o p e r t i e s  o f  th e  h a b i tu a t io n  p ro c e s s .  Anim Behav 

8 : 82 -  91

D avis M, Wagner AR (1968) S t a r t l e  r e s p o n s iv e n e s s  a f t e r  h a b i tu a t io n  to  

d i f f e r e n t  i n t e n s i t i e s  o f  to n e .  Psychon S c i 1 2 (7 ) :  337 -  338 

Dyal JA , H e th e r in g to n  K (1968) H a b i tu a t io n  in  th e  p o ly c h a e te  H esperonoe 

a d v e n to r . Psychon S c i 1 3 (5 ) :  263 -  264 

E l l i s  MM ( 1913) The gym notid e e l s  o f  t r o p i c a l  An e r i c a .  Mem C arn eg ie  Mus 

6 ( 3 ) :  109 -  205



24

Ewert J -P ,  In g le  D (1971 ) E x c i ta to r y  e f f e c t s  fo llo w in g  h a b i tu a t io n  o f  

p re y -c a tc h in g  a c t i v i t y  in  f ro g s  & to a d s .  J  Comp P h y s io l Psych 

7 7 ( 3 ) ;  369 -  374

F a re l  PB, Glanzman DL, Thompson RF (1973) H a b itu a t io n  o f  a m onosynaptic  

r e s p o n s e  i n  v e r t e b r a t e  c e n t r a l  n e r v o u s  s y s te m :  l a t e r a l

co lunn -m o toneu ron  pathw ay in  i s o la te d  f ro g  s p in a l  c o rd .  J  

N eu ro p h y sio l 3 6 : 1117 -  1130 

G r i f f in  JP (1970) N e u ro p h y s io lo g ic a l  s tu d ie s  i n to  h a b i tu a t io n .  In :  

Horn G, Hinde RA ( e d s )  S h o rt- te rm  ch an g es  in  n e u ra l  a c t i v i t y  

and b e h a v io r . Cam bridge U n iv e rs i ty  P r e s s ,  p p . 141 -  180 

G r i f f in  J P , P earson  JA (1967) H a b itu a tio n  o f  th e  f le x o r  r e f l e x  in  th e  

r a t .  J  P h y s io l  190: 3P -  5P 

Groves PM, Thcxnpson RF (1970) H a b itu a tio n : a  d u a l- p r o c e s s  th e o ry .

P sy ch o l Rev 7 7 ( 5 ) :  419 -  450

______  (1973 ) A d u a l- p r o c e s s  th e o r y  o f  h a b i tu a t io n :  n e u ra l  m echanism s.

I n :  Peeke HVS, H erz MJ (ed s) H a b i tu a t io n :  I I  -  p h y s io lo g ic a l

s u b s t r a t e s .  Academic P r e s s ,  New York, p p . 175 -  205 

Hayes WN, H e r tz le r  DR, Hogberg DK (1968) V is u a l  r e s p o n s iv e n e s s  and 

h a b i tu a t io n  in  th e  t u r t l e .  J  Comp P h y s io l  Psych 6 5 (2 ) :  331 -  

335

H e i l i g e n b e r g  W ( 1 9 7 7 )  P r i n c i p l e s  o f  e l e c t r o l o c a t i o n  and  jam m ing 

av o id an ce  in  e l e c t r i c  f i s h ;  a n e u ro e th o lo g ic a l  ap p ro ach . 

S p r in g e r -V e r la g ,  New Y ork

_______ (1980) The e v a lu a t io n  o f  e le c t r o r e c e p t iv e  fe e d b a c k  in  a Gymnotid

f i s h  w ith  a p u l s e - ty p e  e l e c t r i c  o rg an  d i s c h a r g e .  J  Comp 

P h y s io l  138: 173 -  185



25

Hinde RA (1970) B e h a v io ra l h a b i tu a t io n .  I n :  Horn G, H inde RA (e d s )  

S h o rt- te rm  chan g es in  n e u ra l  a c t i v i t y  and b e h a v io r .  Cambridge 

U n iv e rs i ty  P r e s s ,  p p . 3 -  40 

Hoedeman J J  (1962) Notes on th e  ic h th y o lo g y  o f  Surinam and o th e r  

G u ia n a s . 11: New Gymnotoid f i s h e s  from Surinam  and F rench

G uiana, w ith  a d d i t io n a l  r e c o rd s  and a key to  t h e  g ro u p s  and 

s p e c ie s  from G u iana . B u ll  A quatic  B io l 3 ( 3 0 ) :  97-107 

Hofftaan HS, S t i t t  C (1969) B e h a v io ra l f a c t o r s  i n  h a b i tu a t io n  o f  

a c o u s t ic  s t a r t l e  r e a c t i o n s .  J  Comp P h y s io l  Psych 6 8 ( 2 ) :  276 -  

279

Hopkins C, H e ilig e n b e rg  W (1978) E v o lu tio n a ry  d e s ig n s  f o r  e l e c t r i c  

s ig n a l s  and e le c t r o r e c e p to r s  in  Gymnotoid f i s h e s  o f  Surinam . 

Behav Ecol S o c io b io l  3 :  113 -  13%

Horn G (1967) N euronal m echanism s o f  h a b i tu a t io n .  N ature  215 : 707 -

711

Kandel E (1976) C e l lu l a r  b a s i s  o f  b e h a v io r .  W.H. Freeman & C o ., San 

F ra n c isc o

Kandel E, Schw artz  JH (1982) M olecu lar b io lo g y  o f  l e a r n in g :  m o d u la tio n

o f  t r a n s m i t t e r  r e l e a s e .  S c ien ce  2 1 8 (4 5 7 1 ): 433 -  443 

Kent EW (1973) R e t ic u la r  u n i t s :  r e l a t i o n s  betw een re sp o n se s  to  s e n so ry

s t im u la t io n  and re sp o n se s  to  neurohum ors. Behav B io l  8 : 227 -

238

K ilen y  P, Ryu JH, McCabe 3F, Abbas PJ (1980) N euronal h a b i tu a t io n  in  

t h e  v e s t i b u l a r  n u c le i  o f  th e  c a t .  Acta O to la ry n g o l 90: 175 -  

183



26

Kimble DP, Ray RS (1965) R e fle x  h a b i tu a t io n  and p o t e n t i a t io n  in  Rana 

p ip ie n s , Anim Behav 13: 530 -  533 

Korn JH, Moyer KE (1966 ) H a b itu a t io n  o f  th e  s t a r t l e  re sp o n se  and o f  

h e a r t  r a t e  in  th e  r a t .  Can J  P sycho l 2 0 ( 2 ) :  183 -  190 

L arim er JL , MacDonald JA (1968) S e n so ry  fe e d b a c k  from  e le c t r o r e c e p to r s  

t o  e le c tr o m o to r  pacem aker c e n te r s  in  g y m n o tid s . Am J  P hysio l 

2 1 4 (6 ) :  1253 -  1261 

Liem KF, E c lan ch e r B, F in k  WL (1984) A e r ia l  r e s p i r a t i o n  in  th e  banded 

k n i f e  f i s h  Gymnotus ca rap o  ( T e le o s te i :  G ym no to ide i). P h y sio l

Zool 5 7 (1 ) :  185 -  195 

Lissm an HW (1 9 5 8 ) On th e  fu n c t io n  and e v o lu t io n  o f  e l e c t r i c  o rg an s in

f i s h .  J  Exp B io l  3 5 (1 ) :  156 -  191

_______ (1961) E c o lo g ic a l  s tu d ie s  on g y m n o tid s . I n :  Chagas C, Paes de

C arvalho  A (e d s )  B io e le c tr o g e n e s is :  a  c o m p a ra tiv e  su rv ey  o f

i t s  m echanism s w ith  p a r t i c u l a r  em phasis  on e l e c t r i c  f i s h e s .  

E ls e v ie r  Pub. C o., New York, p p .215 -  226 

Lissman HW, Machin KE (1958) The mechanism o f  o b j e c t  lo c a t io n  in

Gymnarchus n i l o t i c u s  and s im i la r  f i s h .  J  Exp B io l  3 5 : 451 -  

486

Megela A, C a p ra n ic a  R (1983) A n e u ra l  and b e h a v io ra l  s tu d y  o f  a u d ito ry  

h a b i tu a t io n  in  th e  b u l l f r o g ,  Rana c a te s b e ia n a . J  Comp P hysio l 

151: 423 -  434

Osborn D, B la i r  HJ, Thomas J ,  E is e n s te in  EM (1973 ) The e f f e c t s  o f

v i b r a t o r y  and e l e c t r i c a l  s t im u la t io n  on h a b i tu a t io n  in  th e  

c i l i a t e d  p ro to z o a n  Spirostom um  ambiguum. Behav B io l 8 :  655 -  

664



27

Peeke HVS, A vis HH, Peeke CS (1979) M o tiv a tio n a l  v a r ia b le s  and th e  

s e n s i t i z a t i o n  and h a b i t u a t i o n  o f  a g g re s s io n  in  the  c o n v ic t  

c i c h l i d  ( Cichlosom a n ig ro f a s c ia tu m ) » Z T ie rp sy c h o l 5 1 ; 363 -  

379

P e t r in o v ic h  L, Peeke HV (1973) H a b i tu a t io n  t o  t e r r i t o r i a l  song in  th e  

w h ite-c row ned  sparrow  ( Z o n o t r ic h ia  le u c o p h ry s ) .  Behav B io l 8: 

743 -  748

P in s k e r  H, Kupferman I ,  C a s te l lu c c i  V, K andel E (1970) H a b itu a tio n  and 

d i s h a b i t u a t i o n  o f  t h e  g i l l - w i t h d r a w a l  r e f l e x  i n  A p l y s i a . 

S c ie n c e  167: 1740 -  1742 

R u s s e l l  EM (1 967 ) Changes in th e  b e h a v io u r  o f  L e b is te s  r e t i c u l a t u s  upon 

a  r e p e a te d  shadow s t im u lu s .  Anim Behav 15: 574 -  585 

SAS I n s t i t u t e  In c  (1982) SAS u s e r ' s  g u id e :  s t a t i s t i c s ,  1982 e d i t i o n .

SAS I n s t i t u t e  I n c . ,  C ary , N orth  C a ro lin a  

S c h u l t z  LP ( 1 9 4 9 ) A f u r t h e r  c o n t r i b u t i o n  t o  th e  ic h th y o lo g y  o f  

V e n ezu e la . Proc U .S .N a t.Mus. 9 9 (3 2 3 5 ): 1-213 

S e id en  LS, D y k stra  LA (1977) A c e ty lc h o l in e  and b e h a v io r ,  c h .  7 In  

Psycho pharm acology: a b io c h e m ic a l  and b e h a v io ra l  a p p ro a c h .

Van No s tr a n d  Reinhold C o ., New York 

S h a l te r  MD (1975) Lack o f  s p a t i a l  g e n e r a l i z a t i o n  in  h a b i tu a t io n  t e s t s  

o f  fo w l. J  Comp P h y sio l P sy c h . 8 9 ( 3 ) :  258 -  262 

Sokolov EN (I9 6 0 ) Neuronal m o d els  and t h e  o r i e n t in g  r e f l e x .  In : 

B ra z e r  MAB ( e d ) .  The c e n t r a l  n e rv o u s system  and b e h a v io r :  

t h i r d  c o n fe re n c e . U n iv e r s i ty  o f  Chicago P r e s s ,  pp . 187 — 276 

Thompson RF, G roves PM, T y le r T J, Roemer RA (1973) A dual—p ro ce ss  

th e o r y  o f  h a b i tu a t io n :  t h e o r y  and b e h a v io r .  I n :  Peeke HVS,

H erz  MJ (e d s )  H a b i tu a t io n :  I  — b e h a v io ra l  s tu d i e s .  Academic

P r e s s ,  New York, pp. 239 -  271



28

Thompson RF, f e n c e r  WA (1966 ) H a b i tu a t io n :  a  model phenomenon fo r  th e

s tu d y  o f  n e u ro n a l s u b s t r a t e s  o f  b e h a v io r .  P sychol Rev 7 3 (1 ) :  

16 -  43

W aser PG (1961 ) I n v e s t i g a t io n s  o f  r e c e p to r s  in  th e  end p la te  w ith

c u r a r iz in g  d r u g s .  I n :  Chagas C, P aes  de C arvalho A (ed s) 

B io e le c tr o g e n e s i s :  a  c o m p a ra tiv e  su rv e y  o f  i t s  mechanisms

w ith  p a r t i c u l a r  em phasis on e l e c t r i c  f i s h e s .  E ls e v ie r  Pub.

C o ., New Y ork, p p . 353 -  361 

W atson D, B a s tia n  J  (1979) F requency  re sp o n se  c h a r a c t e r i s t i c s  o f

e le c t r o r e c e p t o r s  in  th e  w eakly  e l e c t r i c  f i s h ,  Gymnotus c a ra p o . 

J  Comp R iy s io l  134: 191 -  202 

W estby GWM (1975) Has th e  l a t e n c y  d ep en d en t re sp o n se  o f  Gymnotus carapo  

to  d i s c h a r g e - t r ig g e r e d  s t im u l i  a  b e a r in g  on e l e c t r i c  f i s h

com m unication? J  Comp P h y s io l  9 6 : 307 -  341 

W icklegren  B (1967) H a b itu a t io n  o f  s p in a l  m o toneu rons. J  N europhysio l 

30: 1404 -  1423

Wood DC (1970) P a ra m e tr ic  s tu d i e s  o f  th e  re s p o n s e  decrem ent produced by

m ech an ica l s t im u l i  in  th e  p ro to z o a n . S te n to r  c o e ru le u s . J

N eurob io l 1: 3^5 -  360



29

T a b le  le g e n d s

T a b le  1 - 1 :  P r o b a b i l i t y  v a l u e s  f o r  e f f e c t s  on  n o r m a l iz e d  m ax im al 

resp o n se  s iz e s  (Rmax) . Body o f  t a b l e  i n d i c a t e s  s ig n i f ic a n c e  o f  

i n t e n s i t y  e f f e c t s  w i th in  t h a t  c e l l .  V alues i n  colum ns l a b e l l e d  

F lax  in d ic a te  s ig n i f i c a n c e  o f  F Ia x e d il  immo b i l i z a t i o n  e f f e c t s  on 

resp o n se  s iz e s  w i th in  s p e c i e s .  F ar r ig h t - h a n d  colum n, upper 

v a lu e  in d ic a te s  s ig n i f i c a n c e  o f  m o d a li ty  d i f f e r e n c e s  w ith in  t h a t  

s p e c i e s  ( a l l  i n t e n s i t i e s  p o o l e d ) , lo w e r  v a lu e  i n d i c a t e s  

s i g n i f i c a n c e  o f  i n t e n s i t y  e f f e c t s  on  t h a t  s p e c i e s  ( a l l  

m o d a l i t ie s  p o o le d ) . B ottom -m ost ro w , u p p e r v a lu e  i n d ic a te s  

s ig n i f ic a n c e  o f  s p e c i e s  d i f f e r e n c e s  f o r  t h a t  m o d a lity  ( a l l  

i n t e n s i t i e s  p o o le d )  , lo w e r  v a lu e  i n d i c a t e s  s i g n i f i c a n c e  o f  

i n t e n s i t y  e f f e c t s  f o r  t h a t  m o d a lity  ( a l l  s p e c ie s  p o o le d ) .

T able 1 -2 : P r o b a b i l i ty  v a lu e s  fo r  s i g n i f i c a n t  e f f e c t s  on n o rm alized

h a b i t u a t e d  r e s p o n s e  s i z e s  ( R t ) .  L a b e l s ,  c o lu m n s , e t c . ,  

i d e n t ic a l  t o  T able 1 - 1 .

T ab le  1 -5 : P r o b a b i l i ty  v a lu e s  fo r  s i g n i f i c a n t  e f f e c t s  on amount o f

h a b i tu a t io n  (R t/R m ax). L a b e ls ,  c o lu m n s, e t c . , i d e n t i c a l  to  t a b l e  

1- 1 .

T ab le  1-4: P r o b a b i l i ty  v a lu e s  fo r  s i g n i f i c a n t  e f f e c t s  on h a b i tu a t io n  

r a t e  (T au ).  No s i g n i f i c a n t  e f f e c t s  o f  i n t e n s i t y  o r  FI a x e d il  

were fo u n d . V a lu es  th u s  r e p r e s e n t  s ig n i f i c a n c e  o f  e f f e c t s  o f

s tim u lu s  m o d a lity  ( a l l  i n t e n s i t i e s  and F Ia x e d i l  s t a t e  poo led) on

each  s p e c ie s  (u p p e r  p o r t i o n ) , and s ig n i f i c a n c e  o f  s p e c ie s ’ 

d i f f e r e n c e s  w ith in  e a c h  m o d a lity  ( lo w er p o r t i o n ) .



