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ABSTRACT

Dopamine i s  one o f a  number o f n e u ro tr a n s m it te r  c a n d id a te s  found  in  

th e  in s e c t  CÏÏS. I t  h as  been lo c a l i s e d  in  a  number o f  n eu ro n es , and 

o th e r s  have been shown to  respond  to  th e  a p p l ic a t io n  o f dopamine. 

T h is  s tu d y  in v e s t ig a t e s  th e  resp o n se  o f th e  common in h i b i to r y  

m otoneurone Da to  dopamine, and i t s  io n ic  b a s is .  The re sp o n se  to  

dopamine i s  d is t in g u is h e d  p h a rm a co lo g ica lly  from  re sp o n se s  to  

n o ra d re n a lin e , octopam ine and a c e ty lc h o lin e ,  a l l  n e u r o tr a n s m it te r  

c a n d id a te s  w ith in  th e  in s e c t  CNS, and i t  i s  co n cluded  t h a t  a  r e c e p to r  

s p e c i f i c  f o r  dopamine i s  p re s e n t  on t h i s  c e l l .  F in a l ly ,  t h i s  

p u ta t iv e  dopamine r e c e p to r  i s  c h a r a c te r i s e d  p h a rm a c o lo g ic a lly , and 

i t s  p o s i t io n  r e l a t i v e  to  th e  e x ta n t  c l a s s i f i c a t i o n  schem as f o r  

mammalian r e c e p to r s ,  and i t s  s im i l a r i t y  o r  o th e rw ise  to  o th e r  

in v e r te b r a te  dopamine r e c e p to r s  i s  d isc u sse d .
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SECTION 1 -  GENERAL INTRODUCTION

1 .1  IlSECTS -  ECONOMIC IMPORTANCE & USE AS A MODEL FOR STUDY

I n s e c ts  a re  e c o lo g ic a l ly  one o f th e  most s u c c e s s fu l  g ro u p s o f an im als  

on e a r th ,  a c c o u n tin g  fo r  ov er 75% o f a l l  known s p e c ie s .  They a re  

suprem ely a d a p ta b le , and have c o lo n is e d  p r a c t i c a l l y  e v e ry  a v a i la b le  

n ich e , ex ce p t th o se  in  m arine env ironm ents. Here th e y  fa c e d  

c o m p e titio n  from  th e  p h y lo g e n e t ic a l ly  r e l a t e d  C ru s ta c e a , which 

r e p la c e  them  in  th e s e  h a b i t a t s .

As a consequence o f t h e i r  ex trem e abundance and o p p o r tu n is t  eco logy , 

in s e c t s  have become eco n o m ica lly  im p o rtan t. They c a r r y  d is e a s e s  

which a f f e c t  b o th  man and m an 's d o m e stic a te d  a n im a ls . M ala ria , 

caused  by th e  p a r a s i t i c  m icro -o rg an ism  Plasmodium, and sp re a d  by th e  

b i t e  o f fem ale m osqu itoes o f th e  genus Anopheles, i s  a  m ajor cau se  o f 

d ea th  in  th e  t r o p i c a l  t h i r d  w orld . T rypanosom iasis , sp re a d  by f l i e s  

o f th e  genus G lossln a , n o t on ly  a f f e c t s  humans c a u s in g  ex trem e 

la s s i tu d e ,  and e v e n tu a l ly  coma and d ea th , b u t a l s o  p ro d u ces  h ig h  

m o r ta l i ty  r a t e s  among c a t t l e  and o th e r  dom estic  a n im a ls  in  a f f e c t e d  

a re a s .  '

H is to r i c a l ly  l i t t l e  co u ld  be done to  p re v e n t th e  ra v a g e s  o f in s e c t s .  

More re c e n t advances in  te ch n o lo g y  p ro v id ed  chem ica l a g e n ts  which 

k i l l e d  one o r more s ta g e s  o f th e  l i f e - c y c l e  o f many in s e c t s .  Some o f

-  1 —



th o se  e a r ly  i n s e c t i c i d e s ,  however, proved dangerous to  man and th e  

env ironm ent.

DDT (p -d io h lo ro d ip h e n y lt r ic h lo re th a n e )  was used  e f f e c t i v e l y  a s  an  

i n s e c t i c id e  d u rin g  th e  1950s and '6 0 s . More r e c e n t ly  i t  h as  been  

found t o  have u n d e s ira b le  s id e - e f f e c t s .  DDT i s  f a t  s o lu b le ,  and 

ch e m ic a lly  p e r s i s t e n t ,  a llo w in g  i t  to  be s to r e d  in  f a t t y  t i s s u e s  once 

in g e s te d . When a n im a ls  a r e  e a te n  by th o se  f u r th e r  up food  c h a in s , 

and in  many c a se s  u l t im a te ly  by man, th e se  h ig h  c o n c e n tr a t io n s  o f  DDT 

can  produce l i v e r  damage, CMS d e p re ss io n , weakness and e v e n tu a l ly  

coma and d ea th .

The need now i s  f o r  th e  developm ent o f p e s t i c id e s  w hich a r e  

s p e c i f i c a l l y  ta r g e te d  a t  p a r t i c u l a r  s p e c ie s .  T h is  r e q u i r e s  a 

d e t a i l e d  knowledge o f  th e  ways in  which such a g e n ts  can  e f f e c t i v e l y  

be used  to  e x p lo i t  d i f f e r e n c e s  in  th e  n e u ro c h e m is try  and 

n eu ro p y h sio lo g y  o f p e s t  s p e c ie s .

The in s e c t  CMS h as  been th e  s u b je c t  o f much in te n s iv e  s tu d y , b u t even  

now th e  neuropharm acology i s  p o o rly  u n d ers to o d  in  most s p e c ie s .  

I n s e c ts  r e p re s e n t  e a s i l y  m a in ta in e d  s u b je c ts  f o r  r e s e a r c h ,  and a llo w  

in v e s t ig a t io n s  in to  neuropharm acology and n eu ro p h y sio lo g y  ' t o  be 

perform ed on a  nervous sy stem  which i s  mich s im p le r  th a n  t h a t  o f  a 

mammal. I t  s t i l l ,  however, r e t a i n s  many o f th e  c h a r a c t e r i s t i c s  o f 

more com plex system s in  te rm s o f neu ronal in te r a c t io n s .
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1 .2  TRANSMITTERS

An im p o rtan t g o a l in  th e  s tu d y  o f th e  in s e c t  CMS i s  th e  u n d e rs ta n d in g  

o f s y n a p tic  t r a n s m is s io n  w ith in  i t .  Chemical sy n ap ses  p e rm it much 

g r e a te r  m o d if ic a tio n  o f  in fo rm a tio n  th a n  e l e c t r i c a l  sy n ap ses , and i t  

i s  th e se  which have re c e iv e d  th e  m a jo r ity  o f  a t t e n t i o n  in  r e c e n t  

y e a rs .

The a g e n ts  r e s p o n s ib le  f o r  chem ica l n e u ro tra n sm iss io n  have been more 

c lo s e ly  s tu d ie d  in  v e r t e b r a t e s  th a n  in  in s e c t s .  The m a jo r ity  o f 

c l a s s i c a l  n e u r o tr a n s m it te r s  found in  v e r te b r a te s  a re  a l s o  found in  

in s e c t s  (see  P itm an, 1985). D e te rm in a tio n  o f th e  I d e n t i ty  and r o le

o f n e u ro p e p tid e s  w ith in  th e  in s e c t  CMS, however, i s  r e l a t i v e l y  

l im ite d .

B efore an ag en t can  be a c c e p te d  a s  th e  n e u ro tr a n s m it te r  a t  a 

p a r t i c u l a r  synapse , i t  must s a t i s f y  b a s ic  c r i t e r i a .  The su b s ta n c e  

must be p re s e n t  and d e te c ta b le  in  th e  c e l l s  from  which i t  i s  

re le a s e d ,  and enzymes and p r e c u r s o r s  f o r  i t s  s y n th e s is  must a l s o  be 

p re s e n t .  Calcium  dependen t r e le a s e  of th e  su b s ta n c e  to  th e

e x t r a c e l l u l a r  sp ace  must be d em o n strab le , and nechanism s f o r  th e

in a c t iv a t io n  o r rem oval o f  th e  c a n d id a te  must e x i s t  in  th e  im m ediate 

v i c i n i t y  o f th e  r e le a s e  s i t e .  A p p lic a tio n  o f  th e  p ro s p e c tiv e  

t r a n s m i t t e r  by a r t i f i c i a l  means on to  th e  p o s t - s y n a p t ic  a re a  sh o u ld  

mimic th e  a c t io n  o f th e  t r a n s m i t t e r  r e le a s e d  a s  a  r e s u l t  o f p re -  

s y n a p tic  s t im u la t io n .  In  a d d i t io n ,  a g e n ts  which mimic o r  b lo c k  th e  

a c t io n s  o f th e  endogenous t r a n s m i t t e r  must a l s o  mimic o r i n t e r f e r e  

w ith  th e  a c t io n  o f th e  p u ta t iv e  t r a n s m i t t e r  su b s ta n c e  when i t  i s
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added. F in a l ly ,  b ia ch em ica l d em o n stra tio n  o f s p e c i f i c  r e c e p to r s  f o r  

th e  t r a n s m i t t e r  su b s ta n c e  in  th e  p o s t- s y n a p tic  membrane i s  n e c e ssa ry .

R elease  o f t r a n s m i t t e r  i s  c l a s s i c a l l y  th o u g h t to  be . c a lc iu m  

dependent. Dudel e t  a l  (1983), however, w orking on th e  c r a y f i s h ,  

re p o r te d  ev idence  which th e y  to o k  to  in d ic a te  t h a t  r e le a s e  c o u ld  be 

produced by th e  d e p o la r i s a t io n  of th e  p re s y n a p tic  te rm in a l  a lo n e , 

w ith o u t th e  n e c e s s i ty  f o r  th e  in f lu x  o f ca lc iu m . However, t h i s  

th e o ry  rem ains c o n t r o v e r s i a l ,  and has been r e f u te d  by Zucker & Lando 

(1986) who b e l ie v e  t h a t  r e le a s e  under th e se  c irc u m s ta n c e s  i s  p ro b ab ly  

caused  by ca lc ium  in f lu x  in  a p o r t io n  o f th e  te rm in a l  a re a  n o t 

vo ltag e -c lam p ed  by th e  ex p e rim en ta l p ip e t te .  R e lease  may a l s o  be 

re g u la te d  by p re - s y n a p tic  f a c to r s ,  such  a s  r e c e p to r s  f o r  th e  r e le a s e d  

t r a n m s i t t e r  which may be p r e s e n t  on th e  p re s y n a p tic  te rm in a l  and a c t  

a s  a feedback  mechanism to  r e s t r i c t  th e  f u r t h e r  r e le a s e  o f 

t r a n s m i t t e r  (Langer, 1974; R a i t e r i  e t  a l ,  1978; L anger, 1981).

A c e ty lc h o lin e , known to  be th e  e x c i ta to r y  t r a n s m i t t e r  a t  th e  

v e r te b r a te  s k e le t a l  neu rom uscu lar J u n c tio n , h a s  a l s o  been shown to  

e x i s t  in  th e  in s e c t  CNS (see  Klemra, 1976; P itm an, 1985; S a t t e l l e ,

1985). I t  has been shown to  mimic ep sp ’ s  in  th e  co ck roach  6 th  

abdom inal g an g lio n , and b o th  th e  epsp  and th e  re sp o n se  to  

io n to p h o r e t ic a l ly  a p p l ie d  a c e ty lc h o lin e  were enhanced by e s e r in e  

(Pitm an & K erkut, 1970). In  a d d i t io n ,  a c e ty lc h o l in e  i s  s u sp e c te d  to  

a c t  a s  th e  n e u ro tr a n s m it te r  a t  th e  synapse betw een th e  t r o c h a n te r a l  

h a i r p l a te  and th e  m otoneurone Ds. (C arr & F o u r tn e r , 1980).