S p e o le s

H .a r t e d i  
-NO FLAX

H .a r te d i  
-  FLAX

G.c a ra p o  
-NO FLAX

G.c a ra p o  
-  FLAX

T ab la  1—1
Rmax

E l e c t r i c  F la x  L ig h t  F la x  Sound F lax

0 .18  0 .1 6  0.26

0.6W 0 .5 8  0 .1 8

0 .14  .0 .7 5  0.41

0.004 0 .06  0 .12

0 .1 7  0 .003  0 .3 7

0 .96  0 .68  0.04

m o d a li ty -  
a l l  I n t e n s i t i e s

i n t e n s i t y -  
all  modalities

0 .1 0
0 .03

0 .8 7
0.11

0 .0 4
0 .0005

0 .0 6
0 .4 3

U)o

H .o c c id e n t .  0 .09
-  FLAX

0.88 0.14 0 .1 6
0.002

s p e o ie s -
a l l  i n t e n s i t i e s  0 .65
i n t e n s i t y -
a l l  s p e c ie s  0.004

0.0001

0 .53

0 .05

0 . 1 2



S p e o le s

H.artedi 
-NO FLAX

H. a r t e d i  
-  FLAX

T ab le  1-2 
Rt

E l e o t r i c  F la x  L ig h t  F la x  Sound Flax

0 .09  0 .03  0 .26

0 .4 6  0 .9 0  0 .0 7

0 .80  0 .96  0 .43

m o d a lI ty -  
a l l  i n t e n s i t i e s  
I n t e n s l t y -  
a l l  m o d a l i t ie s

0.001
0.0003

0 .5 6
0 .24

G .oarapo  
-NO FLAX

G .oarapo  
-  FLAX

0.002 0 .05  0 .18

0 .009  0 .2 5  0 .4 0

0 .86  0 .77  0 .08

0.0001
0.0002

0 .8 2
0 .36

to

H .o c c id e n t .  0.31 
-  FLAX

0.36 0.04 0.0009
0.21

s p e o ie s -
a l l  I n t e n s i t i e s  0 .24
I n t e n s l t y -
a l l  s p e c ie s  0.01

0 .04

0.11

0.0001

0 .006



T sb ls  1“3
Rt/Rmax

S p e o le s  E leo t r i c  F la x  L ig h t  F lax

H .a r te d i  
-NO FLAX

H .a r te d i  
-  FLAX

0.7 2  0 .86

0 .76  0 .04

0 .08  0.41

Sound F lax  

0.69

0.53

0.002

m o d a lity -  
all  intensities  
i n t e n s i t y -  
a l l  m o d a l i t ie s

0 .006
0.22

0 .005
0 .69

G .o arap o  
-NO FLAX

G. oarapo  
-  FLAX

0.025 0 .0 6  0 .30

0 .003  0 .6 7  0 .21

0 .95  0 .85  0.74

0.0001
0.0005

0 .1 5
0 .8 9

H .o o o id e n t. 0 .16  
-  FLAX

0.21 0.66 0.51
0 .14

speoies-
a l l  i n t e n s i t i e s  0 .0 3
i n t e n s i t y -
all speoies 0,17

0.01

0 .4 2

0.0006

0 .08
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T a b le  1-4 
h a b i tu a t io n  r a t e  (Tau)

s p e c ie s

Hypopomus
a r t e d i

Hypopomus
o c c id e n ta l i s

Gymnotus
c a rap o

e f f e c t  o f  
m o d a lity

P < 0 .0005

P < 0 .0 1 5

P < 0 .0 3

m o d a lity

E l e c t r i c

L ig h t

Sound

e f f e c t  o f  
s p e c ie s

N .S . (P = 0 .9 1 )  

P < 0 .004 

P < 0.0001
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F ig u re  L egends

F ig .1-1 B asic  f e a t u r e s  o f  t h e  e x p e r im e n ta l  a p p a r a tu s .  The f i s h ’ s  

E l e c t r i c  Organ D isc h a rg e  (EOD) o r  s p in a l  Paean a k e r - r e la te d  

S ig n a l (PS) was re c o rd e d  and a m p lif ie d  by  a p r e - a m p l i f i e r ,  and 

s e n t  to  an o s c i l lo s c o p e  and a  t r i g g e r i n g  d e v ic e .  T r ig g e r  

p u ls e s  cau sed  by th e  EOD/PS w ere s e n t  to  t h e  com pu ter, which 

co u n ted  e v e n ts  and i n t e r v a l s  b e tw een . The com puter c o n tr o l le d  

t r i g g e r i n g  o f  t h e  e l e c t r i c ,  l i g h t ,  and sound s t im u l i  t h a t  were 

p re s e n te d  to  th e  f i s h .

F i g . 1-2 Exam ples o f  N ovelty  Response (NR) e x p e rim e n ta l t r i a l s  . P o in ts  

r e p r e s e n t  EOD/PS i n t e r v a l  l e n g th  ( o r d i n a t e ) .  Mean o f  f i r s t  

s ix te e n  i n t e r v a l s  i s  b a s e l in e  i n t e r v a l .  I n t e r v a l s  used fo r  

c o n t r o l  an d  r e s p o n s e  m e a s u r e s  i n d i c a t e d  b y  l a b e l s .  

E l e c t r o s e n s o r y  s t i m u l u s  a p p l i e d  i n  A and B,  no s t im u lu s  

( c o n t r o l )  in  C.

F i g . 1-3 Mean n o rm alized  maximal re s p o n s e  (Rmax) s iz e s  ( o rd in a te )  o f  3 

g y n n o tifo rm  s p e c ie s  t o  e l e c t r i c ,  l i g h t ,  and sound s t i m u l i .  

S t im u lu s  i n t e n s i t y  i n d i c a t e d  on a b s c i s s a  ( IX , 2X, & 4X 

t h r e s h o ld ) .  NO FLAX = i n t a c t  f i s h ,  FLAX = im m obilized f i s h .  

B a rs  = +1 SE. C e l ls  w ith  o n ly  one r e p l i c a t e  in d ic a te d  (n  = 1 ) .

F ig .1 -4  Mean n o rm alized  h a b i tu a te d  re s p o n s e  (R t) s i z e s  ( o rd in a te )  o f  3 

gym notiform  s p e c ie s  t o  e l e c t r i c ,  l i g h t ,  and sound s t i m u l i .  

Axes and l a b e l s  same a s  F i g .1 - 3 .

F i g . 1-5 Mean amount o f  h a b i tu a t io n  (Rt/Rmax) o f  3 gym notiform  s p e c ie s  

t o  e l e c t r i c ,  l i g h t ,  and sound s t i m u l i .  Axes and l a b e l s  same a s  

F i g . 1 -3 .
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F ig .  1-6 Mean h a b i tu a t io n  r a t e  ( o r d in a te )  , g iv e n  a s  tim e  c o n s ta n t  (Tau) 

o f  b e s t - f i t  c u rv e  o f  3 g y n n o tifo rm  s p e c i e s  t o  e l e c t r i c  (E) , 

l i g h t  ( L ) ,  and sound CS) s t im u l i  ( a b s c i s s a )  .  B ars r e p r e s e n t +1 

SE.

F i g . 1—7 N o v e l ty  R e sp o n se  s i z e  ( n o n - n o rm a l iz e d )  t o  r e p e a te d  

e le c tr o s e n s o r y  s tim u lu s  p r e s e n t a t io n s  ( a b s c i s s a ) .  F is h  in  t h i s  

e x a m p le  h a b i t u a t e d  r a p i d l y .  L i g h t  s t i m u lu s  a d d ed  t o  

e l e c t r i c  s t i m u l i  #15 and #16 (a rro w  #1) cau sed  in c re a s e d  

r e s p o n s e .  S tim u lu s  removed a t  #18 and #19 (a rro w  #2) caused  

p a r t i a l  re c o v e ry  o f  re sp o n se  a t  s t i m u l i  #20 and #21 . L ig h t 

s tim u lu s  p rec e d in g  (b y  a  few  ms) e l e c t r i c  s tim u lu s  #23 , and 

a g a in  a t  #28 (a rro w  #3) cau se d  p a r t i a l  re c o v e ry  o f  re sp o n se  

t h a t  was s m a lle r  th e  second t im e .
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Appendix A

CALCULATION OF HABITUATION RATE

P lo ts  o f  re sp o n se  s iz e  in  a g iv e n  s t im u lu s  t r i a l  v s  t r i a l  nunber 

f o r  a  g iv en  experim en t in d ic a te d  a p o s s ib l e  e x p o n e n tia l  r e l a t i o n s h i p  

betw een  th e s e  p a ra m e te rs ; v a r io u s  e q u a t io n s  w ere t e s t e d  t o  f i t  t h i s  

r e l a t i o n s h i p ,  and one e q u a tio n  t h a t  a p p ro x im a te s  th e  c u rv e  i s :

E (J )  = (Rmax -  R t)e^“ ^^^'^ “  + R t ,  w here

E (J )  = th e  t h e o r e t i c a l  p o in t  on th e  f i t t e d  c u rv e ,

Rmax = th e  l a r g e s t  o f  th e  f i r s t  s ix  re s p o n s e s  in  an e x p e r im e n t,

Rt = th e  b a s e l in e  l e v e l  o f  re s p o n s e  in  an ex p e rim en t (= mean o f  

l a s t  5 re sp o n se s )  ,

X = an exponent r e l a te d  to  th e  t im e  c o n s ta n t  o f  th e  c u rv e ,  and 

J  = th e  t r i a l  num ber.

B ecause th e  n o v e lty  re sp o n se  i s  a  d e c re a s e  in  th e  EOD i n t e r v a l ,  th e  

r e s p o n s e s  m e a s u re d  h a v e  n e g a t i v e  v a l u e s .  A c o m p u te r  p ro g ra m  

d e te rm in e s  X v ia  an a lg o r ith m  t h a t  t r i e s  a  v a lu e  o f  X (b eg in n in g  w ith  

0 .1 ) ,  f in d s  th e  d i f f e r e n c e s  betw een  E (J )  and R ( J ) ( a c tu a l  d a ta  v a lu e s ) ,  

com putes th e  sum o f  sq u a re s  o f  th e  d i f f e r e n c e  and th en  t r i e s  a new 

v a lu e  o f  X. The program c o n tin u e s  s e a r c h in g  f o r  th e  minimum sum o f  

sq u a red  d i f f e r e n c e s  by chang ing  X u n t i l  th e  s m a l le s t  d i f f e r e n c e  i s  

fo u n d . The v a lu e  o f  X used  t o  g e n e r a te  t h i s  s m a lle s t  d i f f e r e n c e  

r e p r e s e n t s  th e  exponent o f  th e  b e s t - f i t  c u rv e .  A sm a ll  v a lu e  X 

i n d ic a te s  slow  h a b i tu a t io n ,  a l a r g e  X r a p id  h a b i tu a t io n .  The exponen t 

X was used to  c a lc u la te  a  t im e  c o n s ta n t  f o r  th e  c u rv e , TAU, w hich  

in d ic a te s  t h e  number o f  s t im u lu s  t r i a l s  o c c u r in g  b e fo re  t h e  re sp o n se
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d e c l in e s  by 6 3 î  o f  t h e  maximum. A f te r  u s in g  t h i s  c u rv e  f i t t i n g  

e q u a tio n  fo r  d a ta  from s e v e r a l  s e t s  o f  e x p e r im e n ts , I  d e te rm ined  t h a t  

i t  was q u i te  s e n s i t i v e  t o  Rmax v a lu e s  and th e  m agn itude  o f  th e  ra n g e  

Rmax -  R t. F u r th e r  a n a ly s i s  i n d ic a te d  t h a t  th e s e  m easu res  a re  n o t  

c o n s i s t e n t  a c r o s s  t r e a tm e n ts .  Thus th e  tim e  c o n s ta n ts  b e in g  g e n e ra te d  

were being  in f lu e n c e d  b y  f a c t o r s  w hich d id  n o t  v a ry  in  a  p r e d ic ta b le  

m anner. I  e l im in a te d  th e  in f lu e n c e  o f  th e s e  f a c t o r s  by  n o rm a liz in g  

each  re sp o n se  v a lu e  in  th e  s e r i e s  to  a  î  o f  th e  span o f  t h a t  s e r i e s ,  

i e ,

R (J)»  = (R (J) -  R t)/(R m ax -  R t)  .

These n o rm a lized  v a lu e s  w ere th e n  tra n s fo rm e d  t o  f i t  a s ta n d a rd  

span R(J)*(Rmax* -  R t* ) , where Rmax* = -1 0 0 0 , Rt* = -1 0 0 . The e q u a tio n  

now becom es:

E (J) = ( - 9 0 0 -  100.

Thus, th e  t im e  c o n s ta n t  i s  a f f e c te d  o n ly  by th e  d e g re e  o f  change in  

th e  resp o n se  l e v e l s  w ith  r e p e a te d  p r e s e n t a t io n ,  and n o t  th e  a c tu a l  

v a lu e s  o f  t h e  re s p o n s e . An exam ple o f  a c u rv e  f i t t e d  to  n o v e lty  

resp o n se  s i z e  d a ta  i s  shown in  F i g .  A -1.

Legend fo r  F ig u re  A -1: N ovelty  re sp o n se  s i z e s ,  n o rm a lized  t o  a

s t a n d a r d  r a n g e ,  a s  a  f u n c t i o n  o f  s t i m u lu s  p r e s e n t a t i o n  

num ber. B e s t - f i t  c u rv e ,  g e n e ra te d  a s  d e s c r ib e d  above, a l s o  

show n. In  t h i s  exam p le , th e  re sp o n se  d e c lin e d  by 6 3 Î a f t e r

5 .2  p r e s e n ta t io n s .
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A ppendix  B 

A d d it io n a l  r e s u l t s  

In c lu d ed  h e re  a r e  th e  co m p le te  s e t  o f  mean (SE ,n) v a lu e s  f o r  Rmax, 

R t, Rt/Rmax, and Tau t h a t  w ere d is c u s s e d  in  C hapter 1. The i n i t i a l  

re sp o n se  s iz e  (R1) was a ls o  m easured and an a ly zed  in  t h i s  s tu d y .  The 

e f f e c t s  o f  s tim u lu s  i n t e n s i t y ,  s t im u lu s  m o d a li ty , F la x e d il  and s u b je c t

s p e c ie s  on R1 were e s s e n t i a l l y  th e  same a s  th o s e  on Rmax. R1 was

h i g h l y  c o r r e l a t e d  (P < 0 .0 0 0 1 )  w i th  Rmax, an d  i n  some c a s e s  was

i d e n t i c a l .  Because t h e r e  w ere no d i f f e r e n t  e f f e c t s  found on R l, and

because  on ly  Rmax and Rt were used  f o r  h a b i tu a t io n  m easu res , Rl was n o t 

in c lu d e d  in  th e  d i s c u s s io n  o f  r e s u l t s  in  C hap ter 1 . The r e s u l t s  a re  

p re se n ted  h e re  fo r  in fo rm a t io n a l  p u rp o s e s .
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T a b le  L egends

T able  B-1: Mean v a lu e s  fo r  n o rm a lized  m axim al (Rmax) and no rm alized  

h a b itu a te d  (R t) re sp o n se  s i z e s ,  am ount o f  h a b i tu a t io n  (R t/R m ax), 

and h a b i t u a t i o n  r a t e  (T au : co lu m n  3) f o r  e a c h  c e l l  i n

e x p e rim e n ta l d e s ig n . Column 1 i n d i c a t e s  s p e c ie s  (H. o c c id .  = 

Hypopomus o c c id e n ta l i s ) , column 2 i n d ic a te s  F la x e d i l  s t a t e  (NO 

FLAX = i n t a c t ,  FLAX = im m o b iliz e d ) . Below each  mean i s  SE and 

sam ple s i z e  ( n ) .

T ab le  B-2: Mean norm alized  i n i t i a l  r e s p o n s e  v a lu e s  (R l)  f o r  each  c e l l  

in  e x p e r im e n ta l  d e s ig n .  Colum ns, l a b e l s ,  e t c .  i d e n t i c a l  t o  

th o se  in  Table B -1.

T ab le  B-3: P r o b a b i l i ty  v a lu e s  f o r  s i g n i f i c a n t  e f f e c t s  on n o rm alized

i n i t i a l  r e s p o n s e  s i z e s  ( R l ) .  Body o f  t a b l e  i n d i c a t e s  

s ig n i f ic a n c e  o f  i n t e n s i t y  e f f e c t s  w ith in  t h a t  c e l l .  V alues in  

co lu m n s  l a b e l l e d  F la x  i n d i c a t e  s i g n i f i c a n c e  o f  F l a x e d i l  

im m o b i l iz a t io n  e f f e c t s  on r e s p o n s e  s i z e s  w i t h i n  s p e c i e s .  

R ig h t-h a n d  c o lu m n , u p p e r  v a l u e  i n d i c a t e s  s i g n i f i c a n c e  o f  

m o d a l i t y  d i f f e r e n c e s  w i t h i n  t h a t  s p e c i e s  ( a l l  i n t e n s i t i e s  

p o o le d ) , lower v a lu e  i n d i c a t e s  s ig n i f i c a n c e  o f  i n t e n s i t y  e f f e c t s  

on t h a t  sp e c ie s  ( a l l  m o d a l i t i e s  p o o le d ) .  Bottom -m ost row, upper 

v a lu e  in d ic a te s  s ig n i f ic a n c e  o f  s p e c ie s  d i f f e r e n c e s  fo r  t h a t  

m o d a l i t y  ( a l l  i n t e n s i t i e s  p o o l e d ) ,  lo w e r  v a lu e  i n d i c a t e s  

s ig n i f ic a n c e  o f  i n t e n s i t y  e f f e c t s  f o r  t h a t  m o d a lity  ( a l l  s p e c ie s  

p o o le d ) .
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Table B-1 
means

1 2 3 E le c tr ic l ig h t Sound
IX 2X 4X IX 2X 4X IX 2X 4X

H Itnaz 8.21 4.12 6.98 11.33 1.63 4.56 4.26
y N 0 .6 .9 2 .0 ,6 1 .3 ,8 1 .3 ,8 4 .0 ,8 0 .5 ,6 1.8,6 1.6 .4
O 0 Bt 0.62 1.25 _ 1.00 1.89 2.85 0.22 0.70 0.86
P F 0 .1 ,9 0 .4 ,6 0 .3 ,8 0 .4 ,8 0 .6 ,8 0 .1 ,6 0 .3 ,6 0 .4 .4
o L Ht 0.19 0.18 0.30 0.29 0.33 0.15 0.18 0.23
P A Rmax .04,9 . 0 3 ,6 .06 ,8 .04 ,8 .04 ,8 .0 5 ,6 .06,6 .08 ,4
o X Tau 4.55 5.08 — 8.73 5.38 6.11 2.94 3.32 3.13
m 0 .8 ,9 2 .1 ,6 1 .8 ,8 1 .0 ,8 0 .8 ,8 0 .3 ,6 0 .7 ,6 0 .6 ,4
u
3 Rmax 5.06 9.38 7.52 8.66 9.68 4 .23 8.03 10.17

1.4,13 2 .0 ,4 1.7,11 2.0 ,15  2.0,16 0 .8 ,12  2.0,10 4.9 ,12
a F Rt 1.12 0.95 — 1.86 2.10 2.09 1.44 2.24 3.31
r  L 0.3 ,13 .06,4 0.7,11 0.7,15 0.5,16 0.4 ,12 0.6,10 1.6,12
t  A Rt 0.23 0.13 0.20 0.28 0.22 0.32 0.29 0.36
e X An ax .03,13 .0 4 ,4 .04,11 .04,15 .03.16 .04 ,12 -05,10 .04,12
d Tau 7.03 7.40 - 5.35 6.47 6.72 3.78 5.85 3.14
i 1.1,13 4 .6 ,4 1.2,11 0.9,11 0.9,16 0.5 ,12 1.3,11 0.3 ,12

H Rmax 4.61 14.12 13.76 5.00 3.75 4.44 2.71 3.93 6.55
0.8,14 4.7,11 4.8,10 2.7,11 1.4,12 1.1,14 0 .5 ,10  0.5,14 2 .1 ,13

Ô F Rt 1.39 2.59 3.55 0.84 0.61 1.18 0.49 0.82 1.10
c L 0.4,14 1.0,11 1.6,10 0.2,11 0.2,12 0.4,14 0.1 ,10 0.1,14 0.2 ,13
c A Rt 0.26 0.16 0.20 0.27 0.18 0.26 0.21 0.24 0.26
i  X Bn ax .03,14 .04,11 .04,10 .06,11 .03,12 .02,14 .04 ,10 .03,14 .03,13
d Tau 5.53 4.94 6.20 3.37 4.02 4.89 3.32 4.11 4.32
• 0.7,14 0.6,11 0.8,10 0.3.11 0.6,12 1.0,14 0 .5 ,10  0.7,14 0.6 ,13

Rmax 4.80 6.60 10.82 5.69 10.80 10.19 11.00 6.81 14.57
G N 0.6 ,6 1.5,6 1.0,6 0.6,6 1.8,6 1.8 ,6 3 .4 ,3 1.4,3 2 .1 ,5
y 0 Rt 0.48 1.19 2.72 0.79 1.69 2.80 2.58 3.24 6.41
m F 0.2 ,6 0 .4 ,6 0 .5 ,6 0 .3 ,6 0 .5 ,6 0 .7 ,6 0 .7 ,3 1.0,3 1 .6 ,5
o L Rt 0,09 0.18 0.25 0.14 0.15 0.28 0.27 0.45 0.42
t  A Bn ax .04,6 .0 3 ,6 .04 ,6 .04 ,6 .04 ,6 .04 ,6 .06 ,3 .06,3 .08 .5
u X Tau 6.30 5.74 4.58 4.88 6.40 4.84 9.27 4.98 8.48
3 1.2,6 1.0 ,6 0 .8 ,6 0.5 ,6 1.4,6 1.0 ,6 3 .7 .3 0.7,3 0 .7 ,5

Rmax 9.11 8.02 8.62 19.45 11.70 18.70 2.66 6.30 18.87
C 3.0,6 0 .9 ,4 —,1 5.4,4 4.9 ,2 - .1 0 .4 ,2 —,1 -.1
a F Rt 2.74 2.15 2.90 1.70 3.12 2.30 0.36 1.85 6.17
r  L 0.8,6 0.7,4 -.1 0.3,4 3 .0 ,2 - ,1 0 .3 ,2 -,1 -.1
a A Rt 0.32 0.29 0.34 0.12 0.19 0.12 0.15 0.29 0.33
P X Bn ax .07,6 0.1 ,4 - .1 .04,4 0.2 ,2 -,1 0 .1 ,2 —,1 -,1
0 Tau 5.07 7.66 2.42 5.59 3.49 4.15 7.55 4,03 22.49

1.4,6 4 .7 ,4 - .1 2.0 ,4 0.5 ,2 - ,1 1.1 ,2 -,1 -,1



T ab le  B-2
RI means

1 2 3 E le c t
IX 2X

H N
. 0 RI 3 .89 6 .57
a F 1 .7 ,9 1 .7 ,6
r L
t
e
d F RI 3.74 8.61
1 L 1 .0 ,1 3 2 .6 ,4

4X

H
. F RI 3.90 
o L 0 .7 ,1
c

G N
. 0 RI 2 .6 7  5 .4 2  8 .89
c F 0 .5 ,6  1 ,0 ,6  1 .8 ,(
a L 
r  
a
P  F RI 6 .5 3  4.81 8 .62
o L 2 .4 ,6  0 .5 ,4  - ,1

IX
L igh t
2X 4X IX

Sound
2X 4X

3.53
1 .3 ,8

5 .60
1 .6 ,8

10.30
4 .1 ,8

0 .95
0 .2 ,6

4 .36
1 .8 ,6

2 .5 2
1 .4 ,4

7 .05
1 .8 ,11

7 .05
2 .0 ,1 5

8.41
2 .0 ,1 6

3 .46
1 .0 ,1 2

6.41
1 .1 ,1 0

8.81
5 .0 ,1 2

4 .53
2 .7 ,1 1

3 .66
1 .4 ,1 2

3.60
1 .0 ,1 4

2 .4 2
0 .5 ,1 0

3.11
0 .4 ,1 4

5 .80
2 .2 ,1 3

4r
VO

4 .35
0 .7 ,6

8 .45
2 .2 ,6

7 .09
1 .3 ,6

10.47
3 .9 ,3

6.04
2 .0 ,3

12.56
1 .6 ,5

18.11
5 .8 ,4

11.70
4 .9 ,2

18.70 
- ,  1

2 .04
0 .2 ,2

1.15 
- ,  1

16.50 
- ,  1



T ab le  B-3
RI

_Spjeoles E le o b r lc  F la x  L ig h t  F la x  Sound

H.artedi 
-NO FLAX

H .a r te d i  
-  FLAX

Flax

0 .29  0 .2 0  0 ,19

0 .7 3  0 .6 4  0 .2 3

0 .04  0 .85  0 .48

m o d a lI ty -  
a l l  I n t e n s i t i e s  
I n te n a l t y -  
a l l  m o d a l i t ie s

0 .1 3
0 .0 7

0 .8 3
0 .17

G .c a rap o  
-NO FLAX

G .c a rap o  
-  FLAX

0.01

0 .73

H .o c c id e n t .  0 .13
-  FLAX

0 .2 0  0 .21

0 .2 9  0 .002  0 .1 8

0 .7 7  0 .02

0 .92 0.20

0.02
0 .006

0 .0 2
0 .25

0 .004
0 .2 4

s p e c ie s -
a l l  i n t e n s i t i e s  0 .0 6
i n t e n s i t y -
a l l  s p e c ie s  0 .004

0.0005

0 .73

0 .10

0 .04



CHAPTER I I  

NEUROPHYSIOLOGICAL STUDIES 

I n t r o d u c t io n

The E le c t r i c  Organ D isch arg e  (EOD) o f  p u l s e - ty p e  weakly e l e c t r i c  

f i s h  c o n s i s t s  o f  b r i e f  p u ls e s  s e p a ra te d  by  l a r g e r  tim e  i n t e r v a l s ;  hence 

th e s e  f i s h  sam ple th e  env ironm en t f o r  b r i e f  p e r io d s  t h a t  a r e  s e p a ra te d  

by  r e l a t i v e l y  l o n g e r  i n t e r v a l s .  When a  d e t e c t a b l e  c h a n g e  i n  

e l e c t r o r e c e p t iv e  a f f e r e n c e  o c c u r s , gym notiform  p u ls e  f i s h  w i l l  conmonly 

r a i s e  th e  r a t e  a t  w hich t h e i r  EODs o c c u r , p resum ab ly  t o  in c re a s e  

sam pling  f re q u e n c y  (H e il ig e n b e rg  1 9 8 0 ). T h is  r e f l e x i v e  b e h a v io r , w hich 

can  be e l i c i t e d  by s t i m u l i  o f  v a r io u s  s e n s o ry  m o d a l i t i e s ,  i s  c a l le d  th e  

N ovelty  Response (NR), and h a s  been d e s c r ib e d  in  num erous s tu d ie s  

( e . g . ,  Lissman 1961, H agiw ara and M erita  1963, W estby 1975, Hopkins and 

H e ilig e n b e rg  1 9 7 8 ). L arim er and MacDonald (1968) su g g e s te d  t h a t  th e s e  

f i s h  m ust co m p are  in c o m in g  e l e c t r o r e c e p t i v e  a f f e r e n c e  w ith  some 

" b u i l t - i n  r e f e r e n c e "  based  on p re c e d in g  a f f e r e n c e s  i n  o rd e r  t o  d e te c t  

n o v e l t i e s .  T h is  c o n c e p t was f u r th e r  d ev e lo p ed  b y  H e ilig e n b e rg  (1 9 8 0 ), 

who su g g e ste d  t h a t  th e s e  f i s h  m a in ta in  a ’ t e m p la t e ’ o r  c e n t r a l  s t a t e  o f  

e l e c t r o r e c e p t iv e  a f f e r e n c e s  a g a in s t  w hich n o v e l t i e s  a r e  d e te c te d .  When 

th e  n o v e l t ie s  p e r s i s t  ( i . e . ,  th e  change in  a f f e r e n c e  o c c u rs  fo r  s e v e r a l  

s u c c e s s iv e  EODs), th e  f i s h  a d a p ts  to  t h i s  new s te a d y  s t a t e  a n d -u p d a te s  

i t s  ’ t e m p la t e '.
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I t  i s  p o s s ib le  t h a t  t h i s  ’ tem p la te*  c o n s i s t s  o f  a s e t  o r  s e t s  o f  

r a p id ly  h a b i tu a t in g  n e u ro n s . (H a b itu a tio n  i s  used h e re  in  t h e  m ost 

g e n e ra l s e n s e ,  r e f e r r i n g  o n ly  t o  r e s p o n s e  decrem en t induced  by re p e a te d  

s t im u la t io n ,  a k in  t o  Horn’ s  ’• s e l f - g e n e r a te d  d e p re s s io n  o f  s e n s i t i v i t y "  

concep t (1 9 6 7 ) ,  and i s  n o t m eant t o  im p ly  any  s p e c i f i c  mechanism o r  to  

s a t i s f y  t h e  re q u ire m e n ts  o f  h a b i tu a t io n  proposed by Thompson and 

Spencer (1 9 5 5 ) .)  Changes in  e l e c t r o r e c e p t iv e  a f f e re n c e  cou ld  e x c i t e  

neurons n o t  e x c i te d  by  th e  p re v io u s  a f f e r e n c e ,  or n e u ro n s  t h a t  have 

h a b itu a te d  t o  th e  p re v io u s  a f f e r e n c e s ,  o r  b o th .  A c t iv i ty  in  th e s e  

neurons would th u s  r e p r e s e n t  a c h an g e , o r  n o v e lty  in  th e  en v iro n m en t. 

I f  th e  change in  e l e c t r o r e c e p t iv e  a f f e r e n c e  p e r s i s t s ,  th e  neurons would 

r a p i d l y  h a b i t u a t e  an d  n o v e l t y - s i g n a l l i n g  a c t i v i t y  w ould d e c l i n e .  

R ecord ings from e le c tr o s e n s o r y  n e rv e  f i b e r s  do n o t e x h ib i t  h a b i tu a t io n  

p e r  s e  (Suga 1 9 5 7 ), b u t  Hypopomus e le c t r o r e c e p to r  a f f e r e n t  n eu ro n s  

r e p o r te d ly  w i l l  c e a s e  respond ing  f o r  up t o  30s fo llo w in g  a  b r i e f ,  

s tro n g  s t im u lu s  (B aker 1980). I f  a s t im u lu s  causes a  l a r g e  number o f  

s p ik e s  i n  an  e le c t r o r e c e p to r  a f f e r e n t  n e u ro n , th e r e  w i l l  be  few er 

s p ik e s  e l i c i t e d  by  an  im m e d ia te ly -fo llo w in g  s tim u lu s  (Hagiwara and 

M orita  1 9 6 3 ). I t  i s  th u s  p o s s ib le  t h a t  e l e c t r o r e c e p to r  neurons co u ld  

code fo r  th e  o c c u rre n c e  o f  a s tim u lu s  n o v e l ty  by e x h ib i t in g  a re sp o n se  

t o  th e  f i r s t  o c c u rre n ce  o f  a s t im u lu s  t h a t  i s  s t r o n g e r  th a n  th e  

resp o n se s  to  su b seq u e n t o c c u rre n c e s  o f  th e  s tim u lu s  t h a t  im m edia te ly  

fo llo w . O th er e le c tr o s e n s o r y  p ro c e s s in g  r e g io n s  t h a t  r e c e iv e  in p u ts  

from  t h e s e  a d a p t in g  u n i t s  c o u ld  e x h i b i t  some d e g r e e  o f  r a p i d  

h a b i tu a t io n ,  and th u s  cou ld  a c t  a s  e l e c t r o s e n s o r y  ’ n o v e lty  d e te c to r s ’ .

This s e t  o f  ex p erim en ts  was d e s ig n e d  t o  examine t h e  e le c tr o s e n s o r y
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p ro c e s s in g  re g io n s  o f  p u ls e - ty p e  gym notiform  f i s h  f o r  n e u ra l  a c t i v i t y  

t h a t  i s  a s s o c ia te d  w ith  t h e  d e te c t io n  o f  e le c t r o s e n s o r y  n o v e l t i e s .  

D if fe r e n c e s  i n  n e u ro p h y s io lo g ic a l  re s p o n s e s  t o  novel and non -n o v el o r  

p e r s i s t e n t  s t im u l i  in d ic a te d  t h e  p o s s ib le  p re se n c e  o f  n o v e l ty - d e te c t in g  

u n i t s  w i th in  th e  r e g i o n  e x a m in e d . A d d i t i o n a l  e x p e r im e n ts  w ere  

perfo rm ed  to  r e l a t e  th e  a c t i v i t y  o f  n o v e l ty - d e te c t in g  re g io n s  w ith  

c e r t a i n  a s p e c ts  o f  th e  b e h a v io r a l  n o v e lty  re sp o n se  o b se rv ed  in  th e s e  

s p e c i e s .
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P ro c e d u re s

The b a s ic  f e a tu r e s  o f  t h e  e x p e r im e n ta l  a p p a ra tu s  were d e s c r ib e d  

e a r l i e r  ( C h a p .I ) .  Gymnotus c a ra p o  (n = 2 6 ) , Hypopomus a r t e d i  (n = 6 ) , H. 

b e e b e i (n = 9 ), and H_. o c c id e n ta l i s  (n = 2 0 ) , p u rch ased  from  com m ercial 

s u p p l i e r s ,  w e re  u s e d  a s  s u b j e c t s .  F i s h  w e re  im m o b il iz e d  w i th  

in t r a m u s c u la r  F l a x e d i l  i n j e c t i o n s ,  g iv e n  t o p i c a l  a p p l i c a t i o n s  o f  

X y lo c a in e  t o  t h e  s k u l l  r e g i o n ,  a n d  th e n  w ere  p r e p a r e d  f o r  

n e u r o p h y s i o lo g i c a l  r e c o r d i n g .  In  m o s t i n s t a n c e s ,  t h e  s p i n a l  

P a c e m a k e r-re la te d  S ig n a l  (PS) was m o n ito red  w ith  a s u c t io n  e le c t r o d e  

p lac e d  over th e  t a i l ,  a m p l i f ie d ,  and d e l iv e r e d  t o  a t r i g g e r i n g  d e v ic e .  

In  some s u b je c t s  th e  PS would d is a p p e a r  a f t e r  im m o b iliz a tio n  and 

p re p a ra tio n  ; in  th e s e  i n s t a n c e s ,  a G rass S-9 s t im u la to r ,  s e t  a t  a p u l s e  

fre q u en cy  a p p ro x im a te ly  th e  same a s  th e  s u b je c t ’ s  r e s t i n g  EOD r a t e ,  was 

used to  p ro v id e  a r t i f i c i a l  PS p u ls e s  t o  th e  t r i g g e r i n g  d e v ic e .  The 

t r i g g e r  p u lse  was used  t o  c o n t r o l  th e  tim in g  o f  s tim u lu s  p r e s e n t a t i o n s .  