-  4



A cQ tylcho liiie  r e c e p to r s  a r e  d iv id e d  b ro ad ly  in to  two ty p e s , n i c o t in i c  

and m u sc a r in ic , a c c o rd in g  to  th e  p r e f e r e n t i a l  b in d in g  o f n ic o t in e  o r  

m uscarine. T here i s  ev id en ce  f o r  th e  e x is te n c e  o f bo th  ty p e s  in  th e  

in s e c t  n erv o u s system . However, th e  n ic o t in i c  r e c e p to r  found in  th e  

in s e c t  CMS a p p e a rs  to  d i f f e r  p h a rm a co lo g ica lly  from  v e r te b r a te  m odels 

(Benson, 1986) and p re s y n a p tic  m u sca rin ic  r e c e p to r s  may be in v o lv e d  

in  a u to r e g u la t io n  o f  t r a n s m i t t e r  r e le a s e  (B reer & S a t t e l l e ,  1987).

Of th e  am in o -ac id  t r a n s m i t t e r s ,  t h a t  which h as  re c e iv e d  most 

a t t e n t i o n  i s  Y -nm inobu ty ric  a c id  (GABA). I t  i s  an  im p o rta n t 

in h ib i to r y  t r a n s m i t t e r  in  th e  v e r te b r a te  CMS (Duggan, 1985), and h as  

been shown to  have s im i la r  p r o p e r t ie s  in  b o th  th e  c e n t r a l  and 

p e r ip h e ra l  n e rv o u s  sy stem s in  in s e c t s  (K erkut, P itm an & W alker, 

1969a; 1969b; P itm an & K erku t, 1970; P itm an, 1985; Benson, 1988;

Moss & M ille r ,  1988). However, th e re  ap p ea r to  be im p o rta n t 

d i f f e r e n c e s  betw een th e  pharm acology o f th e  v e r te b r a te  r e c e p to r s  and 

th o se  found in  in s e c t s  ( S a t t e l l e  e t  a l ,  1986; Benson, 1988).

G lutam ate h as  been  i d e n t i f i e d  a s  an e x c i ta to r y  t r a n s m i t t e r  a t  th e  

in s e c t  n eu rom uscu lar ju n c t io n  (Usherwood e t  a l ,  1968; Daoud & 

Usherwood, 1978; Usherwood, 1978), a  r o le  which i t  a l s o  a p p e a rs  to  

f u l f i l  in  mammals (Mayer, W estbrook & G u th rie , 1984).

Of more d i r e c t  re le v a n c e  to  th e  p re s e n t s tu d y  a re  th e  b io g e n ic  

am ines. These a r e  th e  c a tech o lam in e s  dopamine, n o ra d re n a l in e , and 

a d re n a l in e ,  th e  in d o la lk y la ra in e  5 -h y d ro x y try p tam i n e , and th e  

monophenolamine octopam ine. H istam ine i s  a l s o  a n e u ro tr a n s m it te r  

c a n d id a te  in  in s e c t s .
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B iochem ical a s s a y s  have a llo w ed  assessm en t and q u a n t i f i c a t io n  o f

th e se  am ines p re s e n t  w ith in  a  v a r i e ty  o f in s e c t  p r e p a ra t io n s  b e s id e s

th e  cockroach . Dopamine h a s  been shown to  be p re s e n t  in  th e  nervous

system  o f th e  c a d d is  f l y  Â nabolia  nervosa  (Klemra & B jo rk lu n d , 1971),

in  th e  lo c u s t ,  S c h is to c e rc a  g re g a r îa , (Klemm & A xelsson , 1975-;

R obertson , 1986), in  th e  lo c u s t  Locusta m ig ra to ria , (H ir ip i  & S~

Rosza, 1973), and in  th e  h em ip te ran , Shodnius p r o l ix u s  (F lanagan ,'

1986). N o rad ren a lin e  h as  been  found in  th e  nervous sy stem  o f

S ch is to ce rc a  (Klemm & A xelsson , 1971; R obertson , 1986), in  Locusta

m ig ra to ria  (H ir ip i  & S-R osza, 1973), and in  Phodnius (F lanagan ,

1986). Octopamine h as  been  found in  lo c u s t s  (Hoyle, 1975; Hoyle &
efcac

B arker, 1975; R obertson , 1986; K o n in g ^  1989, a l s o  se e  A xelrod & 

Saavedra , 1977; O rchard , 1982 f o r  re v ie w s) . S e ro to n in  (5 -HT) has 

been shown to  e x i s t  in  S c h is to c e rc a  (Klemm & A xelsson, 197B) and 

Ehodnius (F lanagan , 1986; O rchard , 1989). H istam ine h a s  a l s o  been 

found in  in s e c t  nervous sy stem s, e s p e c ia l ly  in  th e  o p t ic  lo b e s  o f th e  

b ra in  (E l ia s  & Evans, 1983), Many s tu d ie s  have a tte m p te d  to  f in d  

a d re n a lin e ,  b u t so  f a r ,  i t  h a s  been u n d e te c ta b le  in  most (see  P itm an, 

1985).

In  th e  cock roach  P e r ip la n e ta  americana, dopamine has been -found in  

many p a r t s  o f th e  CMS. F r o n ta l i  & Haggendal (1969) showed b o th  

dopamine and n o ra d re n a lin e  t o  be p re s e n t  in  th e  b ra in ,  and Dymond & 

Evans (1979) d e te c te d  dopamine th ro u g h o u t th e  nervous system . They 

a ls o  found n o ra d re n a l in e , in  q u a n t i t i e s  a p p ro x im a te ly  10 tim es  l e s s  

th a n  th o se  o f dopam ine, (0 .2 9  p m o le /g an g lio n  n o ra d re n a lin e  to  2 .61  

pm ole /g an g lio n  dopam ine), w h ile  a d re n a l in e  was a g a in  u n d e te c ta b le .
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a
Evans (1 9 7 ^  1980) d e te c te d  octopam ine in  th e  co ck ro ach  CMS in

q u a n t i t i e s  o f 5 ,2 8  pmole s / g a n g lio n  and M artin  e t  a l  (1984) u sed  a  

h ig h  perform ance l i q u id  chrom atography (HPLC) te c h n iq u e  to  a s sa y  a l l  

th e  am ines p re s e n t ,  In c lu d in g  octopam ine. They found t h a t  th e  l e v e l s  

o f am ines in  th e  th o r a c ic  g a n g l ia  were 4 ,7 9  pmole octopam ine to  2 .4 4  

pmole dopam ine, n o ra d re n a l in e  n o t b e in g  assay ed  in  th e s e  g a n g lia .

Dopamine, n o ra d re n a l in e , a d re n a l in e ,  and 5-HT can  be lo c a l i s e d  a t  a 

c e l l u l a r  le v e l  by th e  a ld eh y d e  f lu o re s c e n c e  te c h n iq u e  o f F a lc k  & 

H il la r p  (F a lck , 1962). T h is  te c h n iq u e  has been im proved by th e  

s u b s t i t u t i o n  o f  g ly o x y lic  a c id  f o r  form aldehyde, which r e s u l t s  in  

b r ig h t e r  and more e a s i l y  d e te c te d  f lu o re s c e n c e  (L indv a11 e t  a l ,  

1974), and h as  been f u r th e r  r e f in e d  fo r  use on u n s e c tio n e d  in s e c t  

m a te r ia l  (Flem ing & P itm an, 1982; Baker & Pitm an, 1989).

F lu o rescen c e  h is to c h e m ic a l te c h n iq u e s  have been  used  in  v e r te b r a te  

p r e p a ra t io n s ,  and was used  to  l o c a l i s e  dopamine in  n eu ro n es o f th e  

g a s tro p o d  P la n o rb is  corneus  by Powell & C o i^ e ll  (1974). F r o n ta l i

(1968) found neurones w ith in  th e  cockroach  b r a in  which f lu o re s c e d  

w ith  th e  c h a r a c t e r i s t i c s  o f am ines, and Flem ing & P itm an (1982) and 

Baker & Pitm an (1989) p roduced  d e f in i t e  ev id en ce  o f  th e  p re sen ce  o f 

dopamine o r  n o ra d re n a l in e , b u t n o t o f  5-HT, in  th e  th o r a c ic  and 

abdom inal g a n g lia ,

Octopamine can be lo c a l i s e d  by e x t r a c t io n  and h ig h -v o l ta g e  

e le c t r o p h o r e s is  (Hoyle & B ark e r, 1975; Evans, 1980). T here i s  

ev idence  t h a t  in  th e  lo c u s t ,  th e  d o rs a l u n p a ire d  m edian n eu ro n es 

c o n ta in  and r e le a s e  octopam ine on s t im u la t io n  (H oyle, 1975; Evans,
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1980). The q u a n t i ty  o f octopam ine p re s e n t  in  th e  cock roach  CMS i s  

s l i g h t l y  l a r g e r  th a n  th e  amount o f dopamine (Evans, 1980).

In  th e  mammalian CMS, dopam ine and n o ra d re n a lin e  a re  s y n th e s is e d  in  a 

common pathway. The amino a c id  ty ro s in e  i s  f i r s t  c o n v e rte d  to  L- 

d ih y d ro x y p h en y la la n in e  (L-DOPâ) by ty ro s in e  h y d ro x y lase . L-DOPA i s  

th e n  d e c a rb o x y la te d  by DOPA-d eca rb o x y lase  to  g iv e  dopamine. In  

n o ra d re n e rg ic  c e l l s ,  dopam ine i s  th e n  f u r th e r  c o n v e rte d  by dopam ine- 

jS -hydroxylase to  n o ra d re n a l in e  (B laschko, 1973).

The breakdown o f th e s e  am ines in  v e r te b r a te s  i s  p red o m in an tly  by 

means o f monoamine o x id a se , w hich c o n v e r ts  am ines to  a ld eh y d es , and 

c a te c h o l-0 -m e th y l t r a n s f e r a s e ,  which d e a c t iv a te s  th e  m olecu le  by 

m é th y la tio n .

In  in s e c t s ,  Maxwell e t  a l  (1978) showed th a t  w h ile  dopamine a p p e a rs  

to  be s y n th e s is e d  from  ty r o s in e  in  th e  moth Manduca se x ta ,  

n o ra d re n a lin e  i s  n o t p roduced  from  t h i s  p re c u rs o r . I t  a p p e a rs  l i k e l y  

th e re f o r e  t h a t  th e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  betw een th e  

b io s y n th e t ic  p ro c e s s e s  f o r  b io g e n ic  am ines in  in s e c t s  and mammals.