Using an e le c t r o n i c  c o u n te r  w ith  th e  t r i g g e r  a llow ed  a  s t im u lu s  (0 .1  ms 

s q u a re  wave) to  be p re s e n te d  e v e ry  n - th  PS c y c le  (= v a r io u s  d e g re e s  o f  

n o v e l ty ) ,  o r  a t  every  PS c y c le  (= p e r s i s t e n t  s t im u lu s ) .  For i n s t a n c e ,  

a s tim u lu s  p re s e n te d  e v e ry  16 PS c y c le s  (1 /1 6 )  r e p r e s e n ts  a n o v e l 

s t im u lu s ,  one p re s e n te d  every  4 PS c y c le s  (1 /4 )  i s  l e s s  n o v e l ,  and one 

p re se n te d  e v e ry  PS c y c le  ( 1 /1 )  i s  l e a s t  n o v e l ( a f t e r  th e  f i r s t  

p r e s e n ta t io n  o f  th e  s e r i e s ) .  PS c y c le  r a t e s  v a r ie d  among s u b je c t s  from  

5 - 2 5  Hz; th u s  a 1/1 s t im u lu s  c o u ld  have  i n t e r v a l s  ran g in g  from 40  -  

200 m s, depend ing  on th e  s u b je c t .  F o r com parisons among s u b je c t s  

h a v in g  d i f f e r e n t  r a t e s ,  s t im u lu s  i n t e r v a l s  a r e  g iven  in  PS c y c l e s ,  

a lo n g  w ith  tim e r e f e r e n c e s  fo r  th e s e  i n t e r v a l s .  S tim u li w ere u s u a l ly
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a p p lie d  t r a n s v e r s e ly  v i a  two c o i l e d  e le c t r o d e s  on e i t h e r  s id e  o f  th e  

f i s h ,  b u t  co u ld  a l s o  be  a p p lie d  l o n g i t u d in a l ly  v ia  e le c t r o d e s  in  th e  

mouth and around t h e  t a i l  ( v i z ,  an EOD mimic) .  The e f f e c t s  o f  s tim u lu s  

geom etry w ere t e s t e d  by  a p p ly in g  s t im u l i  t r a n s v e r s e ly  o r  l o n g i t u d in a l ly  

and n o tin g  any d i f f e r e n c e s  in  re sp o n se  p r o p e r t i e s .  S t im u l i  were 

p re se n te d  e i t h e r  i n  th e  absence  o r  p re se n c e  o f  an a r t i f i c i a l  EOD, and 

w ith  o r  w ith o u t a d e la y  (betw een  PS t r i g g e r  and s t im u lu s  o n s e t)  to  t e s t  

f o r  p o s s ib le  g a t in g  r e q u i r a a e n ts  o f  th e  phenomenon. O th er s tim u lu s  

m o d a l i t i e s  w ere used  ( l i g h t  f l a s h e s ,  a u d i to r y  s t im u l i )  t o  t e s t  f o r  

s tim u lu s  s p e c i f i c i t y .  E le c tro s e n s o ry  s t im u lu s  i n t e n s i t y  was m easured 

b y  m o n i to r in g  t h e  o u t p u t  o f  a  p a i r e d  f i e l d  e l e c t r o d e ,  o r i e n t e d  

p e rp e n d ic u la r ly  to  th e  long  a x is  o f  th e  f i s h  and p lac e d  a p p ro x . 0 .5  cm 

from th e  f i s h ’ s body j u s t  b eh in d  th e  p e c to r a l  r e g io n .

In  one s e t  o f  e x p e r im e n ts . E v e n t- r e la te d  P o t e n t i a l s  (EPs) were 

rec o rd e d  from  a number o f  th e  known e le c tr o s e n s o r y - p r o c e s s in g  re g io n s  

(se e  B u llo ck  1982 f o r  rev iew ) in  th e  same f i s h  w ith  3 .0  M NaCl -  f i l l e d  

g la s s  m ic r o e le c t r o d e s  ( t i p  d iam . 5 -15  um) . The a n t e r io r  l a t e r a l  l i n e  

g a n g lio n , E le c tro s e n s o ry  L a te r a l  L ine  Lobe (ELLL), Torus S e m ic ir c u la r is  

(T S ), and th e  Lob u s  Caudal i s  (LG) o f  th e  c e reb e llu m  were examined fo r  

EPs t h a t  d i f f e r e d  betw een novel s t im u lu s  p r e s e n ta t io n  and p e r s i s t e n t  

s t im u l i  ( n o v e l t y - r e l a t e d  E P s) . EPs w ere g e n e r a l ly  a v e ra g e d  over 10, 

2 0 , o r  30 s t im u lu s  p r e s e n ta t io n s ,  and th e  sam pling  r a t e  was 40 Khz. 

Q u a l i t a t i v e  co m p ariso n s  o f  EPs w ere made by v i s u a l  in s p e c t io n  o f  EP 

t r a c e s .  Q u a n t i ta t iv e  a n a ly s i s  c o n s is te d  o f  com paring th e  m agn itude  o f  

th e  EP v o l ta g e s  m easured a t  p a r t i c u l a r  l a t e n c i e s .  H o rse ra d ish  

p e ro x id a se  i n j e c t i o n s  were made in  many c a s e s  t o  v e r i f y  t h e  a re a s  o f
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th e  b ra in  from vAiich re c o rd in g s  w ere m ade.

I n d iu m - f i l le d  m ic r o e le c t r o d e s  ( t i p  d iam . 5 - 1 5  um) were used to  

rec o rd  s i n g l e - u n i t  sp ik e  a c t i v i t y  in  re sp o n se  t o  nove l v s  p e r s i s t e n t  

s t im u l i .  Data w ere re c o rd e d  on  an FM ta p e - r e c o r d e r  and p rocessed  in  

r e a l  tim e  by an o n - l in e  com puter program  t h a t  g e n e ra te d  p o s t- s t im u lu s  

tim e h is to g ra m s  o f  t h e  r e s p o n s e s .  S tim u lu s  i n t e r v a l  e f f e c t s  were 

q u a n ti f ie d  by  a n a ly z in g  t o t a l  s p ik e  a c t i v i t y  t h a t  o c c u rre d  im m ediately  

fo llo w in g  s tim u lu s  p r e s e n ta t io n  ( f o r  up t o  50 ms maximum) a s  a fu n c tio n  

o f  s tim u lu s  i n t e r v a l  l e n g th .  C om parisons among d i f f e r e n t  u n i t s  w ith in  

th e  same f i s h  a s  w e ll a s  betw een f i s h  were made by  n o rm aliz in g  a l l  

t o t a l  sp ik e  a c t i v i t i e s  a s  a m u l t ip l e  o f  th e  a c t i v i t y  o f  t h a t  u n i t  in  

resp o n se  to  p e r s i s t e n t  (1 /1 )  s t i m u l i .  A lc ian  b lu e  was in je c te d  by 

s ta n d a rd  te c h n iq u e s  t o  i d e n t i f y  some o f  th e  s i n g l e - u n i t  rec o rd in g  

s i t e s .

The r e l a t i o n s h i p  b e tw e e n  n e u r a l  a c t i v i t y  and th e  b e h a v io r a l  

NR was examined in  s e v e r a l  s e t s  o f  e x p e r im e n ts . In  one s e t  o f  

ex p e rim e n ts , th e  s u b j e c t 's  PS s ig n a l  was m on ito red  and th e  i n te r v a l s  

between them were m easured and s to r e d  by com puter (C h a p .I  -  M ethods). 

S im u l ta n e o u s ly ,  n e u r a l  a c t i v i t y  was r e c o r d e d  a n d  a l s o  s t o r e d .  

S e c o n d ly , n o v e l t y - r e l a t e d  E Ps w ere  a l s o  r e c o r d e d  from  s u b j e c t s  

undergo ing  b e h a v io ra l  NR h a b i tu a t io n  (C h a p .I  -  M eth o d s). A th i r d  s e t  

o f  ex p e rim en ts  examined th e  s u f f i c i e n c y  o f  t h e  n o v e lty  r e l a t e d  a re a s  

fo r  e l i c i t i n g  an e le c tro s e n s o ry - in d u c e d  NR b y  d i r e c t l y  s t im u la tin g  

th e s e  r e g io n s  w ith  b ip o la r  m ic r o e le c t r o d e s  (25ms t r a i n  o f  0.5m s, 1-4uA 

p u lse s  a t  200 p p s ) , and o b se rv in g  th e  su b seq u e n t b e h a v io ra l  a c t i v i t y .
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R e s u l ts

The r e s u l t s  from a l l  s p e c ie s  examined a re  summ arized to g e th e r .  

The n e u ro p h y s io lo g ic a l  phenomena d e s c r ib e d  below  appeared  t o  b e  th e  

same f o r  a l l  f i s h  s t u d i e d ;  l i m i t e d  sa m p le  s i z e s  p r e c l u d e d  any  

s t a t i s t i c a l  a n a l y s e s  o f  p o s s i b l e  s p e c i e s  d i f f e r e n c e s .  I n  t h e  

d is c u s s io n  o f  EPs below , t h e  l e t t e r  and n im e ra l  in  p a r e n t h e s i s  ( ) 

r e f e r  to  th e  l a b e l le d  p o t e n t i a l s  i n  F ig u re  2 -1 .

N eural re sp o n se s  t o  n o v e l v s  p e r s i s t e n t  s t im u l i

A. G anglion  o f  th e  a n t e r io r  l a t e r a l  l i n e  ( e le c t r o s e n s o r y )  n e rv e ; 

F ie ld  p o t e n t i a l s  (n1) due to  e l e c t r o r e c e p t o r  a f f e r e n t  a c t i v i t y  were 

reco rded  and re s p o n s e s  to  p e r s i s t e n t  s t im u l i  ( 1 /1 )  were e s s e n t i a l l y  no 

d i f f e r e n t  from th o s e  t o  nove l s t i m u l i  ( e . g . ,  1 /1 6 : F ig .2 -1  a ) . In  some

c a s e s , t h e  l a t e n c y  o f  th e  re sp o n se  was ab o u t 1 ms lo n g e r  t o  p e r s i s t e n t  

s tim u li  th a n  n o v e l s t i m u l i .  T h is  same change in  la te n c y  was se en  in  

s in g l e - u n i t  r e c o r d in g s  made from th e  g a n g lio n . L a te n c ie s  ran g ed  from 1 

ms ( s t im .  = 140 mv/cm) t o  4 ms (14 m v/cm ). At h ig h  s t im u lu s  

i n t e n s i t i e s  (70 mv/cm o r m o re ), t h e  EP e x h ib i te d  ' r i n g i n g ’ r e s p o n s e s ,  

p re su n a b ly  due t o  sy n ch ro n ized  b u r s t  d u r a t io n  co d e r  a c t i v i t y .  The 

d u ra tio n  o f  t h i s  r in g in g  was c o n s i s t e n t l y  s h o r te r  when s t i m u l i  w ere 

p re se n ted  more f r e q u e n t ly ,  a s  i s  t h e  d u ra t io n  o f  th e  b u r s t  o f  s p ik e s  o f  

an in d iv id u a l  r e c e p to r  a f f e r e n t  n eu ro n  (H agiw ara and M a rita  1963» Suga 

1967, H e il ig e n b e rg  1980 ). Both p u lse -m a rk e r  and b u r s t  d u r a t io n  co d e r 

re c e p to r  a c t i v i t y  were re c o rd e d  from  th e  g a n g lio n . T o ta l  sp ik e  

a c t i v i t y  re c o rd e d  from m ost o f  th e  u n i t s  found was s l i g h t l y  g r e a t e r  a t
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la r g e r  s t im u lu s  i n t e r v a l s  ( F ig .2 - 2 a ) .  The mean t o t a l  re sp o n se  to  TOO 

c o n s e c u tiv e  novel (1 /15 ) s t im u l i  was a b o u t 5 0 Î  g r e a t e r  th a n  t h a t  to  

p e r s i s t e n t  ( 1 /1 )  s t i m u l i  ( F ig .2 -2 b ) . T h is  d i f f e r e n c e  r e s u l t e d  l a r g e ly  

from a d e c l in e  i n  number o f  s p ik e s  p e r  b u r s t  when s t im u l i  were 

p re se n te d  i n  ra p id  s e r i e s .

B. E l e c t r o s e n s o r y  L a t e r a l  L in e  L obe / E m i n e n t i a  G r a n u l a r i s  

P o s te r io r  (ELLL/EGP): EPs reco rd ed  from  t h i s  a re a  e x h ib i te d  s e v e r a l

com ponents ( F ig .2 - 1 b ,c ,d )  . The s h o r te r  l a t e n c y  com ponent ( 1 .5  -  4 ms) 

was found th ro u g h o u t and was e s s e n t i a l l y  t h e  same a s  t h e  EP found in  

th e  g a n g lio n . T h is  p o t e n t i a l  d id  n o t  change w ith  in c r e a s e d  s tim u lu s  

fre q u e n c y . In e le c tr o d e  t r a c t s  p e n e t r a t in g  t h e  l a t e r a l  p o r t io n s  o f  th e  

ELLL, a s e c o n d  p o t e n t i a l  ( p i )  fo l lo w e d  t h e  f i r s t ,  n o n - a d a p t in g  

component (n 1 : F ig .2-1 b ) .  The l a t e n c y  o f  t h i s  re sp o n se  v a r ie d  from  5 -  

7 ms, d ep en d in g  on  s tim u lu s  i n t e n s i t y .  T h is  EP d id  n o t  change w ith  

in c re a se d  s t im u lu s  f re q u e n c y , b u t  d id  v a ry  w ith  d i f f e r e n t  r e c o rd in g  

d e p th s . R e c o rd in g s  were a ls o  made from more m ed ia l e le c t r o d e  t r a c t s ,  

w hich, ow ing to  th e  a n g le  o f  p e n e t r a t i o n ,  e n te r e d  th e  a r e a s  o f  th e  lo b e  

v e n tr a l  t o  th e  e x t e r n a l l y - v i s ib l e  p ra e e m in e n tia l  e le c t r o s e n s o r y  t r a c t  

d escend ing  from t h e  n u c le u s  p r a e e m in e n t ia l i s  ( F ig .2—1c , d ) . In  th e s e  

a re a s  th e  s h o r t  l a te n c y  a f f e r e n t  p o t e n t i a l  o f te n  had p o s i t i v e  p o l a r i ty  

( p i ) ;  a r e v e r s a l  o f  th e  p o l a r i t y  o c c u rre d  d e e p e r  i n  t h e  r o s t r a l  p o r t io n  

( F ig .2-1 c ) .  As in  th e  l a t e r a l  ELLL r e c o r d in g s ,  t h i s  f i r s t  p o t e n t i a l  

d id  n o t change w ith  s tim u lu s  f re q u e n c y  c h a n g e s . How ever, a second 

p o te n t ia l  ( p 2 ) ,  w hich in  th e  r o s t r a l  p o r t io n  o f  th e  a r e a  had a l a te n c y  

s h o r te r  ( r a n g e :  3 .0  -  5 .5  m s, mean ( s e )  = 4 .6  (0 .6 )  m s, n=5) th a n  th e

p i from th e  l a t e r a l  ELLL, e x h ib i te d  n o v e l ty - r e la t e d  p r o p e r t i e s ,  i e ,  a
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d e c r e a s e  i n  r e s p o n s e  w i th  i n c r e a s e d  s t i m u l u s  f r e q u e n c y .  T h is  

n o v e l ty - r e la t e d  EP was s t r o n g e r  a t  sh a llo w  r e c o r d in g  d e p th s ;  th e  focus 

( a r e a  y ie ld in g  th e  g r e a t e s t  re sp o n se )  was g e n e r a l l y  w i th in  300 um o f  

t h e  b r a i n  s u r f a c e .  Deep i n  t h e  r o s t r a l - m e d i a l  t r a c t s  t h i s  

n o v e l ty - r e la t e d  EP (p2 ) was n o t  found; a lo n g e r  l a t e n c y  (12  -  14 ms) p2 

t h a t  d id  n o t e x h ib i t  n o v e l t y - r e la t e d  p r o p e r t i e s  c o u ld  som etim es be 

found ( F i g .2-1 c ,  950 um) . In  more c a u d a l e l e c t r o d e  t r a c t s  v e n t r a l  to  

t h e  EGP, w hich l i e s  o v er th e  ELLL, t h e  s h o r t  l a t e n c y  a f f e r e n t  p o t e n t i a l  

( p i )  was v e ry  s m a l l ,  and th e  n o v e l ty - r e la t e d  p2 had a g r e a t e r  la te n c y  

(7 .5  ms) th a n  th e  n o v e l ty - r e la t e d  p 2  from m ore  r o s t r a l  r e g io n s  (5 .0  

m s) . T h is  c a u d a l p2 d id  n o t o ccu r a t  d e p th s  g r e a t e r  th a n  200 um, and 

a t  d e p th s  o f  500 um o r m ore , a l l  p o t e n t i a l s  becam e v e ry  s m a ll. Very 

sh a llo w  re c o rd in g s  i n  t h i s  a re a  som etim es r e s u l t e d  i n  a  t h i r d ,  lo n g e r  

l a t e n c y  (8 -  12 ms) com ponent (n o t  shown) t h a t  was n o t  found deep o r  

l a t e r a l ,  and which a ls o  e x h ib i te d  n o v e l ty - r e la t e d  p r o p e r t i e s .

When t h e  s iz e  o f  th e  EP re s p o n s e  was e s t im a te d  by  m easuring  

v o l ta g e  d i f f e r e n c e s  from b a s e l in e  (0 v) a t  p a r t i c u l a r  l a t e n c i e s  o r  

la te n c y  r a n g e s ,  th e s e  n o v e l ty - r e la t e d  EPs w ere a b o u t tw ic e  a s  l a r g e  to  

s t im u l i  p re s e n te d  1 /16  PS c y c le s  (720  -  3200 ms) th a n  to  s t im u l i  

p re s e n te d  every  PS c y c le  (45 -  200 m s). T hese  n o v e l ty - r e la t e d  EPs 

c o u ld  r e f l e c t  a change i n  ELLL E - c e l l  b u r s t  d u r a t i o n  ( s e e  below) , o r ,  

b ecau se  th e y  were o n ly  found in  sh a llo w  a r e a s  th e y  may r e p r e s e n t  

a c t i v i t y  due to  one o r  b o th  o f  th e  d e sce n d in g  in p u t s  t o  th e  ELLL, 

n a m e ly  t h e  t r a c t u s  s t r a t u m  f ib r o s u m  a n d  t h e  p r a e e m i n e n t i a l  

e le c t r o s e n s o r y  t r a c t  (M aler 1 9 7 9 ), o r  th e  r e s p o n s e  o f  d o rs a l  ELLL 

com ponents to  such a c t i v i t y .