The enzymes in v o lv ed  in  d e a c t iv a t io n  o f am ines in  v e r t e b r a te s  do  n o t 

app ea r t o  p la y  any m ajor r o l e  in  in s e c t s  (Evans, 1980). S e k e r is  & 

K arlson  (1966) showed t h a t  c e r t a i n  M -ace ty la ted  amine d e r iv a t iv e s  a re  

in v o lv ed  in  c u t i c u l a r  ta n n in g  fo llo w in g  e c d y s is ,  and more r e c e n t  

ev idence  s u g g e s ts  t h a t  M -a c e ty la t io n  i s  one p o s s ib le  way in  which 

am ines may be r e c y c le d  (Vaughan & Meuhoff, 1976). Uptake o f am ines 

by a  v a r ie ty  o f t i s s u e s  h a s  been  dem onstra ted . Evans (1978b) showed
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t h a t  cockroach  n ervous t i s s u e  had a  sod ium -dependent u p tak e  sy stem  

f o r  th e  up take  o f octopam ine, and O rchard  (1989) has shown t h a t  

Rhodnius neurohaem al t i s s u e  p o s se s s e s  a  h i g h - a f f i n i t y  up take  

mechanism f o r  s e ro to n in .  In  th e  cockroach , an  up take  sy stem  f o r  

dopamine has been c h a r a c te r i s e d  in  v e s ic l e s  p re p a re d  from  b ra in  

e x t r a c t s  (G iffo rd , 1989),

There i s ,  th e r e f o r e ,  ev id en ce  t h a t  b io g e n ic  ain ines a re  p re s e n t  in  th e  

in s e c t  CMS, and t h a t  th e  c r i t e r i a  f o r  t h e i r  c o n s id e r a t io n  a s  

n e u ro tr a n s m it te r s  a re  s a t i s f i e d  a t  l e a s t  in  p a r t .

Dopamine and n o ra d re n a l in e  a r e  known to  be in v o lv e d  in  s y n a p t ic  

tra n s m is s io n  in  th e  mammalian CMS, where th e y  e x e r t  p red o m in an tly  

in h ib i to r y  in f lu e n c e s  on t h e i r  t a r g e t  n eu ro n es , a lth o u g h  b io g e n ic  

am ines, e s p e c i a l l y  dopam ine, have been shown t o  in c re a s e  e x c i t a b i l i t y  

in  r a t  s p in a l  n eu ro n es (B a ra s i & R o b erts , 1977). L e s io n s  w ith in  th e  

dopam inerg ic  t r a c t s  o f  th e  b a s a l  g a n g lia  a re  th o u g h t to  be a s s o c ia te d  

w ith  P ark in son ism . T h is  c o n d i t io n  can  in  some c a s e s  be a l l e v i a t e d  by 

in j e c t i o n  o f e i t h e r  dopamine i t s e l f  o r  i t s  m e ta b o lic  p re c u r s o r s .  In  

a d d i t io n ,  5-HT h as  been im p lic a te d  in  th e  s u p ra s p in a l  c o n t ro l  o f 

s p in a l  p a in  p ro c e s s in g  (Duggan, 1985),

In m o llu scs , b io g e n ic  am ines have been shown to  e x e r t  b o th  e x c i ta to r y  

and in h ib i to r y  e f f e c t s  on neu ro n es . 5-HT e l i c i t s  an  e x c i ta to r y  

resp o n se  from  c e l l s  in  th e  abdom inal g a n g lio n  o f  A p ly s ia ,  which shows 

an unusual v o ltag e -d ep en d e n cy , in c re a s in g  in  s i z e  a t  d e p o la r is e d  

p o te n t i a l s  (P e llm ar & W ilson, 1977). The b a s i s  o f  t h i s  re sp o n se  was
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shown to  be a 5-HT in duced  ca lc iu m  c u r re n t  (P e llm ar & C a rp e n te r , 

1979; 1980) .

K le in  & Kandel (1978; 1980) found th a t  5-HT s im u la te d  p re s y n a p tic

f a c i l i t a t i o n ,  and su g g e s te d  th a t  t h i s  p ro c e ss  may form  th e  b a s i s  f o r  

th e  s im p le  le a rn in g  p ro c e s s  In vo lved  in  th e  g i l l  w ithd raw al r e f l e x  o f 

A p lysia ,

R ecen tly , i t  h as  been d em o n stra ted  t h a t  5-HT, th ro u g h  a c t io n s  w hich 

m odulate i n t r a c e l l u l a r  l e v e l s  o f c y c l ic  AMP, su p p re s se s  a  s te a d y -  

s t a t e  c a lc iu m -a c t iv a te d  p o ta ss iu m  c u r re n t  in  t a i l  s e n so ry  n eu ro n es o f 

A p ly sia  (Walsh & Byrne, 1989; B ax ter & Byrne, 1969).

Dopamine h as  b o th  e x c i t a to r y  and in h ib i to r y  e f f e c t s  on m o llu scan  

neurones. B erry  & C o t t r e l l  (1975) showed t h a t  s t im u la t io n  o f a  g ia n t  

dopam inerg ic  neurone in  P la n o rb is  corneus  p roduced e x c i ta to r y ,  

in h ib i to r y  o r b ip h a s ic  re sp o n s e s  in  a number o f fo llo w e r  n eu rones.

Osborne (1977) found th a t  c y c l ic  AMP le v e l s  were r a i s e d  in  n eu ro n es  

o f H e lix  pom atia  fo llo w in g  a p p l ic a t io n  o f dopamine. S im ila r ly ,  J u e l  

(1981) showed t h a t  p re s y n a p tic  fu n c tio n  in  H elix  pom atia  was a l t e r e d  

by changes in  th e  i n t r a c e l l u l a r  le v e l  o f c y c l ic  AMP, b ro u g h t ab o u t by 

s t im u la t io n  o f dopamine r e c e p to r s  on th e  p re s y n a p tic  c e l l .  He 

f u r th e r  e s ta b l i s h e d  th a t  th e s e  e f f e c t s  were m ed iated  by a u to re c e p to r s  

f o r  dopamine ( J u e l ,  1982). These e f f e c t s  were s u s c e p t ib le  to  a  ran g e  

o f dopam inerg ic  a g o n is t s  and a n ta g o n is ts  ( J u e l,  1983).
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S to o f, de V lie g e r  & Lodder <1985) went f u r th e r  and a t t r i b u t e d  th e  

opposing  e x c i ta to r y  and in h i b i to r y  re sp o n se s  to  dopamine in  grow th 

hormone p ro d u c in g  c e l l s  CGHC's) o f Lyjmaea s ta g n a l i s  to  d i s t i n c t  

dopamine r e c e p to r  ty p e s , These r e c e p to r s  co rresp o n d ed  to  mammalian 

c l a s s i f i c a t i o n .

However, more r e c e n t  work h a s  su g g e s te d  th a t  a t  l e a s t  a p ro p o r tio n  o f 

th e  r e c e p to r s  p r e s e n t  on m o llu scan  neu rones do n o t conform , B okisch 

& Walker (1988) have shown t h a t  th e  dopamine induced  

h y p e rp o la r is a t io n  o f H e lix  c e n t r a l  neu rones was m ediated  v ia  

r e c e p to r s  which c o u ld  n o t be c l e a r ly  c l a s s i f i e d  a s  b e lo n g in g  to  

e i t h e r  o f th e  two a c c e p te d  v e r te b r a te  c la s s e s .

In  Lymnaea, A udesirk  (1989) in v e s t ig a te d  th e  e f f e c t s  o f a range  of 

dopam inerg ic a g o n is t s  and a n ta g o n is ts ,  and concluded  th a t  th e  

r e c e p to r s  m e d ia tin g  th e  h y p e rp o la r is in g  re sp o n se  o f bucca l and pedal 

g an g lio n  neu ro n es  to  dopamine co u ld  n o t be r e a d i ly  r e c o n c i le d  w ith  

e i t h e r  v e r te b r a te  c l a s s  o f dopamine re c e p to r .

In I n s e c ts ,  b io g e n ic  am ines have been shown to  have a wide v a r ie ty  o f 

r o le s .  O u ts ide  th e  n ervous system , th e  lum inescence produced by th e  

l i g h t  organ  o f th e  l a r v a l  f i r e f l y  iP hotinus) h as  been found  to  be 

induced  by in t r a - g a n g l io n ic  in j e c t i o n  o f a v a r ie ty  o f am ines, 

in c lu d in g  a d re n a l in e ,  n o ra d re n a l in e , sy n e p h rin e  and dopamine 

(C arlso n , 1968). More r e c e n t ly ,  i t  h as  been shown th a t  octopam ine i s  

th e  t r a n s m i t t e r  in  t h i s  system , s in c e  o c to p am in e rg ic  a n ta g o n is ts  can 

b lo ck  th e  l i g h t  re sp o n se , and an o c to p a m ln e -se n s it iv e  a d e n y la te  

c y c la se  h as  been i s o l a t e d  from  th e  l i g h t  o rgan  (O rchard, 1982).
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In  th e  cock roach  P e r ip la n e ta  americana, S c h o f ie ld  & T reh ern e  (1986) 

showed t h a t  th e  p o ta ss iu m  s e n s i t i v i t y  o f th e  b a s o la t e r a l  membrane o f 

th e  g l i a l  c e l l s  which make up th e  b lo o d -b ra in  b a r r i e r  was reduced  by 

octopam ine. In  c o n t r a s t ,  o th e r  neurohum oral su b s ta n c e s ,  in c lu d in g  

dopamine and 5-HT were found  to  enhance t h i s  s e n s i t i v i t y .  O rchard  e t  

a l  (1988) have found ev id en ce  t h a t  th e re  i s  a  s e r o to n e r g ic  n erv e  

su p p ly  to  th e  e p id e rm is  o f Phodnius p ro lix u s , and th e y  conclude  t h a t  

5-HT p la y s  a  r o le  in  th e  i n t e g r a t i o n  o f fe e d in g  b e h a v io u r by a c t in g  

a s  a p l a s t i c i s i n g  f a c t o r ,  a llo w in g  d is te n s io n  o f th e  g u t w a ll d u r in g  

fe e d in g . Octopam ine h as  been  im p lic a te d  in  th e  m o b i l is a t io n  o f 

l i p i d s  and s u g a rs  fo llo w in g  s t r e s s  induced  by h a n d lin g  o r  e x e rc is e  in  

th e  c r i c k e t  Acheta d o m esticu s  (Voodring e t  a l ,  1989).

Evidence f o r  th e  a m in e rg ic  m odu lation  o f th e  neu ro m u scu la r ju n c t io n  

was f i r s t  o b ta in e d  by Evans & O 'Shea (1977), who found t h a t  an 

o c to p am in e rg ic  d o r s a l  u n p a ire d  median (DUM) neurone in n e rv a te d  th e  

e x te n s o r - t ib ia e  m uscle in  th e  lo c u s t  S c h is to c e rc a  g re g a r ia .  T h is  

neurone h as  been term ed  DUMETi.By s t im u la t io n  o f t h i s  neurone, th e y  

produced a p o te n t i a t io n  o f th e  epsp  and th e  tw itc h  te n s io n  r e s u l t i n g  

from  th e  s t im u la t io n  o f an i d e n t i f i e d  m otoneurone SETi. S ince  lo c a l  

a p p l ic a t io n  o f  octopam ine to  th e  a re a  o f th e  neu rom uscu lar ju n c t io n  

rep roduced  t h i s  e f f e c t ,  th e y  concluded  th a t  th e  m o d u la tio n  o f  th e  

s y n a p tic  e f f ic a c y  in  t h i s  sy stem  was th e  r e s u l t  o f th e  r e le a s e  o f 

octopam ine from  th e  m odu lato ry  neurone.

Evans (1981; 1982) h as  s in c e  c h a r a c te r i s e d  th e  r e c e p to r s  m e d ia tin g

t h i s  e f f e c t ,  and th e  m o d u la tio n  o f a  myogenic rhythm  in  s p e c ia l i s e d  

muscle f i b r e s ,  and h as  c l a s s i f i e d  th e s e  r e c e p to r s  a s  s p e c i f i c  f o r
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octopam ine. More r e c e n t ly  (Evans, 1984a; 1984b), i t  h a s  a l s o  been

shown th a t ,  in  t h i s  same p re p a ra t io n , octopam ine r e le a s e d  a t  th e

neurom uscu lar sy napse  c a u se s  an  e le v a t io n  o f cyclic-AM P l e v e l s  w ith in  

th e  m uscle c e l l s ,  in d ic a t in g  how octopam ine may a c h ie v e  i t s

p o te n t ia t in g  e f f e c t .  O rchard  & Lange (1985) have a l s o  p ro v id e d

ev id en ce  t h a t  octopam ine i s  re s p o n s ib le  f o r  th e  m odu la tion  o f th e  

a c t i v i t y  o f th e  m uscles  o f  th e  o v id u c t in  Locusta,

In  o th e r  p r e p a ra t io n s ,  octopam ine h as  a ls o  been  shown to  enhance 

neurom uscu lar t r a n s m is s io n . K laasen  & Kammer (1985) and K laasen ,

Kammer & F i tc h  (1986) found th a t  th e  m agnitude o f th e  e jp  evoked in  

th e  d o rs a l  lo n g i tu d in a l  m uscle o f  th e  moth M nduca s e x ta  by

s t im u la t io n  o f  th e  m otor n e rv e , was enhanced by low c o n c e n tr a t io n s  o f 

octopam ine (10~^^ to  10“® M). O ther b io g e n ic  am ines, in c lu d in g

dopam ine, were found to  be in e f f e c t iv e  in  t h i s  system .

In  th e  cockroach  P e r ip la n e ta  americana, octopam ine h as  been found  to  

su p p re s s  p r o c to l in  o r  g lu tam ate  induced  c o n t r a c t io n s  o f th e  

h y p e rn e u ra l m uscle (Moss & M ille r ,  1988), bu t th e  a u th o rs  do n o t make

any comment on th e  p o s s ib le  p h y s io lo g ic a l  r o le  o f th e  a g e n ts  t e s t e d .

In  th e  p e r ip h e ra l  n e rv o u s system , b io g e n ic  am ines, most ' n o ta b ly  

dopam ine, have been shown to  cause  a  h y p e rp o la r is a t io n  o f th e  a c in a r  

c e l l s  o f  th e  s a l i v a r y  g la n d s  in  th e  cock roach  Naupboeta c in e re a  

(House, 1973). The m agnitude o f th e  h y p e rp o la r is in g  e f f e c t  o f 

dopamine on t h i s  sy stem  i s  c o n c e n tra tio n -d e p e n d e n t, and dopamine i s  

th e  most p o te n t  o f  th e  b io g e n ic  am ines t e s t e d .  C o n sequen tly , Bowser- 

S i le y  & House (1976) have su g g e s te d  th a t  dopamine i s  th e  t r a n s m i t t e r
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a t  t h i s  n e u ro g la n d u la r  sy n ap se . In  1978, B ow ser-R iley , House & Sm ith 

f u r th e r  c h a r a c te r i s e d  th e  r e c e p to r s  m ed ia tin g  t h i s  re sp o n se , and 

concluded t h a t  th e  a d re n e rg ic  a n ta g o n is t  phen to lam ine d is c r im in a te d  

between two r e c e p to r s  in  th e  p re p a ra t io n . One o f  th e s e  r e c e p to r s  

b in d s  5-HT and th e  o th e r  b in d s  ca tech o lam in e s . The n e u ro tr a n s m it te r ,  

su sp e c te d  to  be dopam ine, i s  bound by t h i s  ca tech o lam in e  r e c e p to r .  

S ince  th e n , f u r th e r  work h as  shown th a t  dopamine and i t s  r i g i d  

analogue 2 -a m in o -6 ,7 -d ih y d ro x y - l ,2 , 3 , 4 - te tra h y d ro n a p h th a le n e  (ADTM) 

a re  th e  most p o te n t  s t im u la to r s  o f  th e  a c in a r  c e l l  re sp o n se  (House & 

G insborg, 1982).

In  th e  lo c u s t  S c h is to c e rc a  g re g a r ia ,  th e  in n e rv a tio n  o f  th e  s a l i v a r y  

g lan d  i s  s im i la r  to  t h a t  o f th e  cockroach  (B aines, T y re r & Mason, 

1989). S e c re t io n  can  be e l i c i t e d  by s t im u la t io n  o f  th e  s a l i v a r y  

nerve , and t h i s  e f f e c t  can  be mimicked by th e  a p p l ic a t io n  o f  dopamine 

and 5-HT (B aines & T y re r , 1989). They have n o t, however, been a b le  

to  o b ta in  ev id en ce  a s  to  which o f th e  am ines i s  th e  t r a n s m i t t e r  in  

t h i s  system .

The c e n t r a l  e f f e c t s  o f  dopamine and o th e r  ca tech o lam in e  t r a n s m i t t e r s  

were f i r s t  n o te d  when Twarog & Roeder  (1957) n o te d  th a t  a d re n a lin e  

and n o ra d re n a lin e  b o th  cau sed  th e  p ro d u c tio n  o f  b u r s t s  o f a c t i v i t y  

which co u ld  be re c o rd e d  from  n e rv e s  o f th e  cock roach  P e r ip la n e ta  

ajnericana. In  a d d i t io n ,  th e y  re p o r te d  t h a t  a d re n a lin e  ap p ea red  to  

enhance tra n s m is s io n  a t  th e  c e r e a l  n e rv e /g ia n t  in te rn e u ro n e  synapse,

Gahery & B o is te l  (1965) found t h a t  am ines, in c lu d in g  dopam ine, 

produced b u r s t s  when a p p l ie d  g e n e ra l ly  to  th e  s i x t h  abdom inal
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g an g lio n  o f th e  co ck roach , b u t co u ld  n o t f in d  any ev id en ce  o f I

m odulation  o f s y n a p t ic  t r a n s m is s io n . K erkut e t  a l  (1969b) showed 
/

th a t  th e  d o rs a l  u n p a ire d  m edian (DÜM) neurones o f  th e  co ck roach  s i x t h  

abdom inal g a n g lio n  were e x c i te d  by a p p l ic a t io n  o f a d re n a l in e ,  

n o ra d re n a lin e  and dopam ine. In  c o n t r a s t ,  when a p p l ie d  by

io n to p h o re s is  to  neu rones w ith in  th e  a n t b r a in ,  S te in e r  & F ie r i

(1969) found dopamine to  i n h i b i t  th e  sp o n tan eo u s a c t i v i t y  o f th e se  

neurones.

Sombati & Hoyle (1984) d em o n stra ted  t h a t  io n to p h o re t ic  a p p l ic a t io n  of 

octopam ine in to  th e  n e u ro p ile  o f th e  m e ta th o ra c ic  g a n g lio n  o f th e  

lo c u s t  co u ld  i n i t i a t e  a  r e p e a te d  f le x io n - e x te n s io n - f l e x io n  rhythm  in  

th e  m uscu la tu re  o f th e  t i b i a . -  In  a d d i t io n ,  a p p l i c a t io n  o f octopam ine 

to  th e  6 th  abdom inal g a n g lio n  su p p re sse d  o v ip o s i t io n  d ig g in g  

behav iour. They concluded  t h a t  octopam ine m ight be a c t in g  a s  a 

neurom odulator in  t h i s  system .

F u r th e r  c e n t r a l  e f f e c t s  o f amine t r a n s m i t t e r s  were d em o n stra ted  by 

C laasen  & Kammer (1986), who found t h a t  p re s s u re  I n je c t io n  of 

dopamine, octopam ine and 5-HT in to  th o r a c ic  g a n g lia  o f th e  moth 

l'îanduca s e x ta  a l t e r e d  p ro d u c tio n  o f a  f l i g h t  m otor p a t t e r n  p roducing  

rhy thm ic wing f la p p in g .  They su g g e s te d  th a t  dopam ine, octopandne and 

5-HT may be in v o lv e d  in  i n i t i a t i n g ,  m a in ta in in g  and te rm in a t in g  

f l i g h t  b eh av io u r in  th e  i n t a c t  an im al.

Pitm an & Baker (1989) have found t h a t  th e  common in h ib i to r y  

motoneurone Ds ( l i e s ,  1976) i s  d e p o la r is e d  by a p p l ic a t io n  o f 

dopamine, n o ra d re n a l in e  and octopam ine, octopam ine b e in g  th e  l e a s t
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p o te n t o f th e s e  a g e n ts .  They a ls o  found th a t  re sp o n se s  to  dopamine 

co u ld  be b lo ck ed  by e i t h e r  a -  o r  ^ -a d re n e rg ic  a n ta g o n is ts ,  b u t t h a t  

th e s e  a g e n ts  (phen to lam ine  & p ro p ra n o lo l r e s p e c t iv e ly )  a l s o  

su p p re sse d  re s p o n se s  to  a c e ty lc h o lin e ,  su g g e s tin g  n o n - s p e c i f i c i t y  o f 

a c t io n .

In  th e  v is u a l  lam ina o f  th e  eye o f th e  f l y  Jft/sca, H ardie  (1987) h a s  

su g g e s te d  t h a t  h is ta m in e  may a c t  a s  th e  n e u ro tr a n s m it te r .  O th er 

t r a n s m i t t e r  su b s ta n c e s , such  a s  a c e ty lc h o l in e ,  GABA and , g lu ta m a te , 

w h ile  p ro d u c in g  re sp o n s e s , d id  n o t mimic th e  e f f e c t  o f l i g h t ,  w h ile  

h is ta m in e  a p p l ic a t io n  evoked a  h y p e rp o la r is in g  re sp o n se  v e ry  s im i la r  

in  a l l  r e s p e c t s  to  th e  l i g h t  re sp o n se .
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1 .3  DOPAKIHE RECEPTORS MD THEIR CLASSIFICATION

B iogenic am ines, and in  p a r t i c u l a r  dopamine, have been shown to  be 

p re s e n t and a c t iv e  in  th e  in s e c t  CNS, I t  i s  l i k e l y  th e r e f o r e  t h a t  

r e c e p to r s  s p e c i f i c  f o r  am ines may e x i s t  on in s e c t  c e n t r a l  neu rones.

Many amine t r a n s m i t t e r s  a r e  th o u g h t to  have t h e i r  e f f e c t s  by th e

a l t e r a t i o n  o f th e  i n t r a c e l l u l a r  l e v e l s  o f c y c l ic  AMP. These l e v e l s  

a re  a l t e r e d  by th e  a c t i v a t i o n  o f an a d e n y la te  c y c la se  enzyme.

D if fe re n t  a d e n y la te  c y c la s e s  which respond  s p e c i f i c a l l y  to  a

p a r t i c u l a r  amine su ch  a s  octoparaine o r 5-HT (N athanson & G reengard, 

1973} 1974), a s  w e ll a s  dopamine have been i s o la te d .