60

B oth I n h ib i to r y  ( I )  and E x c i ta to r y  (E ) s in g l e  u n i t s  w ere rec o rd e d  

in  th e  ELLL, th e  l a t t e r  found m ore commonly in  t h e s e  e x p e rim e n ts . Mast 

o f  th e  u n i t s  were rec o rd e d  a t  d e p th s  ra n g in g  from  300 -  600 um, more 

s h a llo w  l a t e r a l l y  th a n  m e d ia l ly .  I  c e l l s ,  w hich e x h ib i t  d e c re a se d  

a c t i v i t y  upon s t i m u l a t i o n ,  show ed v e r y  s l i g h t  n o v e l t y - r e l a t e d  

p r o p e r t i e s ,  i . e . ,  t h e  amount o f  i n h i b i t i o n  in c re a s e d  w ith  s t im u lu s  

f re q u e n c y , r e s u l t i n g  in  low er re s p o n s e s  a t  h ig h e r  s tim u lu s  f r e q u e n c ie s .  

E c e l l s  e x h ib i te d  v a r io u s  d e g re e s  o f  n o v e l t y - r e la t e d  p r o p e r t i e s ,  i f  any 

a t  a l l .  At n e a r - th r e s h o ld  s t im u lu s  i n t e n s i t i e s  (10-30  m v/cm), e ach

s tim u lu s  p r e s e n ta t io n  t y p i c a l l y  evoked a s in g l e  s p ik e ;  t h e r e  was no

d i f f e r e n c e  in  re s p o n s e  to  n o v e l v s  p e r s i s t e n t  s t i m u l i .  At h ig h e r

i n t e n s i t i e s ,  E c e l l s  t y p i c a l l y  f i r e d  a b u r s t  o f  s p ik e s ,  t h e  d u r a t io n  o f  

w hich was o f te n  i n v e r s e ly  r e l a t e d  to  s t im u lu s  f re q u e n c y , a s  seen  in  e 

g a n g lio n  ( F ig .2 - 2 a ) .  For i n s t a n c e ,  one u n i t  responded  t o  s e v e r d

s e r i e s  o f  100 25-mv/cm s t im u l i  w ith  a mean t o t a l  o f  81 s p ik e s  a t  50 ms 

i n t e r v a l s  ( n = 3 ) ,  a n d  1 0 5 .5  s p i k e s  a t  3200  ms i n t e r v a l s  ( n = 2 ) ;  

in c r e a s in g  s tim u lu s  i n t e n s i t y  t o  50 mv/cm e l i c i t e d  a mean t o t a l  o f  214 

s p ik e s  a t  50 ms i n t e r v a l s  (n=3) and 4 0 6 .5  s p ik e s  a t  3200 ms i n t e r v a l s  

(n = 2 ) . ELLL E c e l l s  a ls o  e x h ib i te d  some l a t e n c y  in c r e a s e s  ( o f  up t o

2 .0  ms) a s  s t im u l i  became more p e r s i s t e n t .  Ih e  mean in c re a s e  in  t o t a l  

a c t i v i t y  rec o rd e d  from 22 c e l l s  in  re s p o n s e  t o  100 c o n s e c u tiv e  n o v e l 

s t im u l i  i s  60-70% g r e a t e r  th a n  t h a t  t o  100 c o n s e c u tiv e  p e r s i s t e n t  

s t i m u l i  (F ig .2 -2 b )  .

C. Lobus C a u d a lis  o f  th e  c e re b e llu m  (L C ): EPs were rec o rd e d  from

m o re  d o r s a l  and  m e d ia l  p o r t i o n s  o f  t h e  LC i n  t h r e e  a n im a l s .  

N o v e l ty - r e la te d  EPs w ere found , h av in g  l a t e n c i e s  a b o u t 1 ms lo n g e r  th a n
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th o s e  from th e  ELLL/EGP a r e a  ( e g . ,  6 .4  ms ( s t im  = 14 mv/cm), com pared 

w ith  5 .5 ms f o r  t h e  ELLL/EGP n o v e l ty - r e la t e d  EP from th e  same s u b j e c t ) . 

More commonly, n e g a tiv e  p o l a r i t y  EPs (a r ro w  in  F ig .2 -1 e )  were found 

t h a t  were l a r g e r  in  re sp o n se  t o  p e r s i s t e n t  s t im u l i  th a n  t o  n o v e l 

s t im u l i  ( ’ n e g a t iv e ' n o v e l ty - r e la t e d  E P s) . The l a t e n c i e s  o f  th e s e  EPs 

w ere 8 .2  -  14 ms (mean ( s e )  = 1 0 .7  (1 .7 )  m s, n= 3 ). The l a t e n c y  

d e c r e a s e d  w i th  i n c r e a s e d  s t i m u l u s  i n t e n s i t y ,  and  w i th  i n c r e a s e d  

e l e c t r o d e  r e c o r d i n g  d e p t h .  The o n s e t  o f  t h e s e  'n e g a t i v e '

n o v e l ty - r e la te d  EPs o f te n  m atched th e  end o f  th e  ELLL r in g in g  i n  th e  

same s u b je c t .  The r in g in g  seen  in  F ig u re  2 -1 e  was commonly seen i n  th e  

LC when h ig h  s tim u lu s  i n t e n s i t i e s  w ere u se d ; i t  was e s s e n t i a l l y  th e  

same as th e  r in g in g  seen  in  t h e  ELLL. No s i n g l e - u n i t  r e c o rd in g s  were 

made from t h i s  a r e a .

D. T o ru s  S e m i c i r c u l a r i s  ( T S ) :  Many n e g a t i v e  p o l a r i t y

n o v e l ty - r e la te d  EPs were found in  t h e  d o r s a l  TS (n1 in  F ig .2 - I f ) , 

m o s tly , b u t  n o t  e x c lu s iv e ly ,  in  t h e  m id - p o s te r io r  p o r t io n ,  a t  d e p th s  

ran g in g  from  400 -  1200 um. On a few  o c c a s io n s  EPs t h a t  were l a r g e r  in  

resp o n se  to  p e r s i s t e n t  s t im u l i  ( 'n e g a t i v e '  n o v e l ty - r e la te d  EPs) w ere 

found in  th e  TS, th e  la te n c y  o f  w hich  ( ra n g e  9 .2  -  12.3 m s, mean ( s e )  =

1 0 .2  (1 .0 )  m s, n=3) was com parab le  to  th o s e  o f  th e  LC 'n e g a t i v e ' 

n o v e l ty - r e la te d  E Ps. The common s i t u a t i o n  was t o  f in d  a s t r o n g ,  

'p o s i t i v e '  n o v e l ty - r e la te d  p o t e n t i a l .  T h e re  w ere r e a d i ly  o b s e rv a b le  

d i f f e r e n c e s  in  re sp o n se s  t o  n o v e l v s  p e r s i s t e n t  s t i m u l i .  For a g iv e n  

f i s h ,  th e  b ig g e s t  EP was found in  a s p e c i f i c  a re a  ro u g h ly  100-200 um in  

d ia m e te r , b u t  p o t e n t i a l s  co u ld  o f te n  be  re c o rd e d  th ro u g h o u t a ra n g e  o f  

d e p th s  a s  g r e a t  a s  1000 um. L a te n c ie s  o f  th e  TS n o v e l ty - r e la t e d  EPs
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w ere lo n g e r  (mean (se )  = 5 .2  ( 1 .2 )  m s, n=4) th a n  th e  ELLL/EGP

n o v e l ty - r e la t e d  EPs (mean ( s e )  = 4 .6  (0 .6 )  m s, n= 5), b u t  s h o r te r  th a n  

th o se  o f  ’ n e g a t iv e ' n o v e l ty - r e la t e d  EPs ( s e e  a b o v e ). The l a t e n c i e s  o f  

th e  TS n o v e l ty - r e la t e d  EPs d e c re a sed  w ith  in c re a s e d  s tim u lu s  i n t e n s i t y  

( e g ,  9 .7  ms ê 14 mv/cm, 4 .4  ms § 100 m v/cm ). The m agnitude o f  th e  EPs 

t o  nove l s t i m u l i  (1 /1 6 ) were 300 -  800% g r e a t e r  th a n  th o s e  to

p e r s i s t e n t  s t i m u l i .  These re sp o n se  m ag n itu d es  a r e  graded  as  a fu n c t io n  

o f  s tim u lu s  i n t e r v a l  ( F ig .2 - 3 ) .  In some c a s e s ,  th e  n o v e l ty - r e la t e d  EP 

appeared  to  be superim posed  on a  s m a l le r ,  lo n g e r  d u ra t io n  p o t e n t i a l  

t h a t  d id  n o t  change w ith  s t im u lu s  f re q u e n c y .

The change in  t o t a l  sp ik e  a c t i v i t y  t h a t  o cc u rre d  w ith  in c re a s e d  

s tim u lu s  i n t e r v a l s  was much more pronounced in  th e  TS u n i t s  th a n  in  t h e  

ELLL o r  g a n g lio n  ( F ig .2 - 2 a ) .  The a v e ra g e  a c t i v i t y  o f  TS s in g l e  u n i t s  

e x h ib i t in g  n o v e l ty - r e la t e d  p r o p e r t ie s  was 400-500% g r e a te r  i n  re s p o n s e  

to  novel v s  p e r s i s t e n t  s t im u l i  ( F ig .2 -2 b ) .  T h is  a v e ra g e  does n o t 

in c lu d e  d a ta  from one u n i t  t h a t  e x h ib i te d  ex trem e n o v e l ty - r e la t e d  

p r o p e r t i e s ,  i . e . ,  r e sp o n se  in c r e a s e s  o f  3000% o r more f o r  s t im u l i  

p re s e n te d  1 /3 2  PS c y c le s  (e v e ry  6400 ms) r e l a t i v e  to  re s p o n s e s  to  

s t im u l i  p re s e n te d  e v e ry  PS c y c le  (200 ms) .  T h is  u n i t  e x h ib i te d  a 1090% 

in c re a s e  in  a c t i v i t y  t o  s t im u l i  p re s e n te d  1 /4  PS c y c le s  (800 m s). 

Aside from i t s  v e ry  s te e p  re s p o n s e /s t im u lu s  i n t e r v a l  r e l a t i o n s h i p ,  t h i s  

u n i t  e x h i b i t e d  no c h a r a c t e r i s t i c s  ( i . e . ,  o v e r a l l  a c t i v i t y  l e v e l ,  

th re s h o ld )  d i s s i m i l a r  to  o th e r s  found in  th e  TS. The m agnitude o f  th e  

n o v e l t y - r e l a t e d  r e s p o n s e  ( i . e . ,  t h e  am oun t o f  a c t i v i t y  i n c r e a s e )  

depended a t  l e a s t  in  p a r t  on th e  i n t e n s i t y  o f  th e  s t im u lu s .  At lo w er 

s tim u lu s  i n t e n s i t i e s ,  th e  e f f e c t  was g r e a t e r .  For exam ple, f o r  one TS
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u n i t ,  u s in g  a  s t im u lu s  i n t e n s i t y  o f  70 mv/cm, th e  r a t i o  o f  t o t a l  sp ik e  

a c t i v i t y  to  n o v e l (1 /1 6 ) s t im u l i  o v e r  p e r s i s t e n t  (1 /1 ) s t im u l i  was 

3 .3 6 :1  (567 s p ik e s /2 2 2  s p i k e s ) .  Low ering th e  s tim u lu s  i n t e n s i t y  t o  MO 

mv/cm d e c re a se d  th e  re s p o n s e s  t o  b o th  s t im u lu s  t y p e s ,  b u t  t h e  d e c re a se  

was g r e a te r  f o r  p e r s i s t e n t  s t i m u l i  (332 s p ik e s /1 2  s p ik e s ,  2 7 .7 : 1 ) ,  and 

r e v e r s in g  th e  s t im u lu s  p o l a r i t y  (w h ich  in  t h i s  c a se  red u ced  th e  

s tim u lu s ’ e f f i c a c y  on th e  e l e c t r o r e c e p t o r s  on t h a t  s id e  o f  t h e  f is h )  a t  

70 mv/cm r e s u l t e d  in  an  even g r e a t e r  d i f f e r e n c e  in  d e c re a se d  a c t i v i t y  

(222 s p ik e s /2  s p ik e s ,  1 1 1 :1 ) .

The tim e  c o u rs e  o f  TS s i n g l e  u n i t  n o v e l ty  d e te c t io n  was examined 

by a n a ly z in g  s in g le  u n i t  a c t i v i t y  re c o rd e d  on FM ta p e .  The re sp o n se s  

to  p e r s i s t e n t  s t im u l i  showed a s i g n i f i c a n t l y  (P<0.0001) g r e a t e r  d e c l in e  

in  resp o n se  to  c o n s e c u tiv e  p r e s e n ta t io n s  th a n  d id  re s p o n s e s  t o  more 

novel s t im u l i  (F ig .2 -M ). I f  th e  s t im u lu s  was p re se n te d  e v e ry  PS c y c le  

(ev e ry  45-200 m s) , t h e r e  was (on  a v e ra g e )  a 50? d e c l in e  in  sp ik e  

a c t i v i t y  by th e  f i f t h  c o n s e c u t iv e  s t im u lu s , w hereas re s p o n s e s  to  

s t im u li  p re s e n te d  e v e ry  16 PS c y c le s  (720-3200 ms) d e c lin e d  by  o n ly  18? 

by th e  f i f t h  c o n s e c u t iv e  s t im u lu s .  The l a t e n c y  o f  th e  f i r s t  sp ik e  

o f te n  in c re a s e d  w ith  c o n s e c u t iv e  1 /1  s t i m u l i ,  b u t  n o t t o  1 /1 6  s t i m u l i .  

U n its  e x h ib i t in g  low  a c t i v i t y  l e v e l s  (1 -2  s p ik e s  per s tim u lu s )  showed a 

d e c re a se  in  s p ik e  p r o b a b i l i t y  when s t i m u l i  were p e r s i s t e n t .  Q uite  

f r e q u e n tly ,  TS u n i t s  would n o t  respond  a t  a l l  a f t e r  5 -1 0  c o n s e c u tiv e  

p e r s i s t e n t  (1 /1 )  s t i m u l i .

Only one i n h ib i to r y  TS u n i t  was found; t h e r e  w ere no c le a r  

n o v e l t y - r e l a t e d  p r o p e r t i e s  e x h i b i t e d . O c c a s s i o n a l l y , TS u n i t s  

e x h i b i t i n g  i n c r e a s e d  a c t i v i t y  i n  r e s p o n s e  t o  s t i m u l a t i o n  w ere
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encountered  t h a t  showed no n o v e l t y - r e l a t e d  p r o p e r t i e s .  T h u s , n o v e lty  

d e te c t io n  i s  n o t a f e a t u r e  o f  a l l  I S  e le c t r o s e n s o r  y c e l l s .

Not o n ly  do T o ra l  u n i t s  d i f f e r  from  ELLL and  g a n g lio n  u n i t s  in  th e  

degree  o f  in c re a s e d  r e s p o n s e  to  in c r e a s in g ly  n o v e l s t i m u l i ,  b u t  th e y  

a ls o  d i f f e r  in  th e  r a t e  o f  th e  i n c r e a s e .  Tim e c o n s ta n t s ,  w hich 

d e s c r ib e  t h e  s t im u lu s  i n t e r v a l  a t  w hich th e  re s p o n s e  i s  63Î o f  th e  

maximun v a lu e ,  and w hich v a r i e s  w ith  th e  r a t e  a t  which t h i s  maximum i s  

a c h ie v e d , w ere c a lc u la te d  f o r  i n d iv id u a l  u n i t s .  TS u n i t s  had a  mean 

tim e  c o n s ta n t  f o r  in c re a s e d  re s p o n s e  t o  i n c r e a s i n g ly  n o v e l s t im u l i  o f  

1383 ms ( ra n g e :  676 -  3209 m s, s e  = 2 8 2 , n = 9 ) ,  w hich i s  s i g n i f i c a n t l y  

g r e a te r  (P < 0 .01 , S t u d e n t 's  t - t e s t )  th a n  th e  mean o f  424 ms ( ra n g e :  185 

-  1110 ms, s e  = 142 , n = 6) f o r  ELLL u n i t s ,  and g r e a t e r  (P<0.02) th a n  

th e  mean o f  570 .9  ms ( r a n g e :  463 -  848 m s, se = 9 3 . n = 4 ) f o r  g an g lio n  

u n i t s .  There was a  s i g n i f i c a n t  c o r r e l a t i o n  be tw een  p e r c e n t  re sp o n se  

in c re a s e  and th e  c o rre s p o n d in g  tim e  c o n s ta n t  among a l l  u n i t s  s tu d ie d  ( r  

= 0 .52 , P < 0 .05 , n = 1 9 ) .  However, t h i s  was a p p a r e n t ly  due to  th e  f a c t  

t h a t  TS u n i t s  e x h ib i te d  b o th  th e  h ig h e s t  p e rc e n t  i n c r e a s e s  and tim e  

c o n s ta n ts  r e l a t i v e  t o  ELLL and  g a n g lio n  u n i t s ;  c o r r e l a t i o n s  betw een 

th e s e  m easu res w ith in  a  g roup w ere n o t  s i g n i f i c a n t  in  any  c a s e .  W ith in  

a g roup , t h e r e  was no a p p a re n t  r e l a t i o n s h i p  betw een  t h e  amount o f  

in c re a se d  a c t i v i t y  and th e  tim e  c o n s ta n t  o f  t h a t  i n c r e a s e .  For 

e x a m p le , o n e  ELLL u n i t  w as  t e s t e d  a t  tw o  d i f f e r e n t  s t i m u lu s  

i n t e n s i t i e s ,  and a  t im e  c o n s ta n t  o f  2 3 7 .8  ms w as c a lc u la t e d  fo r  a 64.4% 

resp o n se  in c r e a s e ,  com pared w ith  a  tim e  c o n s ta n t  o f  255 ms f o r  an  

in c re a s e  o f  103% a t  t h e  h ig h e r  s t im u lu s  i n t e n s i t y .  Two g a n g lio n  u n i t s
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had th e  same tim e  c o n s ta n t  (4 6 3 .3  m s), b u t  one e x h ib i te d  a  19% 

in c re a s e d  re sp o n se  t o  n o v e l s t i m u l i ,  t h e  o th e r  a  57% in c r e a s e .