R ecep to rs  f o r  dopamine have been id e n t i f i e d  in  many mammalian

p re p a ra t io n s  CKebabian e t  a l ,  1972; C lem ent-C orraier e t  a l ,  1974;

K arobath & L e i t i c h ,  1974; M ille r  e t  a l ,  1974; Iv e rse n , 1975;

Seeman e t  a l ,  1975; K ebabian & S aavedra , 1976; Caron e t  a l ,  1978;

G o rissen  & Laduron, 1979; L i s t  e t  a l ,  1980; G oldberg & K ohli, 1983; 

L eff & C reese , 1983; Hahn & MacDonald, 1984), These r e c e p to r s  have 

been id e n t i f i e d  in  two d i s t i n c t  an a to m ica l a r e a s .  The p e r ip h e ra l  

v a sc u la r  sy stem  h a s  dopamine r e c e p to r s  which m ed iate  e f f e c t s  l in k e d  

to  th e  c o n tro l  o f v a s c u la r  d i l a t i o n ,  and th e  c e n t r a l  nervous... sy stem  

where r e c e p to r s  m ed ia te  e f f e c t s  concerned  w ith  com m unication betw een 

neurones,

A l o t  o f s tu d ie s  have shown th a t  dopamine r e c e p to r s  a re  p re s e n t  in  

in v e r te b r a te  n e rv o u s sy stem s. T h is  has b ro a d ly  been found by two
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methods -  b io ch em ica l (and b in d in g ) a s s a y s  showing a d e n y la te  c y c la s e  

p resen ce  and a c t i v i t y ,  and p h y s io lo g ic a l-p h a rm a c o lo g ic a l s tu d ie s .

Bodnaryk (1979), w orking on th e  moth Mamestra co n flg u ra ta  p roduced  

ev idence f o r  a d o p a m in e -se n s itiv e  a d e n y la te  c y c la s e  u s in g  in  v i t r o  

b iochem ical a s s a y s  o f th e  cAMP c o n te n t o f n eu rones. Osborne (1977) 

found th a t  e x c i t a to r y  dopamine r e c e p to r s  in  neu ro n es o f  th e  s n a i l  

H elix  pom atia  m ed ia ted  in c r e a s e s  in  i n t r a c e l l u l a r  l e v e l s  o f cAMP by 

lin k a g e  to  an a d e n y la te  c y c la s e ,  Schm idt e t  a l  (1981) found 

b iochem ica l ev id en ce  f o r  th e  p re sen ce  o f d o p a m in e -se n s itiv e  a d e n y la te  

c y c la se  and a l s o  p h y s io lo g ic a l  ev idence  o f th e  p re sen ce  o f a  Di 

dopamine r e c e p to r  in  th e  s a l i v a r y  g la n d s  o f th e  Lone S ta r  t i c k ,  

Ajsblyojma americanum,

Sakharov & S a là n k i (1982) showed th a t  dopamine, a c t in g  on Da 

r e c e p to r s ,  was r e s p o n s ib le  f o r  th e  in h i b i t i o n  o f locom otory  rhythm s 

in  th e  s n a i l  Lymnaea s ta g n a lis .  They a l s o  showed th a t  Da a n ta g o n is ts  

in t e r f e r e d  w ith  norm al locom otion , by a llo w in g  in d is c r im in a te  

a c t iv a t io n  o f m uscles, o u t o f  th e  normal s t r i c t  sequence .

S too f e t  a l  (1985; 1986) and de V lie g e r  e t  a l  (1986) a l s o  used

Lyjmaea in  s tu d ie s  on th e  r o le s  o f dopamine and dopamine r e c e p to r s  in  

grow th hormone p ro d u c in g  c e l l s  (GHCs), In  1985, S to o f e t  a l  showed 

th a t  th e  h y p e rp o la r is in g  e f f e c t  o f dopamine on th e se  c e l l s  was

mimicked by th e  Da a g o n is t  LY 141865, and su p p re s se d  by th e  Da 

a n ta g o n is t  YM 09151-2. C onverse ly , th e y  showed th a t  th e  Di a g o n is t  

8K&F 38393 d e p o la r is e d  th e  GHCs. T h is  e f f e c t  was mimicked by

i n t r a c e l l u l a r  i n j e c t i o n  o f cAMP, and su p p re sse d  by th e  Di a n ta g o n is t
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SCH 23390, They concluded  th a t  bo th  D% and Dz r e c e p to r s  r e g u la te d

d i f f e r e n t  a s p e c ts  o f th e  a c t i v i t y  o f GHCs.

In  1986, de V lie g e r  e t  a l  p rov ided  f u r th e r  ev id en ce  t h a t  th e

h y p e rp o la r is in g  re sp o n se  to  dopamine o f th e  GHCs was p o ta ss iu m - 

dependen t, and t h a t  th e  re sp o n se  was th e  r e s u l t  o f th e  m odulato ry  

a c t io n  o f dopamine on a  p o ta ss iu m  conductance.

The pharm acology o f  th e  dopamine re c e p to r s  in v o lv ed  in  th e  re sp o n se s  

o f b u cca l n eu ro n es  and th e  p ed a l g ia n t  neurone o f Lymnaea have been 

f u r th e r  in v e s t ig a te d  by A udesirk  (1989). Both ty p e s  o f neurone 

showed a h y p e rp o la r is in g  re sp o n se  to  th e  d i r e c t  a p p l ic a t io n  o f 

dopamine to  th e  c e l l  s u r f a c e ,  a s s o c ia te d  w ith  an in c re a s e  in  membrane 

conductance. The re sp o n se  o f  th e  pedal g ia n t  neurone was u n a f fe c te d  

by th e  a n ta g o n is t  SCH23390 (up to  5 x 10“ ^ M), and was n o t

s i g n i f i c a n t l y  su p p re s se d  by th e  Ds a n ta g o n is t  m etoclopram ide (5 x 10~ 

® M). In  a d d i t io n ,  b o th  th e  Di a g o n is t  SK&F 38393 (5 x lO"® K) and 

th e  Da a g o n is t  LY 171555 (5 x 10"® M) were in e f f e c t iv e  in  m im icking 

th e  dopamine re sp o n se , D lb u ty ry l c y c l ic  Al̂ P produced no re sp o n se , 

s u g g e s tin g  th a t  c y c l i c  A5ÎP i s  u n l ik e ly  to  a c t  a s  a  second m essenger 

in  t h i s  system . The same a g e n ts  had s im i la r  e f f e c t s  on th e  b u cca l 

(B-2) n eu ro n es, w ith  th e  ex c e p tio n  th a t  SK&F 38393 cau sed  a 

h y p e rp o la r is a t io n ,  m im icking th e  e f f e c t s  o f dopamine. From th e s e  

r e s u l t s ,  A udesirk  concluded  t h a t  th e  p h arm aco lo g ica l p r o f i l e  o f  th e  

r e c e p to r s  m e d ia tin g  th e s e  re sp o n ses  was d i f f e r e n t  from  th a t  of 

mammalian r e c e p to r s ,  and a l s o  from th a t  o f th e  r e c e p to r s  on th e  GHCs 

in v e s t ig a te d  by S to o f  e t  a l  (1985).
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The f i r s t  c l a s s i f i c a t i o n s  o f th e se  two ty p e s  o f r e c e p to r s  were 

perform ed on v e r te b r a te  c e n t r a l  r e c e p to r s  by K ebabian & Caine (1979) 

and on p e r ip h e ra l  r e c e p to r s  by G oldberg & K ohli (1983).

A lthough th e  sem in a l p a p e r o f G oldberg & K ohli was n o t p u b lish e d  

u n t i l  1983, and sh o u ld  th e r e f o r e  be d is c u s se d  a f t e r  t h a t  o f  K ebabian 

& C aine, th e  i n v e s t ig a t io n s  le a d in g  to  th e  c o n c lu s io n s  ex p re sse d  in  

th e se  p a p e rs  were u n d e rta k e n  a t  roug h ly  th e  same tim e. S ince  t h i s  

s tu d y  i s  p r im a r i ly  co n ce rn ed  w ith  c e n t r a l  r e c e p to r s ,  a b r i e f  summary 

of G oldberg & K o h li’ s  work w i l l  be p re s e n te d  f i r s t  and th e  

c o n c lu s io n s  and im p l ic a t io n s  o f Kebabian & C a in e 's  s tu d ie s  w i l l  th e n  

be d is c u s se d  in  g r e a t e r  d e t a i l .

The i n i t i a l  e x p e rim en ts  on th e  c l a s s i f i c a t i o n  o f v a s c u la r  r e c e p to r s  

were perform ed in  th e  1960s and  '7 0 s  (G oldberg, S o n n e v ille  & McKay, 

1968; G oldberg, Volkman & K ohli, 1978), G oldberg & K ohli (1983) 

id e n t i f i e d  two su b ty p e s  o f p e r ip h e ra l  dopamine r e c e p to r s  (DAi and 

DAs). S tim u la t io n  o f th e  DAi r e c e p to r  su b se rv e s  th e  r e la x a t io n  o f 

v a s c u la r  smooth m uscle, w h ile  s t im u la t io n  o f th e  DAz r e c e p to r  

su b se rv es  th e  i n h i b i t i o n  o f  n o ra d re n a lin e  r e le a s e  from  p o s tg a n g lio n ic  

sy m p ath e tic  n e rv es . The p h arm a co lo g ica l p r o f i l e  o f th e  two ty p e s  was 

d i f f e r e n t .  One o f th e  most im p o rtan t d i s t i n c t i o n s  was*, t h a t  

apom orphine a c te d  o n ly  a s  a  p a r t i a l  a g o n is t  o f th e  dopamine resp o n se  

( in  th e  ca se  o f  th e  DAi r e c e p to r ) ,  w h ile  in  th e  c a se  o f  th e  DA# 

re c e p to r ,  i t  was a  f u l l  p o te n t  a g o n is t .  The r e s u l t s  o f t h i s  s tu d y  

a re  sum m arised in  T ab le  1
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TABLE 1

CLASSIFICATION OF PERIPHERAL DOPAMINE RECEPTORS

CRITERION DAi DA#

F u n c tio n a l model V ascu la r r e la x a t io n  N eu ro n a l■in h i b i t i o n

AGONISTS

P ro to ty p e  a g o n is t  

E rgot d e r iv a t iv e s  

Apomorphine

Dopamine 

In a c t iv e  

Weak, p a r t i a l  

a g o n is t

Apomorphine

A ctiv e

F u l l ,  p o te n t  

■ a g o n is t

ANTAGONISTS

S u lp ir id e

Domperidone

(R) 2-4  tim es  

more p o te n t 

th a n  (8) 

In a c t iv e

(S) 100 tim e s  

more p o te n t  

th a n  CR) 

P o te n t a n ta g o n is t

(Adaptèd from  G oldberg & K ohli, 1983)
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Since th e  p re s e n t  s tu d y  i s  concerned  w ith  th e  i d e n t i f i c a t i o n  o f 

p u ta t iv e  dopamine r e c e p to r s  in  th e  cockroach  CNS, th e  s u b d iv is io n  o f 

c e n t r a l  dopamine r e c e p to r s ,  by Kebabian & Caine (1979) i s  p erh ap s  

most r e le v a n t .  T h e ir  c l a s s i f i c a t i o n  r e s t s  m ainly  on th e  p re sen ce  and 

q u a l i ty  o f  a l i n k  betw een th e  re c e p to r  and a d e n y la te  c y c la s e .  T h e ir  

s u b c la s s  shows a s t im u la to ry  l in k ,  th e  b in d in g  o f dopamine le a d in g  

to  an in c re a s e  in  a d e n y la te  c y c la se  a c t i v i t y  and hence to  an  

e le v a t io n  o f  th e  i n t r a c e l l u l a r  le v e l  o f  cAMP. D# r e c e p to r s ,  however, 

show e i t h e r  no l in k ,  o r  an  in h ib i to r y  one, r e s u l t i n g  in . e i t h e r  no 

e f f e c t  on, o r  a  lo w erin g  o f , th e  le v e l  o f cAMP.