Because th e  TS had th e  s t r o n g e s t  n o v e l ty - r e la t e d  EPs and u n i t  

a c t i v i t y ,  a d d i t i o n a l  e x p e r im e n t s  w e re  p e r f o r m e d  t o  d e te r m in e  t h e  

c h a r a c t e r i s t i c s  o f  t h e s e  r e s p o n s e s .  S tim u lu s  g eom etry  had no e f f e c t  on 

th e  d e te c t io n  o f  e le c t r o s e n s o r y  n o v e l t i e s ;  t h e  n o v e l ty - r e la t e d  EPs 

o c c u r r e d  w h e th e r  t h e  e n t i r e  s e r i e s  o f  s t i m u l i  w as p r e s e n t e d  

t r a n s v e r s e ly  o r  l o n g i t u d i n a l l y ,  and i t  a l s o  d id  n o t m a tte r  i f  an  

a r t i f i c i a l  EOD was p r e s e n t  d u rin g  t e s t i n g .  I t  was n o t  n e c e s s a ry  f o r  

th e  s tim u lu s  t o  be p re s e n te d  in  any tem p o ra l r e l a t i o n s h i p  to  th e  f i s h ’ s  

own PS s ig n a l ;  in t r o d u c in g  a d e la y  betw een th e  PS s ig n a l  and s t im u lu s  

o n s e t  d id  n o t a f f e c t  t h e  e l i c i t a t i o n  o f  a n o v e l ty - r e la t e d  EP. In  f a c t ,  

th e  re sp o n se  cou ld  b e  e l i c i t e d  u s in g  th e  f r e e - r u n n in g  tim in g  s ig n a l s  

from th e  G rass S-9  s t i m u la to r ,  s e t  a t  any p u ls e  f re q u e n c y . The 

n e c e s s a ry  f e a t u r e  o f  th e  s tim u lu s  n e c e s s a ry  t o  e l i c i t  a n o v e l ty - r e la t e d  

EP was t h a t  i t  be p re s e n te d  a f t e r  s a n e  minimum i n t e r v a l  fo llo w in g  t h e  

p rec e d in g  s t im u lu s .

H o r s e r a d i s h  p e r o x i d a s e  and A lc ia n  b l u e  i n j e c t i o n s  i n t o  t h e  

m id b ra in  r e c o rd in g  s i t e s  showed some v a r i a t i o n  i n  l o c a t io n ,  b u t  i n  a l l  

c a s e s  w ere c o n ta in e d  w ith in  th e  d o r s a l  p o r t io n  o f  th e  TS. Most 

i n je c t i o n s  were c e n te re d  w ith in  t h e  m id - p o s te r io r  p o r t io n  o f  t h e  TS, 

in c lu d in g  lam in a  VI and a d ja c e n t  l a y e r s .  T ra n s p o r t  o f  p e ro x id a s e  

i n d i c a t e d  t h a t  t h i s  a r e a  c o m m u n ic a te s  w i t h  t h e  ELLL, n u c l e u s  

p r a e e m in e n t ia l i s ,  o p t i c  te c tu m , and some d ie n c e p h a lic  s t r u c t u r e s ,  a s  

shown by C arr e t  a l  (1 9 8 1 ).
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N eu ra l a c t i v i t y  & b e h a v io ra l  re sp o n se s  

A c t iv i ty  i n  t h e  n o v e l ty - r e la te d  r e g io n s  o f  th e  TS was c o r r e la t e d  

w ith  c e r t a i n  f e a t u r e s  o f  th e  b e h a v io ra l  N ovelty  Response (NR) o f  th e s e  

f i s h .  EPs w ere re c o rd e d  from th e  TS d u r in g  p r e s e n ta t io n  o f  s tim u lu s  

p u ls e s  t h a t  o c c u rre d  ev e ry  PS c y c le  ( 1 / 1 ) .  S im u lta n e o u s ly , t h e  f i s h ' s  

PS i n t e r v a l s  w ere m easured to  a s s e s s  t h e  m agnitude o f  any  b e h a v io ra l  

r e s p o n s e s  c o n c u r re n t  w ith  th e  rec o rd e d  n e u ra l  a c t i v i t y  ( F i g . 2 -5 a ) . The 

o n s e t  o f  t h e  s t im u lu s  t r a i n  alw ays induced  an EP t h a t  d e c l in e d  r a p id ly  

in  m agn itude  w ith  s u c c e s s iv e  s tim u lu s  p r e s e n ta t io n s  ( a  n o v e l ty - r e la t e d  

E P ). The n o v e l ty - r e la t e d  EPs re c o rd e d  in  th e s e  e x p e rim e n ts  were 

i d e n t i c a l  t o  th o s e  rec o rd e d  from th e  TS in  th e  e x p e rim e n ts  d isc u s s e d  

above . The f i s h  a l s o  c o n s i s t e n t ly  a c c e le r a te d  i t s  PS r a t e  a t  t h e  o n s e t  

o f  th e  s t im u lu s  t r a i n .  In  some c a s e s ,  th e  m agnitude o f  th e  PS i n t e r v a l  

c h a n g e  c o u ld  b e  s t r o n g l y  c o r r e l a t e d  w i th  t h e  m a g n i tu d e  o f  t h e  

n o v e l ty - r e la t e d  EP in  th e  TS f o r  th e  e n t i r e  s tim u lu s  s e r i e s  ( F ig .2 - 5 b ) .  

In  o th e r  i n s t a n c e s ,  o n ly  th e  i n i t i a t i o n  o f  th e  b e h a v io ra l  re sp o n se  

c o u ld  be a s s o c ia te d  w ith  TS n o v e l ty - r e la t e d  EP a c t i v i t y .  These f i s h  

e x h ib i te d  a ra n g e  o f  PS r a te -c h a n g in g  b e h a v io rs  under t h i s  s tim u lu s  

reg im e , s i m i l a r  to  th o se  re p o r te d  by W estby (1 975 ) f o r  Gymnotus c a ra p o . 

For i n s t a n c e ,  some f i s h  m a in ta in e d  t h e  h ig h e r  EOD r a t e  d u r in g  th e  

e n t i r e  s t im u lu s  s e r i e s ,  i . e . ,  d id  n o t d e c e le r a te  u n t i l  th e  s t im u lu s  was 

rem oved, a n d , w h ile  some f i s h  d e c e le r a te d  a t  t h e  end o f  th e  s t im u lu s  

t r a i n ,  o t h e r s  a c c e le r a te d  a f t e r  th e  s tim u lu s  was ran o v ed . In  none o f  

th e  e x p e rim e n ts  r e p o r te d  in  t h i s  p ap er was an EOD a c c e le r a t io n  observed  

i n  th e  a b se n c e  o f  a TS n o v e l ty - r e la t e d  EP; how ever, n o v e l ty - r e la t e d  

p o t e n t i a l s  c o u ld  be  reco rd ed  in  th e  absence  o f  any c l e a r  b e h a v io r a l
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re s p o n s e . T h is  i n d i c a t e s  t h a t  th e  TS may s ig n a l  th e  p re se n c e  o f  an 

e le c tr o s e n s o r y  n o v e l ty ,  b u t  th e  f i s h ' s  b e h a v io r  i s  c o n t r o l le d  by  some 

'  h ig h e r ' c e n te r  t h a t  u t i l i z e s  t h i s  in fo rm a tio n  s u p p lie d  by  th e  TS. In 

some e x p e rim e n ta l s e r i e s ,  tw o s e q u e n t ia l  s tim u lu s  t r a i n s  were p re se n te d  

t o  th e  f i s h  w ith  a v a r i a b le  nunber o f  n o n -s tim u lu s  PS i n t e r v a l s  betw een 

to  a llo w  f o r  re c o v e ry . The n e u r a l  re sp o n se  ( n o v e l ty - r e l a te d  EP) 

g e n e ra l ly  r e c o v e re d  more q u ic k ly  and to  a g r e a te r  d e g re e  th a n  th e  

b e h a v io ra l  NR. When th e  n o v e l ty - r e la t e d  a r e a s  o f  t h e  TS were d i r e c t l y  

s t im u la te d ,  a  ' no rm al' NR was e l i c i t e d .  I f  t h i s  d i r e c t  s t im u la t io n  was 

re p e a te d  a t  r a t e s  i d e n t i c a l  to  th o s e  u sed  in  t h e  p re v io u s  paper 

(C h a p .I ) ,  th e  re sp o n se  h a b itu a te d  a t  th e  same r a t e  a s  th e  h a b i tu a t io n  

to  e x te r n a l  e le c t r o s e n s o r y  s t im u l i  (m ean (se )  h a b i tu a t io n  r a t e s  ;

e le c t r o s e n s o r y  s t im .  = 5 .6  ( 0 .7 5 ) ,  d i r e c t  s t im . = 5 . 8  ( 1 .3 0 ) ) .

That n o v e l ty - r e la t e d  a c t i v i t y  in  t h e  TS does n o t  d i r e c t l y  c o n tr o l  

PS a c c e le r a t io n  i s  f u r t h e r  su p p o rted  by  some a d d i t io n a l  e v id e n c e .

P re s e n ta tio n  o f  s t im u l i  a t  r a t e s  s u f f i c i e n t l y  'n o v e l '  t o  e l i c i t  a

n o v e l ty - r e la t e d  EP e l i c i t  b e h a v io ra l  re s p o n s e s  (NRs) t h a t  d e c l in e  w ith  

re p e a te d  p r e s e n ta t io n s  ( h a b i t u a t e ) ,  i . e . ,  th e  TS c o n tin u e s  to  s ig n a l  

th e  p re se n c e  o f  an e le c tr o s e n s o r y  n o v e l ty  a f t e r  i t  h a s  ceased  to  be 

b e h a v io ra l ly  r e l e v a n t .  When s e v e r a l  c o n s e c u tiv e  s e r i e s  o f  100 novel 

(1 /1 5 )  s t im u l i  w ere p re s e n te d  a t  th e s e  same r a t e s ,  th e  t o t a l  sp ik e  

a c t i v i t y  e l i c i t e d  b y  th e  t e n t h  s e r i e s  was e s s e n t i a l l y  th e  same a s  t h a t  

e l i c i t e d  b y  t h e  f i r s t  s e r i e s  ( F i g . 2 - 6 ) ;  t h e  b e h a v i o r a l  r e s p o n s e

h a b itu a te d  r a p i d l y  w ith in  t h e  f i r s t  s e r i e s  and d id  n o t  o c c u r to  any o f  

th e  o th e r s .
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D is c u s s io n

I t  i s  a p p a re n t  from th e s e  r e s u l t s  t h a t  t h e r e  e x i s t s  w ith in  th e  

e l e c t r o s e n s o r y - p r o c e s s i n g  r e g i o n s  o f  p u l s e - t y p e  g y m n o tifo rm  f i s h  

neu rons t h a t  resp o n d  p r e f e r e n t i a l l y  t o  s t i m u l i  p re s e n te d  l e s s  o f te n ,

i . e . ,  n o v e l s t i m u l i .  Both E v e n t- r e la te d  P o t e n t i a l  (EP) and s in g le  u n i t  

a c t i v i t y  i n d i c a t e  s e n s i t i v i t y  o f  r e s p o n s e  s i z e  t o  th e  freq u en cy  o f  

s t i m u la t i o n .  T h is  s e n s i t i v i t y  i s  g r e a t e s t  in  th e  T orus S e m ic irc u la r is  

(T S). W hereas u n i t s  o f  th e  e l e c t r o s e n s o r y  a f f e r e n t  g a n g lio n  and th e  

E le c t ro s e n s o ry  L a te r a l  L ine Lobe (ELLL) show o n ly  a  p a r t i a l  response  

d e c re m e n t, and o n ly  a t  r e l a t i v e l y  r a p id  s t im u la t io n  r a t e s  (1 /0 .4  -  0 .6  

s) , TS u n i t s  e x h ib i t  v e ry  s tro n g  " h a b i tu a t io n "  to  s t im u l i  p re se n te d  a s  

s lo w ly  a s  1 /1  s  ( F ig .2 - 2 ) .  The r e d u c t io n  i n  a c t i v i t y  t h a t  o c c u rs  in  TS 

s in g le  u n i t s  when s t im u l i  a r e  p re s e n te d  f r e q u e n t ly  (1 /1  PS c y c le )  

o c c u rs  v e ry  q u ic k ly ,  u s u a lly  w i th in  3 — 5 s t im u lu s  p r e s e n ta t io n s  

( F ig .2 - 4 ) .  The m agnitude o f  th e  re s p o n s e  d ec rem en t t h a t  o c c u rs  in  th e  

TS d e p e n d s  on t h e  i n t e r - s t i m u l u s  i n t e r v a l  ( F i g . 2 - 3 ) .  T hese TS 

n o v e l t y - r e la t e d  re sp o n se s  w il l  o c c u r t o  e le c t r o s e n s o r y  s t i m u l i  t h a t  a re  

a p p lie d  e i t h e r  t r a n s v e r s e ly  o r  l o n g i t u d i n a l l y  w ith  r e s p e c t  t o  th e  

f i s h ’ s body  a x i s ,  i . e . ,  s t im u lu s  g e o m etry  i s  n o t  c r i t i c a l  f o r  th e  

phenomenon t o  o c c u r .  Nor i s  th e  t im in g  o f  t h e  s tim u lu s  w ith  r e s p e c t  to  

th e  f i s h ’ s  PS s ig n a l  c r i t i c a l  f o r  th e  n o v e l t y - r e la t e d  re s p o n s e . Thus, 

th e  p u t a t iv e  " n o v e l ty  d e te c t io n "  t h a t  o c c u r s  in  t h e  TS i s  g e n e ra l  w ith  

r e s p e c t  to  s p e c i f i c  s tim u lu s  f e a t u r e s .

S in g le  u n i t  a c t i v i t y  r e c o rd e d  from  t h e  e le c t r o s e n s o r y  g an g lio n  

a f f e r e n t s  in d ic a te d  t h a t  th e s e  b u r s t  d u r a t io n  c o d e rs  resp o n d  to  s t im u li  

p re s e n te d  a t  r a p id  r a t e s  w ith  few e r s p ik e s  p e r  b u r s t  th a n  when
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s t im u la t io n  i s  l e s s  f r e q u e n t ,  a s  h as  been  p re v io u s ly  re p o r te d  ( e . g . ,  

Hagiwara and M orita  1963, Suga 1 9 6 7 ). Because d escen d in g  in p u t  to  t h e  

e l e c t r o s e n s o r y  g a n g l io n  i s  n o t  know n t o  e x i s t ,  t h e  s t i m u l u s  

f re q u e n c y -s e n s i t iv e  p r o p e r t i e s  o f  th e  b u r s t  d u r a t io n  c o d e rs  may be an  

i n t r i n s i c  c h a r a c t e r i s t i c  o f  th e  n e u ro n s  o r  e l e c t r o r e c e p to r s  th e m s e lv e s . 

In h ig h  freq u en cy  w eakly e l e c t r i c  f i s h ,  t h e s e  n eu rons synapse  w ith  

g ra n u le  c e l l s ,  b a s i l a r  p y ram id a l c e l l s ,  and polym orphic c e l l s  o f  th e  

ELLL (M aler e t  a l  19 8 1 ), and p re s u n a b ly  th e  same s i t u a t i o n  e x i s t s  i n  

th e  p u lse  s p e c ie s  s tu d ie d  h e r e .  In  th e  p r e s e n t  s tu d y  s in g l e  u n i t  

re c o rd in g s  from th e  ELLL may have been  from  any number o f  c e l l  ty p e s  

(M aler 1 9 7 9 ). These u n i t s  e x h ib i te d  a t  b e s t  a d oub ling  o f  s p ik e  

a c t i v i t y  w ith  changes in  s t im u lu s  f re q u e n c y , and were reco rd ed  a t  

d e p th s  from 300 -  600 um. The re s p o n s e  l a t e n c i e s  o f  th e s e  u n i t s  ran g ed  

from  3 .5  -  20 m s. These u n i t s  w ere m ost l i k e l y  b a s i l a r  py ram idal c e l l s  

( 'E *  c e l l s :  S aunders and B a s t ia n  1 9 8 4 ). In  a p re v io u s  s tu d y , Enger

and Szabo (1965) reco rd ed  from  ELLL p y ram id a l c e l l s  ( a t  d e p th s  o f  950 -  

1150 um) a c t i v i t y  t h a t  doub led  w ith  in c re a s e d  i n t e n s i t y .

The n o v e l ty - r e la te d  p r o p e r t i e s  o f  t h e  ELLL s in g le  u n i t s  re c o rd e d  

in  th e  p re s e n t  s tu d y  do n o t  d i f f e r  much from th o se  o f  th e  g a n g lio n  

a f f e r e n t s ,  and th e r e f o r e ,  a s  i n  t h e  l a t t e r  c a s e ,  th e s e  p r o p e r t ie s  

p ro b ab ly  r e f l e c t  some i n t r i n s i c  a d a p ta t io n  o f  th e  ELLL u n i t s .  B u t ,  

u n l ik e  t h e  g a n g l io n  r e c e p t o r  a f f e r e n t s ,  ELLL u n i t s  do  r e c e i v e  

descen d in g  feedback  s ig n a l s ,  from  b o th  th e  n u c le u s  p r a e e m in e n tia l is  and 

th e  Lobus C a u d a lis  (LC) o f  t h e  c e re b e llu m  (S as and Maler 1983). I t  i s  

p o s s ib le  t h a t  t h i s  fee d b a c k  lo o p  p la y s  an  im p o r ta n t r o l e  in  t h e  

n o v e l ty - r e la te d  phenomena d e s c r ib e d  h e r e .  R ecord ings from th e  d o r s a l
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re g io n  o f  th e  ELLL/EGP a r e a ,  which in c lu d e s  f i b e r  t r a c t s  o f  t h i s  

feedback  system  (M aler e t  a l  1982) show s tro n g  n o v e l ty - r e la te d  p a t t e r n s  

o f  a c t i v i t y  n o t  seen  in  d e e p e r  l a y e r s  o f  th e  ELLL. The o u tp u t o f  th e  

ELLL c e l l s  cou ld  be a t t e n u a te d  by in c re a s e d  i n h i b i t o r y  feedback  from 

th e  LC o r  n u c le u s  p r a e e m in e n t i a l i s .  Tong (1982 ) r e p o r t s  t h a t  some 

n u c le u s  p r a e e m in e n t ia l i s  u n i t  a c t i v i t y  i n  th e  e l e c t r o r e c e p t iv e  b u llh e a d  

c a t f i s h  w i l l  r a p i d l y  d e c l in e  vdien s t i m u l i  a r e  p re s e n te d  f r e q u e n t ly .  

B a s tia n  (1985) h a s  r e c e n t l y  r e p o r te d  t h a t  d e sc e n d in g  in p u t  to  th e  ELLL 

i s  r e s p o n s ib le  f o r  a t t e n u a t in g  th e  r e s p o n s e s  o f  ft.t.t. u n i t s  in  some h ig h  

freq u en cy  gym notiform  f i s h .

The s t r o n g e s t  n o v e l ty - r e la t e d  p r o p e r t i e s  w ere found in  th e  TS. 

The TS r e c e i v e s  e l e c t r o s e n s o r y  i n p u t  v i a  b o th  a r a p i d -  and  a 

s lo w -co n d u c tin g  pathw ay (S zabo  e t  a l  1 9 7 5 ) . The r e s u l t s  p re se n te d  h e re  

s u g g e s t  t h a t  th e  n o v e l t y - r e la t e d  a c t i v i t y  o f  t h e  TS i s  m edia ted  by  th e  

s lo w  sy s tem . The r a p id -c o n d u c t in g  system  i s  c h a ra c te r iz e d  by v e ry  

s h o r t  r e s p o n s e  l a t e n c i e s ,  and  e s s e n t i a l l y  no n e u r o p h y s i o lo g i c a l  

a c t i v i t y  rec o rd e d  in  th e  TS had l a t e n c i e s  t h a t  co rresp o n d  to  th o s e  

re p o r te d  f o r  th e  r a p id  s y s te m . (T h is  may be  due t o  s tim u lu s  a r t i f a c t ,  

w hich in  some in s ta n c e s  l a s t e d  more th a n  1 ms, p o s s ib ly  o b scu rin g  such 

re s p o n s e s .)  A lso ,. Szabo e t  a l  (1975) r e p o r te d  t h a t  th e  f a s t -c o n d u c tin g  

system  has a  r e l a t i v e l y  lo n g  (3 ms) " u n re sp o n s iv e "  p e rio d  fo llo w in g  

each  re sp o n se  to  e l e c t r o r e c e p t o r  in p u t .  S im i la r ly ,  S ch leg e l (1977) 

found a r e f r a c t o r y  p e r io d  o f  up to  18 -  2 0  ms fo llo w in g  s tro n g  

s t im u la t io n .  In  th e  p r e s e n t  s tu d y  when an EOD-mimic (S-1) p u lse  was 

used  id iich  caused  a r e s p o n s e  in  t h i s  a re a  (EPs were rec o rd e d  in  

re sp o n se  t o  th e  S - 1 ) , an S -2  s t im u lu s  p u ls e  o c c u rin g  w ith in  t h i s
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"u n resp o n siv e"  p e r io d  would s t i l l  e l i c i t  a n o v e l ty - r e la t e d  EP. T h is  

i n d i c a t e s  t h a t  t h e  f a s t  s y s te m  c a n n o t  a c c o u n t  f o r  a l l  o f  t h e  

n o v e l t y - r e l a t e d  p r o p e r t i e s  o b s e rv e d  i n  t h e  TS. The s i n g l e - u n i t  

a c t i v i t y  re c o rd e d  frcxn th e  TS may be from  u n i t s  p r e v io u s ly  m entioned by 

S c h le g e l (1 9 7 7 ). He r e p o r t s  t h a t  some u n i t s  in  th e  TS had l a t e n c i e s  o f  

5 ms o r  m ore , b u r s t s  o f  1 -  4 s p ik e s  w hich  in c re a s e d  in  n u n b e r (up t o  7 

-  8 s p ik e s /b u r  S t) w ith  chan g es in  s t im u lu s  i n t e n s i t y  o r  fre q u e n c y , and 

t h a t  th e s e  re s p o n s e s  w ere r a r e  and s h o r t - l a s t i n g .

Because th e  ELLL in p u t  t o  th e  TS i s  d i r e c t ,  t h e  d i f f e r e n c e s  in  th e  

m agn itudes o f  t h e  n o v e l ty - r e la t e d  p r o p e r t i e s  o f  th e s e  two a re a s  i s  

p ro b ab ly  n o t due to  a  change in  th e  in fo rm a t io n  flow  betw een them , b u t 

in s te a d  i s  due to  some p ro p e r ty  o f  t h e  TS i t s e l f .  I t  i s  p o s s ib le  t h a t  

some o f  th e  TS u n i t s  p ro v id e  an i n h i b i t o r y  fee d b a c k  t h a t  i s  dependan t 

on th e  tem p o ra l r e l a t i o n s h i p  betw een s u c c e s s iv e  in p u ts .  I t  i s  a ls o  

p o s s ib le  t h a t  some o th e r  b ra in  s t r u c t u r e s  m igh t i n h i b i t  TS re sp o n se s  to  

f re q u e n t s t i m u l i .  LC EPs were i n v e r s e ly  r e l a t e d  i n  m agn itude  to  th o s e  

o f  th e  TS ( F ig .2 - 1 ) ,  and cou ld  r e p r e s e n t  feed b ack  p o t e n t i a l s .  C risp in o  

(1983) found t h a t  c e r e b e l l a r  s t im u la t io n  w i l l  re d u c e  TS e le c t r o r e c e p to r  

re sp o n se s  in  th e  c a t f i s h .

R e la tio n s h ip  t o  b e h a v io r

I t  has  been  g e n e r a l l y  su g g e s te d  t h a t  EOD r a te -c h a n g in g  b eh av io r i s  

a  re sp o n se  to  d e te c te d  changes in  e l e c t r o r e c e p t i v e  a f f e r e n c e  (L arim er 

and MacDonald 1968, B lack -C lew orth  1970, H e ilig e n b e rg  e t  a l  1978, 

H e ilig e n b e rg  1980, Baker 1 9 8 0 ,1 9 8 1 ). The d e te c t io n  o c c u rs  by com paring 

su c c e s s iv e  EOD a f f e r e n c e s ,  and r a p i d l y  a d a p ts  t o  t h e  ch an g e . The
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n o v e l ty - r e la te d  a c t i v i t y  d e s c r ib e d  in  th e  p re s e n t  s tu d y  r a p i d l y  a d a p ts  

to  changes in  e l e c t r o r e c e p t iv e  a f f e r e n c e ,  and co u ld  r e p r e s e n t  th e  

a f f s re n c e  d i f f e r e n c e - d e te c t io n  t h a t  p re c e d e s  th e s e  e le c t r o s e n s o r y  

b e h a v io rs . A ll b e h a v io r a l  EOD a c c e l e r a t i o n s  to  s t im u lu s  o n s e t  were 

preceded b y  o r  s im u lta n e o u s  w ith  a  n o v e l ty - r e la te d  EP i n  th e  TS 

(F ig .2 - 5 ) .  The n e u ra l  re s p o n s e  c o u ld  b e  evoked w ith  s t i m u l i  a p p lie d  

e i th e r  l o n g i t u d in a l ly  o r  t r a n s v e r s e ly  ( r e l a t i v e  to  th e  f i s h ’ s  p r in c i p le  

body a x i s ) .  S im i la r ly ,  s t im u lu s  g eom etry  i s  n o t  c r i t i c a l  f o r  evok ing  a 

b e h a v io ra l N ovelty  Response (NR: H e ilig e n b e rg  1980, c h a p . I  t h i s

v o lu n e ) , o r  t h e  jamming av o id an ce  re s p o n s e  (H e ilig e n b e rg  e t  a l  1 9 7 8 ). 

In a  m a jo r i ty  o f  th e  EOD ra te - c h a n g in g  b e h a v io rs  t h a t  th e s e  f i s h  

perfo rm , th e  i n i t i a l  re sp o n se  i s  a r a p id  EOD a c c e l e r a t i o n .  T h is i s  

p o s s ib ly  a r e f l e x i v e  re sp o n se  t o  th e  change in  a f f e r e n c e .  T h is  r e f l e x  

would be a d a p t iv e ,  in  t h a t  i t  i n c r e a s e s  in fo rm a tio n  flow  t o  th e  f i s h  

(H e ilig e n b e rg  1 9 8 0 ) , a llo w in g  th e  f i s h  t o  fo llo w  w ith  th e  a p p ro p r ia te  

resp o n se  (EOD c e s s a t i o n , jamming a v o id a n c e , e t c . ) .

S e v e ra l  l i n e s  o f  ev id e n c e  s u g g e s t  t h a t  a lth o u g h  TS e le c t r o s e n s o r y  

n o v e lty  d e te c t io n  may be n e c e s s a ry  f o r  a b e h a v io ra l  re s p o n s e  to  

e le c tro s e n s o ry  n o v e l t i e s  to  o c c u r , some h ig h e r  c e n te r  i s  r e s p o n s ib le  

fo r th e  c o n t r o l  o f  th e  f i s h ’ s  b e h a v io r .  O ther s e n so ry  m o d a l i t i e s  can  

e l i c i t  a b e h a v io ra l  NR (Lissm an 1 9 6 1 ). I f  th e  n o v e l ty - r e la t e d  a re a  o f  

th e  TS i s  a b la t e d ,  e le c tro s e n s o ry - in d u c e d  NRs no lo n g e r  o c c u r ,  b u t  

re sp o n se s  t o  v i s u a l  and a u d i to r y  s t im u l i  rem ain  i n t a c t  ( C h a p . I I I ) .  

This in d ic a te s  t h a t  th e  NR i s  c o n t r o l le d  by  m u l t ip l e ,  in d ep e n d e n t 

se n so ry  s y s te m s , a s  su g g ested  by  d i f f e r e n t  h a b itu a t io n  r a t e s  ( C h a p .I ) .  

When th e  TS was d i r e c t l y  s t im u la te d ,  th e re b y  s im u la t in g  " n o v e lty
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d e te c t io n "  re s p o n s e s ,  a  b e h a v io r a l  NR o c c u rre d  to  o n ly  t h e  f i r s t  

s e v e ra l  s t i m u l i ,  i . e . ,  t h e  beha’/ i o r  h a b i tu a te d .  ÆLso, n o v e l ty - r e la t e d  

a c t i v i t y  re c o rd e d  from th e  TS d id  n o t h a b i tu a te  a t  s t im u la t io n  r a t e s  

t h a t  p roduce  b e h a v io ra l  h a b i tu a t io n  (F ig .2 - 6 ) .  Thus i t  seem s t h a t  TS 

n o v e lty  d e te c t io n  i s  n o t  s u f f i c i e n t  f o r  e l i c i t a t i o n  o f  a  b e h a v io ra l  

r e s p o n s e . S im i la r ly ,  M egela and C apran ica  (1983) found t h a t  w h ile  

low er a u d i to r y -p r o c e s s in g  re g io n s  in  th e  f ro g  do n o t h a b i tu a te  to  

s t im u l i  p re s e n te d  a t  r a t e s  a s  f a s t  a s  1 /1  s ,  t h e  d o r s a l  th a lam u s 

h a b i tu a te s  to  s t im u l i  p re s e n te d  a t  r a t e s  a s  s lo w  a s  1/20 -  30 s ,  and 

does n o t  respond  a t  a l l  t o  s t im u l i  p re s e n te d  1 /3  s .  The TS o f  th e  f ro g  

p ro v id e s  in p u t  t o  th e  d o r s a l  thalam us and h a b i tu a te s  t o  s t im u l i  

p re se n te d  a t  1/1 - 2 s  r a t e s , b u t  n o t  a t  s lo w e r r a t e s . The b e h a v io ra l  

re sp o n se  to  th e s e  a u d i to r y  s t i m u l i ,  evoked c a l l i n g ,  w i l l  a l s o  h a b i tu a te  

to  s t im u l i  p re s e n te d  1 /2 0  -  30  s .  In  a n o th e r  s tu d y  o f  n e u ra l  

h a b i tu a t io n  e f f e c t s  on b e h a v io r ,  K ilen y  e t  a l  (1975 ) c o r r e l a t e d  th e  

n o v e l ty - r e la t e d  r e s p o n s e s  o f  v e s t i b u l a r  n u c l e i  in  t h e  c a t  w ith  th e  

b e h a v io ra l  v e s t i b u la r  r e f l e x  t h a t  o c c u rs  w ith  r o t a t i o n a l  s t im u la t io n .  

P erhaps n o v e lty  d e te c t io n  i s  a g e n e ra l  r e q u i s i t e  f o r  a h o s t  o f  

r e f l e x i v e  b e h a v io r s  o b se rv ed  in  a n im a ls .

Com parison w ith  o th e r  s y s te n s

In  th e  p r e s e n t  s tu d y ,  n e u ro n s  were found t h a t  h a b i tu a te d  to  

s t im u l i  p re s e n te d  a t  r a t e s - r a n g i n g  from 1 /0 .1  s  -  1 /1 .5  s .  O ther 

n e u ra l  " n o v e l ty  d e te c to r s "  and r a p id ly - h a b i tu a t in g  n e u ro n s  have  been
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d e sc r ib e d  in  v a r io u s  an im al g ro u p s . In  th e  s q u id ,  th e  nunber o f  a c t io n  

p o te n t i a l  s p ik e s  t r a n s m i t te d  a c ro s s  th e  s t e l l a t e  g a n g lio n  synapse  w il l  

d e c l in e  i f  th e  s tim u lu s  t r a i n  i s  p re s e n te d  a t  r a t e s  a s  low  a s  1 /10  s 

(Horn and W right 1 9 7 0 ). O ther n e u ra l  re s p o n s e s  w i l l  h a b i tu a te  a t  

s t im u la t io n  r a t e s  a lm o s t a s  lo w , in c lu d in g  in v e r t e b r a te  ( e . g . ,  land  

s n a i l  g a n g lio n , 1 /5  s ;  Holmgren and F renk  1961) and v e r t e b r a t e  

p r e p a r a t io n s  ( e . g . ,  c a t  c a u d a te  n u c le u s ,  1/5 s : V inogradova and

Sokolov 1975). Some o f  t h e  n e u ra l  sy s te m s  d e m o n s tra tin g  h a b i tu a t io n  

p r o p e r t i e s  a r e  m o n o sy n ap tic , and some form o f  hom osynaptic  d e p re s s io n  

i s  in d ic a te d  a s  a  m echanism  ( e . g . ,  f ro g  v e n t r a l  r o o t  re s p o n s e , 1 /5  s :  

F a r e l  e t  a l  1 9 7 3 ) .  A l j u r e  e t  a l  (1 9 8 0 )  s u g g e s t  p o s t - s y n a p t i c  

d e p r e s s io n  i s  r e s p o n s i b l e  f o r  t h e  h a b i t u a t i o n  o f  t h e  M au th n er 

c e ll -m e d ia te d  s t a r t l e  re sp o n se  in  th e  h a t c h e t f i s h .  I t  i s  f a i r l y  

c e r t a i n  t h a t  t h e  h a b i tu a t io n  o f  t h e  g i l l  w ith d ra w a l r e f l e x  i n  A p ly sia  

i s  m ediated  by  m o d u la tio n  o f  th e  p r e - s y n a p t ic  ca lc iu m  c u r r e n t  t h a t  i s  

c r u c i a l  fo r  t r a n s m i t t e r  r e l e a s e  a c ro s s  th e  sy n a p se  (Kandel and Schw artz

1 9 8 2 ). N ovelty  d e te c t io n  by  c e l l s  o f  th e  c a t  n e rv e  co rd  d o r s a l  horn  i s  

e lim in a te d  i f  d e sce n d in g  b ra in s te m  im p u lse s  t o  t h e  d o r s a l  h o rn  a re  

b lo ck ed  by f r e e z in g  (W all 19 5 7 ), i n d ic a t in g  a r o l e  o f  feedback  in  t h i s  

sy s tem .