Kebabian e t  a l  (1972) i s o l a t e d  a  d o p a m in e -se n s itiv e  a d e n y la te  c y c la s e  

from  hom ogenates o f  th e  c a u d a te  n u c le u s  o f r a t  b r a in .  T h is  was a l s o  

s t im u la te d  by s im i l a r  c o n c e n tr a t io n s  o f  apom orphine, and was b locked  

by low c o n c e n tr a t io n s  o f h a lo p e r id o l ,  a known a n ta g o n is t  o f dopam ine- 

m ediated  e v e n ts  in  v iv o  in  mammalian b ra in .

The p ro to ty p e  r e c e p to r s  f o r  K ebabian & C a in e 's  Dt and D# r e c e p to r s  

were found In  th e  bov ine p a ra th y ro id  and a n t e r io r  p i t u i t a r y  

r e s p e c t iv e ly .  S tim u la t io n  o f th o se  in  th e  p a ra th y ro id  r e s u l t s  in  th e  

r e le a s e  o f  p a r a th y ro id  hormone, w hile  s t im u la t io n  o f th o se  in  th e  

a n t e r io r  p i t u i t a r y  r e s u l t s  in  th e  i n h ib i t i o n  o f th e  r e le a s e  o f 

p r o la c t in .

They showed t h a t  s e c r e t io n  o f p r o la c t in  was under dopam inerg ic  

c o n t ro l .  K ebabian e t  a l  (1972) e x t r a c te d  a d o p a m in e -se n s itiv e  

ad e n y la te  c y c la s e  from  th e  r a t  cau d a te  n u c leu s , and p ro v id ed  ev id en ce  

th a t  t h i s  c y c la s e  had many c h a r a c t e r i s t i c s  s im i la r  to  th e  p u ta t iv e
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dopamine r e c e p to r .  A d o p a m in e -s e n s itiv e  a d e n y la te  c y c la s e  has a l s o  

been e x t r a c te d  from  th e  r a t  c a u d a te  n u c le u s  by C lem ent-C orm ier e t  a l  

(1974), and from  th e  r a t  s t r i a tu m  by M ille r  e t  a l  <1974; 1975) and

Seeman e t  a l  (1975).

The c l a s s i f i c a t i o n  was s tre n g th e n e d  by a p h a rm aco lo g ica l p r o f i l e  

showing c l e a r  d i s t i n c t i o n s  betw een th e  two s u b - c la s s e s .  Apomorphine 

was shown to  be a  p a r t i a l  a g o n is t  o r  an a n ta g o n is t  to  th e  Di 

re c e p to r ,  and a f u l l ,  p o te n t  a g o n is t  to  th e  D#. In  a d d i t io n ,  th e  

a n ta g o n is ts  m etoclopram ide and s u lp i r i d e  were found to  s p e c i f i c a l l y  

su p p re ss  D a-m ediated e v e n ts ,  h av in g  no e f f e c t  on th o se  m ed ia ted  by Di 

re c e p to r s .  The r e s u l t s  o f t h i s  s tu d y  a re  su m arised  in  T able 2.
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TABLE

CLASSIFICATION OF CENTRAL DOPAMINE RECEPTORS

CRITERION Da

C yclase  l in k a g e Yes No

P ro to ty p e  r e c e p to r  Bovine p a ra th y ro id  Mammotroph o f

g lan d  a n t e r i o r  p i t u i t a r y

Dopamine A gonist (pM) A gonist <nM)

Apomorphine P a r t i a l  a g o n is t  

o r  a n ta g o n is t

A gonist CnM)

E rg o ts P o te n t a n ta g o n is t  (nM) A gon ist <nK) 

o r  weak a g o n is t  (pM)

S e le c t iv e  a n ta g o n is t None known Me to o lo p ram i de 

S u lp ir id e

(Adapted from  K ebabian & C aine, 1979)
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At th e  tim e o f t h e i r  s tu d y  (1979), no s p e c i f i c  Di a n ta g o n is t  e x i s te d .  

S ince th a t  tim e , s p e c i f i c  a g e n ts  have been developed , n o ta b ly  SCH 

23390. T h is  benzazep in e  d e r iv a t iv e  was shown by lo r i o  e t  a l  (1983) 

to  b lock  D t-m ed ia ted  e f f e c t s  in  r a t s ,  and to  su p p re ss  dopam ine- 

s e n s i t iv e  a d e n y la te  c y c la s e  a c t i v i t y  in  v i t r o  a t  c o n c e n tra t io n s  some 

2000 tim e s  low er th a n  th o se  re q u ir e d  to  b lo ck  th e  b in d in g  o f 

s p i ro p e r id o l  (an in d i c a to r  o f D# s p e c i f i c  a c t i v i t y ) .  T h is  has now 

become an  a c c e p te d  a d d i t io n  to  th e  c l a s s i f i c a t i o n  o f K ebabian & 

Caine,

R a d io - la b e l l in g  te c h n iq u e s ,  u s in g  la b e l le d  l ig a n d s  fo r  b o th  Di and D# 

re c e p to r s ,  have been used  t o  p ro v id e  su p p o r tiv e  ev id en ce  f o r  t h i s  

c l a s s i f i c a t i o n  ( Iv e rs e n , 1975; Seeman e t  a l ,  1975).

S ince  th e n , o th e r  w orkers have p roposed  a t h i r d  s u b -c la s s  o f dopamine 

r e c e p to r  (L is t  e t  a l ,  1980). T h is  has been I d e n t i f i e d  by b in d in g  

s tu d ie s ,  and i s  a  r e c e p to r  show ing h ig h  a f f i n i t y  f o r  dopamine. I t  

has been proposed  t h a t  t h i s  sh o u ld  be c a l le d  th e  D@ r e c e p to r ,  though  

l i t t l e  f u r th e r  work h as  been  done on i t .

The lin k a g e  betw een a  r e c e p to r  and th e  ionophore which i t  c o n t r o l s  

can be e i t h e r  d i r e c t ,  su ch  a s  in  th e  e l e c t r o p la x  a c e ty lc h o l in e  

re c e p to r  (S tev en s, 1985) o r  in d i r e c t ,  in  which ca se  i t  may in v o lv e  a 

secondary  su b s ta n c e . T h is  may form  a  l in k  betw een th e  r e c e p to r  and 

th e  ionophore , and  i s  u s u a l ly  term ed a second m essenger. A common 

example i s  c y c l ic  a d e n o s in e - 3 ', 5 ’ -m onophosphate ( c y c l ic  AMP). T h is  

has been shown to  be in s tru m e n ta l  in  th e  m ed ia tio n  o f s e v e ra l  p o s t -  

sy n a p tic  re sp o n se s  (N athanson, 1979). A lthough th e  p r e c is e  mechanism
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of th e  invo lvem ent o f c y c l ic  AMP i s  v a r ia b le ,  i t  i s  p o s s ib le  to  s e t  

ou t a  g e n e ra l schem e,

A t r a n s m i t t e r  m olecule b in d in g  to  a  re c e p to r  on th e  o u ts id e  o f th e  
m

c e l l  mejbrane c a u se s  co n fo rm a tio n a l changes in  th e  r e c e p to r  p ro te in .  

T h is in  tu r n  i s  now th o u g h t to  a c t iv a t e  a  G p r o te in ,  s i t u a t e d  w ith in  

th e  membrane i t s e l f ,  which o b ta in s  energy  f o r  co n fo rm a tio n a l change 

from th e  co n v e rs io n  o f g u an ine  t r i - p h o s p h a te  CGTP) to  guan ine d i ­

phosphate (GDP) and in o rg a n ic  phosphate (Casey e t  a l ,  1988), G 

p ro te in s  may r e g u la te  r e c e p to r -c o u p le d  io n  c h a n n e ls  d i r e c t l y ,  a s  i s  

th e  case  w ith  ad en o sin e  r e c e p to r s  (S asak i & S a to , 1987), o r  th e y  may 

th e n  a c t iv a t e  an  a d e n y la te  c y c la s e ,  an enzyme which p ro d u ces  c y c l ic  

AMP and Pi from  ad en o sin e  t r ip h o s p h a te  (ATP).

I t  has been su g g e s te d  t h a t  t h i s  a d e n y la te  c y c la s e  i s  in  c e r t a i n  c a s e s  

synonymous w ith  th e  r e c e p to r  (Kebabian e t  a l ,  1972; N athanson & 

G reengard, 1974), and i t s  p re sen ce  has been d em o n stra ted  in  many 

p re p a ra t io n s  (K arobath  & L e i t ic h ,  1974; C lem ent-C orm ier e t  a l ,  1974; 

Nathanson & G reengard, 1973; Kebabian & S aavedra , 1976; O sborns, 

1977; Bodnaryk, 1979; Schm idt e t  a l ,  1981; Uzzan & Dudai, 1982; 

O rr e t  a l ,  1987; O 'D onnell à  S ingh , 1988).

C y c lic  AÎ'ÎP th e n  a c t i v a t e s  a  p r o te in  k in a se , (an enzyme which 

phosphoryl a t e s  p r o te in s  and c a u se s  c o n fo rm a tio n a l change), and t h i s  

in t e r a c t s  w ith  th e  p r o te in s  which make up th e  io n  channe l in  th e  

membrane. In  g e n e ra l ,  th e  I n a c t iv e ,  o r  c lo se d  form  o f th e  ch an n e l i s  

co n v erted  to  th e  a c t iv e ,  o r  open form  by p h o sp h o ry la tio n . A f te r  u se ,
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c y c l ic  AMP i s  deg raded , by p h o sp h o d ie s te ra se , to  5 ' AMP, which i s  

u l t im a te ly  r e c y c le d  in to  ATP,

While c y c l i c  AMP i s  p e rh ap s  th e  b e s t  u n d ers to o d  o f th e  second  

m essengers, th e re  a re  o th e r  compounds which may a c t  in  t h i s  way. One 

o f th e se  i s  i n o s i t o l  t r i s p h o s p h a te  ( IPs ) .  T his h as  been shown to  be 

produced in  th e  b lo w fly  s a l i v a r y  g land  a s  a r e s u l t  o f th e  b in d in g  o f 

5-HT to  membrane r e c e p to r s ,  B e rrid g e  & I rv in e  (1984) have su g g es ted  

t h a t  th e  b in d in g  o f 5-HT to  i t s  r e c e p to r  a c t iv a t e s  a G p r o te in  in  th e  

membrane. T h is , by means o f GTP/GDP in  tu r n  a c t i v a t e s  a 

p h o sp h o d ie s te ra se  w ith in  th e  cy toplasm . T h is  c o n v e r ts

p h o s p h a t id y l in o s i to l  4 ,5 -b isp h o sp h a te  in to  IPs. and d ia c y lg ly c e r o l ,  

bo th  of. which can  fu n c tio n  a s  second m essengers. I t  i s  su g g e s te d  

th a t  IPs th e n  b in d s  to  a  r e c e p to r  on th e  membrane o f th e  endoplasm ic 

re tic u lu m , known to  fu n c tio n  a s  an i n t r a c e l l u l a r  s to r e  fo r  ca lc iu m  

(T ay lo r, 1986; McBurney & N eering , 1987), and c a u se s  r e le a s e  o f 

calc ium , w ith  con co m itan t a c t iv a t io n  o f ca lc iu m -d ep en d en t p ro c e s s e s  

w ith in  th e  c e l l .  D ia c y lg ly c e ro l ,  however, i s  th o u g h t to  rem ain  

w ith in  th e  plasm a membrane, where i t  may have e f f e c t s  upon p r o te in  

co n fo rm atio n .
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1 .4  AIMS OF THE PROJECT

I f  p e s t i c id e s  a re  to  be made s u f f i c i e n t l y  s p e c i f i c  t h a t  th e y  o n ly  

a f f e c t  t a r g e t  s p e c ie s ,  th e n  a c l e a r e r  u n d e rs ta n d in g  o f th e  

neuropham acology o f su ch  s p e c ie s  i s  e s s e n t i a l .

T h is  p r o je c t  fo c u sse d  on th e  nervous system  o f th e  u b iq u ito u s  p e s t  

s p e c ie s ,  th e  American co ck ro ach  ( .P erlp lanets  americana"), and in  

p a r t i c u l a r  on th e  p o s s ib le  r o l e  o f dopamine in  th e  c e n t r a l  nervous 

system .

One o f th e  aim s was to  in v e s t ig a t e  th e  resp o n se  to  dopamine (a lre a d y  

dem o n stra ted  by Flem ing,. 1986; P itm an & B aker, 1989; P itm an & 

D avis, 1988) o f  an  i d e n t i f i e d  common in h ib i to r y  raotoneurone in  th e  

p ro th o ra c ic  g a n g lio n  o f th e  v e n t r a l  nerve  co rd . T h is  neurone was 

d e s ig n a te d  D@ by l i e s  (1976) in  h i s  rev iew  o f th e  anatomy o f th e  

cockroach  CNS, I t  was hoped to  c h a r a c te r i s e  th e  re sp o n se  in  te rm s o f 

i t s  io n ic  b a s is  and pharm acology, and to  in d ic a te  w hether s p e c i f i c  

r e c e p to r s  f o r  dopamine e x i s t e d  in  t h i s  p re p a ra t io n ,  o r  w hether 

dopamine m ight be a c t in g  on r e c e p to r s  fo r  o th e r  am ines. S ince  

n o ra d re n a lin e  and octopam ine had been shown to  be p re s e n t  in  th e  CNS 

(see  P itm an, 1985), th e  e x p e rim e n ts  were p lan n ed  p a r t i c u l a r l y  to  

d is t in g u is h  betw een th e  a c t io n s  o f th e se  am ines and th o se  o f 

dopamine.

I f  ev id en ce  was fo rth co m in g  f o r  a  dopamine r e c e p to r ,  th e n  f u r th e r  

pharm aco lo g ica l c h a r a c t e r i s a t i o n  would be u n d erta k en , in  th e  c o n te x t
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o f e x i s t in g  c l a s s i f i c a t i o n  schemes f o r  dopamine r e c e p to r s  in  

v e r te b r a te s .

The ch o ice  o f p h arm aco lo g ica l a g e n ts  in  th e  s tu d y  was de te rm in ed  

la rg e ly  by r e fe re n c e s  to  th e  v e r te b r a te  c l a s s i f i c a t i o n  schem es in  th e  

l i t e r a t u r e .  Some ( fo r  exam ple, apom orphine and h a lo p e r id o l)  were 

c i t e d  a s  benchmark dopam inerg ic  a g e n ts , w h ile  o th e r s  (such  a s , SCH 

23390, SK&F 82526, LY 171555, and YM 09151-2) were e x p e rim e n ta l 

compounds re p o r te d  to  have dopam inerg ic  a c t i v i t y  in  a  v a r i e t y  o f 

p re p a ra t io n s .
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SECTION 2  -  METHODS AND MATERIALS

. . i

2 .1  THE PREPARATION

These ex p e rim en ts  were perform ed  on a neurone in  th e  p ro th o ra c ic  

g a n g lio n  o f  th e  v e n t r a l  n erv e  co rd  o f th e  a d u l t  male cockroach  

P e r ip la n e ta  americana. A s e c t io n  o f th e  co rd , co m p ris in g  th e  th r e e  

th o r a c ic  g a n g l ia  and t h e i r  c o n n e c tiv e s , was d is s e c te d  o u t, p la c e d , 

v e n t r a l  s id e  upperm ost, on a sm all p l a s t i c  s l i d e ,  and a t ta c h e d  to  i t  

by sm all ru b b e r  bands a round  th e  s l i d e  and o v er th e  c o n n e c tiv e s  

(F ig u re  1 ).

To a llo w  e a s i e r  a c c e s s  to  th e  neurones under in v e s t ig a t io n  (which l i e  

tow ards th e  p o s t e r i o r  end o f th e  v e n t r a l  s u r fa c e  o f th e  g a n g lio n ) , 

th e  p re p a ra t io n  was a r ra n g e d  such  th a t  th e  p r o th o ra c ic  g a n g lio n  was 

on a s l i g h t l y  r a i s e d  p o r t io n  o f th e  s l i d e ,  w ith  th e  a n t e r io r  o f th e  

co rd  a t  th e  bo ttom  o f  th e  b a th  a s  viewed th rough  th e  m icroscope. The 

p ro th o ra c ic  g a n g lio n  was d esh ea th ed  to  f a c i l i t a t e  im palem ent o f th e  

c e l l s ,  and to  a llo w  a p p l ie d  a g e n ts  a c c e s s  to  th e  s u r fa c e  membrane. 

I f  th e  s h e a th  were n o t removed, i t s  r o le  a s  a b lo o d /b ra in  b a r r i e r  

would r e s t r i c t  a c c e s s  o f a t  l e a s t  some of th e  e x p e rim e n ta l , a g e n ts  

(T reherne & P ichon , 1972).

In  o rd e r  to  a llo w  f r e e r  a c c e s s  f o r  d ru g s  and o th e r  a g e n ts  c i r c u l a t i n g  

in  th e  s a l i n e ,  th e  c e l l  body o f th e  neurone was c le a n e d , and g l i a l  

t i s s u e  removed from  around  i t ,  e s p e c ia l ly  below  th e  soma. T h is  was
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Figure The ventral nerve cord mounted on the plastic slide, The ganglion is 
1,5-2 mm in diameter, and the slide is approximately 1 cm wide and 2 
cm long,
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ach iev ed  u s in g  a s a l i n e - f i l l e d  m ic ro e le c tro d e , th e  t i p  o f  which was 

broken  back  to  a llo w  e j e c t io n ,  under p re s s u re  from  a s y r in g e , o f  a 

d i r e c ta b l e  j e t  o f s a l i n e .

In  some e x p e rim en ts , a b roken  and f i r e - p o l i s h e d  m ic ro e le c tro d e , 

co nnec ted  by tu b in g  to  a m outhpiece, was used to  p ro v id e  a vacuum to  

r a i s e  th e  c e l l  body above th e  g e n e ra l le v e l  o f th e  g a n g lio n . T h is  

improved a c c e s s  f o r  a g e n ts  which were c a r r i e d  in  th e  b a th  

c i r c u l a t i o n ,  b u t th e  te c h n iq u e  proved d i f f i c u l t  to  s ta n d a r d is e ,  and 

i t  was l a t t e r l y  abandoned in  fav o u r o f com prehensive c le a n in g  w ith  a 

s a l i n e  j e t .
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2 .2  THE EXPERIMBHTAL BATH

For th e se  ex p e rim en ts , th e  p r e p a ra t io n  was mounted in  a P erspex  b a th , 

w ith  a volume o f 3 ml. P ro v is io n  was made f o r  c i r c u la t io n ,

oxygenation  and rep la cem e n t o f th e  s a l i n e  ( d e ta i l e d  co m p o sitio n s  o f 

a l l  s a l i n e  s o lu t io n s  used  a re  g iv e n  in  Appendix 1 ), a s  w e ll a s  d i r e c t  

in j e c t i o n  o f d rug  s o lu t io n s  (F ig u re  2 ) , The p re p a ra t io n  w ith in  th e  

b a th  was viewed th ro u g h  an Olympus zoom b in o c u la r  d i s s e c t in g  

m icroscope, f i t t e d  w ith  x20 e y e p ie c e s , g iv in g  a range o f

m a g n if ic a tio n  o f  14 to  80 tim e s . T h is  a llow ed  a c c u ra te  p o s i t io n in g

under v is u a l  c o n t ro l  o f m ic ro e le c tro d e s  and drug  p ip e t t e s  w ith

re s p e c t  to  th e  p re p a ra t io n .

The p r e p a ra t io n  chamber was p h y s ic a l ly  i s o la t e d  f r o m .th a t  c o n ta in in g  

th e  b a th  e le c t r o d e s ,  and th e  two were connec ted  e l e c t r i c a l l y  u s in g  a 

g la s s  b r id g e  f i l l e d  w ith  an  agar/K C l g e l .  T h is  p re v e n te d  th e

g e n e ra tio n  o f v a r ia b le  J u n c tio n  p o te n t i a l s  by a l t e r a t i o n s  in  th e  

io n ic  env ironm ent of th e  b a th  e le c t r o d e s  d u rin g  ex p erim en ts .

- 3 3 -



¥
suction^  =

Ogin

i
Ü .saline in plastic side i

Figure 2 The Perspex experimental chamber, Provision is made for the addition
of agents to the circulation, and for the continuous superfusion and 
oxygenation of the circulating solution,
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2 .3  ÎSTRACELLÜLâJR RECORDING

I n t r a c e l l u l a r  re c o rd in g s  were made from  th e  neurone soma by s in g le  o r  

dual im palem ent. G lass  m ic ro e le c tro d e s  were p u l le d  u s in g  a  N a rish ig e  

PE2 v e r t i c a l  p u l l e r  from  1 ,5  mm e x te rn a l  d ia m e te r  th in -w a l le d  

f ila m e n t g la s s  c a p i l l a r y  tu b e , s u p p lie d  by C la rk  E le c tro m e d ic a l 

In s tru m en ts . R ecord ing  m ic ro e le c tro d e s , f i l l e d  w ith  1 o r 2 M 

p o tassium  a c e ta te ,  had t i p  r e s i s t a n c e s  betw een 20 and 30 MQ.

P o tassium  a c e ta te  was chosen  a s  th e  f i l l i n g  s o lu t io n  s in c e  i t  has 

been no ted  t h a t  some in s e c t  neu rones show e x ce p tio n a l-  s e n s i t i v i t y  to  

changes in  i n t e r n a l  c h lo r id e  le v e l s  (Pitm an, p e rso n a l o b s e rv a tio n ) .  