The m echanism (s) o f  n e u ra l  h a b i tu a t io n  o r  n o v e lty  d e te c t io n  in  th e  

e le c tr o s e n s o r y  p ro c e s s in g  system  o f  p u ls e - ty p e  w eakly e l e c t r i c  f i s h  i s  

n o t known. The r e s u l t s  p re s e n te d  h e re  i n d i c a t e  t h a t  t h i s  system  could  

be a f r u i t f u l  model f o r  i n v e s t ig a t io n s  o f  t h e  m echanism s o f  n e u ra l  

h a b i tu a t io n  and o f  th e  phenomenon o f  s e n s o ry  a f f e r e n c e - d i f f e r e n c e  

d e te c t io n  in  v e r t e b r a t e s .
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F ig u re  L egends

F i g .2 - 1 .  E v e n t - r e l a t e d  P o t e n t i a l s  (E P s) r e c o r d e d  from  v a r i o u s  

e l e c t r o s e n s o r y  p r o c e s s i n g  r e g i o n s  o f  o c c i d e n t a l i s  in  

re sp o n se  t o  s t im u l i  p re s e n te d  once  e v e ry  s ix te e n  (1 /1 6 ) PS 

c y c le s ,  o r  once e v e ry  ( 1 /1 )  PS c y c l e .  T o ta l  d u r a t io n  o f  t r a c e s  

i s  25 m s. S tim u lu s  i s  in d ic a te d  b y  a r t i f a c t  a t  b e g in n in g  o f  

each  t r a c e .  R ecord ing  d e p th  i s  in d ic a te d  by  v a lu e s  ( i n  um) a t  

b eg in n in g  o f  each  t r a c e .  H o r iz o n ta l  b a r  = 10 m s. P o la r i ty  i s  

in d ic a te d  in  A. EPs d is c u s s e d  in  th e  t e x t  a r e  in d ic a te d  by  

a rro w s . Tbaces in  A -  D, F from same f i s h ,  u s in g  same s tim u lu s  

i n t e n s i t y  (2 4  m v/cm ). T ra c e  E from  a n o th e r  f i s h  o f  same 

s p e c ie s ,  s t im u lu s  i n t e n s i t y  = 100 mv/cm. A. a n te r io r  l a t e r a l  

l i n e  g a n g l io n .  B. l a t e r a l  E le c t ro s e n s o ry  L a te r a l  L ine  Lobe 

(ELLL). C. r o s t r a l  p o r t io n  o f  m e d ia l  E L L L /E kinentia  G ra n u la r is  

P o s t e r io r  (EGP). D. c a u d a l p o r t io n  o f  m ed ia l ELLL/EGP. E.

Lobus C a u d a lis  (LC) o f  c e re b e llu m . F . Torus S e m ic irc u la r is

(T S ). S t ip p le d  a re a  r e p r e s e n t s  t h e  e x te r n a l ly  -  v i s i b l e  

p ra e e m in e n tia l  e le c t r o s e n s o r y  t r a c t .

F ig .2-2 A. T o ta l  s i n g l e - u n i t  sp ik e  re sp o n se  t o  100 s t im u l i  (o rd in a te )

p re se n te d  a t  v a r io u s  i n te r s t im u l u s  i n t e r v a l s  ( a b s c i s s a ,  lo g

s c a l e ) . A t y p i c a l  TS u n i t  ( CD ) shows a s tro n g  in c re a s e  in  

sp ik e  a c t i v i t y  a t  i n t e r v a l s  g r e a t e r  th a n  500 ms, w hereas th e  

a v e ra g e  ELLL ( O )  o r  g a n g lio n  ( z L )  u n i t  shows m inor ch an g es . 

Bars i n d i c a t e  + / -  1 SE f o r  th o s e  i n t e r v a l s  a t  w hich th e  u n i t  

was t e s t e d  more th a n  o n c e . S tim u lu s  used was a 0 .1  ms sq u a re  

p u ls e ,  i n t e n s i t y  = 30 mv/cm (T S), 25 mv/cm (ELLL), and 75 mv/cm 

( g a n g l io n ) .
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B. Mean n o rm alized  s in g l e - u n i t  a c t i v i t y  ( o r d in a te )  in  re sp o n se  

t o  100 c o n s e c u tiv e  s t im u l i  p re se n te d  a t  d i f f e r e n t  i n t e r v a l s  

( a b s c i s s a ) . S tim u lu s  i n t e r v a l s  a r e  n o rm alized  t o  PS c y c l e s .  

Means d e r iv e d  frcsn d a ta  s im i la r  to  th o s e  in  A, n o rm a liz e d  to  

th e  re sp o n se  a t  1/1 PS c y c le  f o r  each  u n i t .  B a rs  i n d ic a te  955 

c o n fid e n c e  l i m i t s .  Mean i n t e r v a l s  p e r  PS c y c le  = 176 ms 

(TS - D  ) ,  58 ms (ELLL - O ^ »  and 166 ms (g a n g lio n  -  A ) .

F i g .2 - 3 .  T o ru s  S e m i c i r c u l a r i s  (TS) n o v e l t y - r e l a t e d  EP m a g n i tu d e  

( o r d in a te )  i n c r e a s e s  w ith  in c re a s e d  s tim u lu s  i n t e r v a l .  Shown 

a r e  o c c id e n ta l i s  TS re s p o n s e s  to  s t im u l i  p re s e n te d  e v e ry  

(1 /1 )  PS c y c le  (40  m s), e v e ry  f o u r th  ( 1 /4 )  PS c y c le  (160 m s), 

e v e ry  s ix t e e n th  (1 /1 6 )  PS c y c le  (640 m s) , ev e ry  s ix t y - f o u r th  

( 1 /6 4 )  PS c y c le  (2560 m s), and e v e ry  tw o-hundred  f i f t y  s i x t h  

(1 /2 5 6 )  PS c y c le  (10240 m s). T race  b e g in s  a t  1 .2  ms fo llo w in g  

s t im u lu s  o n s e t  ( p a r t  o f  s tim u lu s  a r t i f a c t  shown a t  l e f t ) , and 

ends a t  25 ms a f t e r  s t im u lu s  o n s e t .  H o r iz o n ta l b a r  = 10 m s.

F ig .2 -4 . Mean p e rc e n t  change  in  T orus S e m ic ir c u la r is  (TS) u n i t  a c t i v i t y  

w ith  r e p e a te d  s t im u la t io n  i s  g r e a t e r  w ith  p e r s i s t e n t  (1 /1  PS 

c y c le )  s t im u l i  (CD) th a n  w ith  n o v e l (1 /1 6  PS c y c le s )  s t im u l i  

( O  ) .  PS c y c le  i n t e r v a l s  v a r ie d  from  45 -  200 m s. B ars 

r e p r e s e n t  + / -  1 SE. D ata a r e  a r c s in e  tra n s fo rm e d . S lo p e s  o f  

r e g r e s s i o n  l i n e s  ( n o t  shown) f i t t e d  t o  t h e s e  p o i n t s  a r e  

s i g n i f i c a n t l y  d i f f e r e n t  (P «  0 .0 0 1 ) .  E q u a tio n s  f o r  r e g r e s s io n  

l i n e s :  1 /1 , y  = -2 6 .6  -  0 .9 9 x; 1 /1 6 , y = - 9 .2  -  0 .2 0 x .
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F i g . 2-5 A. S im u lta n e o u s  n e u ro p h y s io lo g ic a l  and b e h a v io ra l  r e c o r d s  o f  

a c t i v i t y  i n  re s p o n s e  t o  a  s e r i e s  o f  e le c t r o s e n s o r y  s t i m u l i  in

H. b e e b e i . In  u p p e r p a r t  o f  f ig u r e ,  PS i n t e r v a l s  a r e  p lo t t e d

(num bers) i n  o r d e r  o f  o c c u re n c e . H o r iz o n ta l  l i n e  = v a lu e  o f  

f i r s t  i n t e r v a l  m easured  ( n o t  shown). Sm all v e r t i c a l  b a r s  above 

i n t e r v a l  n u n b e rs  i n d i c a t e  when s t im u l i  were p r e s e n te d .  Lower 

p a r t  o f  f i g u r e  c o n ta in s  EP t r a c e s  rec o rd e d  from th e  TS. Number 

a t  end o f  e a ch  t r a c e  i n d ic a te s  th e  PS i n t e r v a l  w ith in  w hich th e

EP w as r e c o r d e d .  S tim u lu s  a r t i f a c t  shown in  t r a c e s  11 -  31 .

Sm all v e r t i c a l  b a r s  i n d ic a te  la te n c y  a t  w hich th e  m ag n itu d es  o f  

th e  EPs w ere m e a su re d . P o l a r i ty  i s  in d ic a te d  in  f i r s t  t r a c e .  

Note t h e  d e c l in e  i n  EP m agnitude a f t e r  th e  f i r s t  two s t i m u l i .  

B a s e l in e  i n t e r v a l  (# 1 ) was 250 ms.

B. C o r r e la t io n  o f  d a ta  from A. Each PS i n t e r v a l  was s u b tr a c te d

from  th e  f i r s t  i n t e r v a l ,  and p lo t te d  a g a in s t  th e  m ag n itu d e  o f  

th e  c o r re s p o n d in g  E P , m easured a t  th e  p o in ts  in d ic a te d  in  a  and 

n o rm a liz e d  by  s u b t r a c t i n g  th e  p o t e n t i a l  m agn itude  in  t r a c e  #1

from  e a c h . A s i g n i f i c a n t  c o r r e la t io n  (PC0.001) e x i s t s  betw een

PS i n t e r v a l  l e n g th  and TS EP m agn itude .
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F i g .2 -6 . P o s t s t im u lu s  t im e  h is to g ra m s  o f  c a ra p o  TS s in g l e  u n i t  

a c t i v i t y  in  re s p o n s e  t o  s e v e r a l  s e r i e s  o f  100 c o n se c u tiv e  

s t i m u l i  p re s e n te d  a t  no v e l (1 /1 6  PS c y c le )  i n t e r v a l s .  H eigh t 

o f  each  b in  i n d i c a t e s  t o t a l  s in g le  u n i t  s p ik e s  re c o rd e d  a t  t h a t  

l a t e n c y  i n  re sp o n se  to  100 s t im u lu s  p r e s e n t a t i o n s .  V e r t i c a l  

c a l i b r a t i o n  = 25  s p ik e s .  Each b i n  = 0 .4  m s, and each  h is to g ram  

(e x c e p t  c o n t r o l )  c o n ta in s  128 b i n s .  R esponse p e r s i s t s  a f t e r  

th e  10 th  s e r i e s .  N o v e lty - re la te d  a c t i v i t y  i s  a l s o  m a in ta in e d ; 

re sp o n se  to  s t im u l i  p re se n te d  a t  p e r s i s t e n t  i n t e r v a l s  (1 /1  PS 

c y c le )  i s  c o n s id e ra b ly  reduced  ( c o n t r o l ) , b u t  a c t i v i t y  r e tu r n s  

vdien th e  i n t e r v a l  i s  a g a in  in c re a s e d  to  1 /1 6 . B ecause th e  PS 

i n t e r v a l  was ab o u t 40 m s, o n ly  100 0.4ms b in s  co u ld  be  c a p tu re d  

in  th e  c o n t r o l  r u n .  F i r s t  seven  b in s  i n  each  h is to g ram  were 

zeroed  to  remove s t im u lu s  a r t i f a c t .
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CHAPTER I I I  

ABLATION STUDIES

N e u ro p h y s io lo g ic a l r e s u l t s  (C hap. I I )  in d ic a te d  t h a t  th e  Torus 

S e m i c i r c u l a r i s  (TS) c o n ta i n e d  n e u r o n s  t h a t  b e h a v e  a s  p u t a t i v e  

e le c t r o s e n s o r y  n o v e lty  d e t e c t o r s ,  and th e  a c t i v i t y  o f  th e s e  neu rons 

could be  c o r r e la t e d  w ith  th e  b e h a v io ra l  N ovelty  Response (NR) « To show

t h a t  e l i m i n a t i o n  o f  t h i s  a r e a  w ou ld  c a u s e  e l i m i n a t i o n  o f  t h e

e le c tr o  se n so ry - in d u c e d  NR, tw o  H_. o c c id e n ta l i s  were t e s t e d  fo r  norm al 

e le c t r o s e n s o r y  NRs, and th e n  w ere g iv en  la r g e  b i l a t e r a l  l e s io n s  o f  th e  

TS by p a s s in g  a l a r g e  c u r r e n t  th ro u g h  t h e  r e c o rd in g  e le c t r o d e s .  The NR 

t o  e le c t r o s e n s o r y  s t im u l i  no lo n g e r  c o u ld  be e l i c i t e d  from th e s e  f i s h ,  

a lth o u g h  a t  l e a s t  in  one c a s e  a norm al NR would s t i l l  occu r to

a c o u s t i c o - l a t e r a l  s t i m u l i .  H i s to lo g ic a l  v e r i f i c a t i o n  o f  th e  l e s io n  

s i t e s  c o n firm ed  t h a t  t h e  " n o v e l ty -d e te c t in g "  re g io n s  o f  t h e  TS were 

in c lu d ed  in  th e  l e s i o n s .

An a d d i t io n a l  s e t  o f  e x p e rim e n ts  was perform ed to  show t h a t

a c t i v i t y  i n  o th e r  m ajo r b r a in  r e g io n s  i s  n o t n e c e s sa ry  fo r  th e  NR to  

o c c u r , and to  d em o n stra te  t h a t  th e  l o s s  o f  e le c tro s e n s o ry - in d u c e d  NRs 

in  T S -a b la te d  f i s h  r e s u l t s  from t h a t  p a r t i c u l a r  re g io n  b e in g  damaged 

and n o t from  g e n e ra l a b la t io n  e f f e c t s .  The b a s ic  f e a tu r e s  o f  th e s e  

e x p e rim e n ts , in c lu d in g  im m o b iliz a tio n  o f  th e  f i s h ,  were d e s c r ib e d  in  

C hapter I .  Removal o f  th e  lo b e s  was accom plished  by a s p i r a t i o n  o f  th e

90
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a p p r o p r ia te  t i s s u e  w ith  a g l a s s  p i p e t t e  a t ta c h e d  to  a vacuum l i n e .  

F is h  w ere g e n e r a l l y  a llow ed  one  t o  two h o u rs  o f  r e c o v e ry  b e fo re  

t e s t i n g .  The NR c o u ld  s t i l l  be e l i c i t e d  i n  ^  a r t e d i  a f t e r  rem oval o f  

b o th  lo b e s  o f  e i t h e r  t h e  f o r e b r a in  o r  te c tu m . Nine f i s h  were 

f o r e b r a in - a b la te d  and seven  w ere te c tu m - a b la te d . F o re b ra in -a b la te d  

s u b j e c t s  show ed s l i g h t l y  lo w e r  r e s p o n s e s  t o  l i g h t  s t i m u l i  and 

h a b i tu a te d  to  i t  s l i g h t l y  f a s t e r  (mean T au; norm al = 6 .4 ,  a b la te d  = 

5 .6 )  th a n  n o n -a b la te d  f i s h .  The m ost c o n s i s t e n t  e f f e c t s  o f  f o re b ra in  

a b la t io n  w ere on re s p o n s e s  to  sound s t i m u l i .  F o re b ra in  a b la t io n  

enhanced th e  s i z e  o f  th e  NR to  so u n d , r e l a t i v e  to  i n t a c t  f i s h ,  and 

d e c re a s e d  th e  h a b i tu a t io n  r a t e  (mean Tau: norm al = 3 -9 , a b la te d  =

4 .9 ) .  None o f  th e s e  e f f e c t s  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  b ecau se  o f  

l im i te d  sam ple s i z e s .  The s i g n i f i c a n t  e f f e c t  o f  in c re a s e d  i n t e n s i t y  on 

re sp o n se  s i z e  i s  n o rm a lly  red u c e d  by  F lax ed i l  im m o b iliz a tio n . A f te r  

f o r e b r a in  a b l a t i o n ,  th e  e f f e c t  o f  s t im u lu s  i n t e n s i t y  on re sp o n se  s iz e s  

was s i g n i f i c a n t .  There was no s i g n i f i c a n t  d i f f e r e n c e  in  th e  r a t e  o f  

h a b i tu a t io n  to  th e  th r e e  s t im u lu s  m o d a l i t i e s  in  th e  f o re b r a in - a b la te d  

f i s h .  Removal o f  th e  f o r e b r a in  d id  n o t  a f f e c t  t h e  re s p o n s e s  to  

e l e c t r i c  s t im u l i  much a t  a l l .  The r a t e  o f  h a b i tu a t io n  was s l i g h t l y  

f a s t e r  (mean Tau: norm al = 6 .0 ,  a b la te d  = 5 .0 ) ,  b u t  n o t s i g n i f i c a n t l y

s o .  The s t a r t l e  re s p o n s e  t o  a c o u s t i c  s t im u l i  o f  fo re b r a in - le s io n e d  

Siam ese f i g h t in g  f i s h  h a b i tu a te s  m ore r a p i d l y  th a n  t h a t  o f  i n t a c t  f i s h ,  

and e x h ib i t s  a h ig h e r  fre q u e n c y  o f  o c c u rre n c e  (M arino-N eto & Sabbat i n i

1 9 8 3 ) .

O th er s tu d i e s  o f  t h e  e f f e c t s  o f  l e s i o n s  on h a b i tu a t io n ,  done 

m o s tly  o n  r a t s  (Jo rd a n  & L eaton  1982, Capps & Stock w e l l  1 9 6 8 ), 

im p l ic a te  th e  r e t i c u l a r  system  a s  th e  e f f e c t i v e  lo c u s .  The r e s u l t s  o f
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t h i s  s tu d y  a r e  f a r  from c o n c lu s iv e ,  b u t  do in d ic a te  t h a t  g ro s s  a b la t io n  

o f  th e  f o r e b r a in  a l t e r s  th e  f i s h ’ s  s t a t e  o f  a r o u s a l ,  and th u s  th e  

r e t i c u l a r  sy s tem  may b e  invo lved  in  th e  h a b i tu a t io n  o f  th e  re sp o n se  

exam ined. The e f f e c t  o f  t e c tu n  a b la t io n  was m o s tly  t o  re d u c e  re sp o n se  

s i z e .  H a b i tu a t io n  r a t e s  t o  e l e c t r i c  (mean T au: norm al = 6 .0 ,  a b la te d

= 6 .4 ) and sound  (mean Tau: norm al = 3 .9 ,  a b la te d  = 5 .6 )  s t im u l i  were

slow er th a n  n o rm a l. R esponses to  l i g h t  s t im u l i  d id  n o t o ccu r r e g u l a r l y  

in  te c tu m -a b la te d  f i s h .  As w ith  f o r e b r a in - a b la te d  f i s h ,  h a b i tu a t io n  

r a t e s  to  th e  s t im u lu s  m o d a l i t i e s  d id  n o t  d i f f e r .
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