In  a d d i t io n ,  t h i s  s o lu t io n  was l e s s  l i k e l y  to  a f f e c t  th e  r e s t i n g  

p r o p e r t i e s  o f th e  c e l l ,  a s  p o ta ss iu m  c o n c e n tra t io n s  in s id e  a re  h ig h , 

and a c e ta te  i s  no t r e a d i ly  t r a n s p o r te d  by p h y s io lo g ic a l  mechanisms 

and canno t t r a v e l  th ro u g h  c h lo r id e  ch an n e ls ,

2 .3 .1  B e v e llin g  H ic ro e le c tr a d e s

In  exp erim en ts  u s in g  two m ic ro e le c tro d e s , w hether under c u r r e n t -  o r  

vo ltag e -c lam p  c o n d i t io n s ,  th e  c u r r e n t -p a s s in g  m ic ro e le c tro d e  was 

f r e q u e n t ly  b e v e l le d  to  betw een 8 and 15 Mft, u s in g  a s lo w ly  re v o lv in g  

(a 1 r e v /s )  f in e  a b ra s iv e  d is c .  T h is  was viewed th ro u g h  a b in o c u la r  

m icroscope under a n g led  i l lu m in a t io n  from  a lamp so  p o s i t io n e d  a s  to  

c a s t  a  shadow o f th e  m ic ro e le c tro d e  t i p  on to  th e  s u r fa c e  o f th e  d is c ,  

th u s  a llo w in g  th e  m ic ro e le c tro d e  to  be low ered u n t i l  i t s  t i p  was j u s t  

in  c o n ta c t w ith  th e  a b ra s iv e ,
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2 .3 .2  H lc ro e le c tro d e  H o ld e rs

The m ic ro e le c tro d e s  were lo c a te d  in  h o ld e rs  made from  f l e x i b l e  

s i l i c o n e  tu b in g , th ro u g h  th e  c e n t r e  of which a s i l v e r  w ire  was 

passed . T h is  in  tu r n  was d i r e c t l y  s o ld e re d  on to  a 4 mm p lu g , to  

a llo w  fo r  co n n e c tio n  to  th e  p robe s ta g e  o f th e  re c o rd in g  system . To 

e l im in a te  ju n c t io n  p o t e n t i a l s  and b a s e - l in e  d r i f t  a s s o c ia te d  w ith  

p o la r i s a t io n ,  th e  s i l v e r  w ire  was co a ted  w ith  s i l v e r  c h lo r id e  by 

e l e c t r o l y s i s  in  a  b a th  o f  1 H p o ta ss iu m  c h lo r id e ,

2 .3 .3  A m p lif ic a tio n

The probe s ta g e s  of- th e  a m p li f ie r s  were h e ld  in  P r io r  

m icro m an ip u la to rs  f i t t e d  w ith  10 to  1 re d u c tio n  d r iv e s  to  g iv e  f i n e r  

c o n tro l  in  o rth o g o n a l h o r iz o n ta l  p la n e s .

Each m ic ro e le c tro d e  was co n n ec ted  to  a l a b o r a to r y - b u i l t  h ig h  

impedance, u n i ta r y  g a in  a m p l i f i e r .  A b rid g e  c i r c u i t  was in c o rp o ra te d  

in to  t h i s  a m p l i f ie r  to  e n a b le  th e  membrane p o te n t i a l  o f th e  c e l l  to  

be m onito red , and a t  th e  same tim e to  a llo w  p o la r i s a t io n  o f th e  c e l l  

membrane by c u r r e n t  i n j e c t i o n .  The a m p li f i e r s  had p ro v is io n  f o r  

c a p a c ita n c e  com pensation , m ic ro e le c tro d e  r e s i s t a n c e  check, and 

c a l ib r a t i o n  (p r e s e t  10 and 50 mV o u tp u t to  CRO o r  c h a r t  r e c o rd e r ) .  A 

com plete c i r c u i t  d iag ram  i s  g iv e n  in  Appendix 4.
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2 .3 .4  G en e ra tio n  o f  C u rre n t P u ls e s

Square-w ave p u ls e s ,  o f v a r ia b le  am p litude  and d u ra t io n  were p ro v id ed  

by a G rass SD9 s t im u la to r ,  th e  o u tp u t o f  which was n o t i s o la te d .  For 

use in  im p alin g  th e  c e l l ,  a p u ls e  o f h y p e rp o la r is in g  c u r r e n t ,  o f 25 

nA am plitude  and 20 mS d u ra tio n ,  was used  to  d i s r u p t  th e  membrane 

s u f f i c i e n t l y  to  a llo w  th e  m ic ro e le c tro d e  t i p  to  p e n e t r a te .

Once an im palem ent had ta k e n  p la c e , a m easure o f  th e  inpu t, r e s i s ta n c e  

o f th e  c e l l  co u ld  be o b ta in e d  u s in g  p u ls e s ,  a t  a  freq u en cy  o f 1 Hz, 

a t  an am p litu d e  s u f f i c i e n t  to  produce 10 mV h y p e rp o la r is in g  

e x c u rs io n s  o f membrane p o te n t i a l  a t  th e  s t a r t  o f  th e  exp erim en t,

2 .3 .5  C urrent-C lam p R ecord ing

2 .3 .5 .1  S in g le  M ic ro e le c tro d e  R ecording

In  p re lim in a ry  in v e s t ig a t io n s  in to  th e  n a tu re  o f th e  re sp o n se  to  

dopamine, s in g le -m ic ro e le c t ro d e  c u rre n t-c la m p  re c o rd in g s  were made. 

A s in g le  m ic ro e le c tro d e , f i l l e d  w ith  1 o r  2 M p o ta ss iu m  a c e ta te  was 

used, connec ted  a s  d e t a i l e d  above. T h is  gave a m easure o f th e  

r e s t i n g  membrane p o te n t i a l  o f th e  c e l l  and any e f f e c t s  o f 

dopam inerg ic a g e n ts  on i t .  I t  was a ls o  p o s s ib le  to  ap p ly  re p e a te d  

h y p e rp o la r is in g  p u ls e s  to  th e  c e l l  th ro u g h  th e  b r id g e  o f th e  

a m p lif ie r  to  g a in  some id e a  o f any changes in  th e  in p u t r e s i s t a n c e  o f 

th e  c e l l .

-  37 -



The b a s i s  o f t h i s  te c h n iq u e  i s  t h a t  ch an n e ls  may be opened o r c lo s e d  

by th e  b in d in g  o f  t r a n s m i t t e r  m olecu les to  r e c e p to r s ,  a l t e r i n g  th e  

membrane r e s i s t a n c e .  A c o n s ta n t  c u r re n t  p u lse  a p p l ie d  to  th e  c e l l  

th ro u g h  an i n t r a c e l l u l a r  e le c tro d e  would r e s u l t  in  a s m a lle r  o r 

l a r g e r  v o lta g e  e x c u rs io n  o f th e  membrane, th u s  g iv in g  an  e s t im a te  o f 

th e  change in  in p u t r e s i s t a n c e  o f th e  c e l l ,  Any change in  

m ic ro e le c tro d e  r e s i s t a n c e  d u r in g  an experim ent (eg due to  p a r t i a l  

b lockage o f  th e  t i p ) ,  would cause th e  b r id g e  c i r c u i t  to  become 

unbalanced . The r e s u l t  o f  t h i s  was t h a t  any e s t im a t io n s  o f in p u t  

r e s i s ta n c e  made by t h i s  method were of n e c e s s i ty  approx im ate .

2 .3 .5 .2  Double M ic ro e le c tro d e  R ecording

In  o rd e r  f o r  more a c c u ra te  re c o rd in g s  o f membrane p o te n t i a l  to  be 

made s im u lta n e o u s ly  w ith  th e  in j e c t io n  o f c u r r e n t ,  th e  neurone was 

im paled w ith  two m ic ro e le c tro d e s ,  connec ted  to  s e p a ra te  a m p l i f ie r s .  

One c o u ld  now be used  to  m on ito r th e  a b so lu te  v a lu e  o f  th e  membrane 

p o te n t i a l ,  w h ile  th e  o th e r  was used to  i n j e c t  c u r r e n t  ( e i t h e r  

d e p o la r is in g  o r  h y p e rp o la r is in g )  in to  th e  c e l l .  S in ce  no c u r r e n t  was 

be ing  in j e c te d  th ro u g h  th e  b r id g e  o f th e  r e c o rd in g  a m p li f ie r ,  th e re  

was no in t e r f e r e n c e  w ith  th e  m on ito rin g  o f th e  membrane p o te n t i a l .  

As a consequence, t h i s  te ch n iq u e  a llow ed  a more a c c u ra te  

d e te rm in a tio n  o f th e  in p u t r e s i s ta n c e  o f th e  c e l l .

2 .3 .6  V o ltag e -C lan p  R ecord ing

I f  a d e p o la r is in g  re sp o n se  i s  o f a p a r t i c u l a r  m agnitude a t  a c e r t a i n  

membrane p o te n t i a l  and t h a t  m agnitude changes in  a  v o l ta g e - dependen t
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manner, th e n  th e  a l t e r a t i o n  o f membrane p o te n t i a l  caused  by th e  

d e p o la r i s a t io n  i t s e l f  w i l l  a l t e r  th e  u lt im a te  s i z e  o f th e  re sp o n se . 

For t h i s  re a so n  th e  m agnitude o f a  d e p o la r i s a t io n  does n o t th e r e f o r e  

d i r e c t l y  r e f l e c t  th e  s i z e  o f  th e  c u r r e n ts  u n d e rly in g  i t .

I t  was o f te n  n e c e ssa ry  t o  in v e s t ig a te  th e  e f f e c t s  o f c u r r e n t  o r 

pharm aco log ica l a g e n ts  on th e  c u r r e n t s  flo w in g  a c ro s s  th e  membrane. 

The v o ltag e -c lam p  te c h n iq u e  a llo w ed  th e  membrane p o te n t ia l  to  be k ep t 

c o n s ta n t a t  a  p re d e te rm in e d  le v e l  ( th e  h o ld in g  p o te n t i a l ) .  Any 

changes in  membrane co n d u ctan ce  e l i c i t e d  by th e  a p p l ic a t io n  o f a  d rug  

would now be m a n ife s te d  n o t a s  a  s h i f t  in  membrane p o te n t i a l ,  b u t a s  

a change in  th e  flo w  o f c u r r e n t  a c ro s s  th e  membrane, p ro v id ed  th a t  

th e  h o ld in g  p o te n t i a l  chosen  was n o t eq u a l to  th e  r e v e r s a l  p o te n t i a l  

o f th e  re sp o n se  under in v e s t ig a t io n .  In  t h i s  c a se , s in c e  th e  d r iv in g  

fo rc e  on th e  c a u s a l io n s  would be z e ro , no c u r re n t  would 1 th ro u g h  

ch an n e ls  opened by th e  a p p l ic a t io n  o f d rugs to  th e  membrane. T h is  

c u r re n t  was m easured a s  th e  amount o f c u r r e n t  flo w in g  back to  e a r th  

th rough  th e  c u r r e n t  m o n ito r, a c u r r e n t - to - v o l t a g e  c o n v e r to r  in  th e  

r e tu r n  c i r c u i t  (see  Appendix 4 ) .

The v o ltag e -c lam p  was a ch iev ed  by u s in g  two i n t r a c e l l u l a r  

m ic ro e le c tro d e s . One m on ito red  th e  membrane p o te n t ia l .^  T h is  

p o te n t ia l  was fe d  in to  th e  in p u t o f a  l a b o r a to r y - b u i l t  h ig h -v o lta g e  

(± 100 V) in v e r t in g  a m p l i f i e r  w ith  a d ju s ta b le  g a in  and freq u en cy  

resp o n se  (F ig u re  3 ) . The o u tp u t o f t h i s  a m p l i f ie r  fe d  back to  th e  

second m ic ro e le c tro d e . Under s t a b l e  c o n d i t io n s ,  a  c o n s ta n t c u r r e n t ,  

th e  m agnitude o f w hich was dependent on th e  d if f e r e n c e  betw een th e
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r e s t i n g  membrane p o te n t i a l  and th e  chosen h o ld in g  p o te n t i a l ,  flow ed  

around t h i s  system .

Any change in  membrane co nductance  which ten d ed  to  cause  th e  membrane 

p o te n t ia l  o f th e  c e l l  t o  change was sensed  by th e  v o lta g e -c la m p  

a m p li f ie r ,  which a u to m a t ic a l ly  s e n t  an equal and opposing  c u r r e n t  

th ro u g h  th e  second  m ic ro e le c tro d e  in to  th e  c e l l ,  th u s  c o u n te ra c t in g  

th e  change o f  membrane p o te n t i a l .  I t  was th e  amount and p o l a r i t y  o f 

t h i s  c o r r e c t in g  c u r r e n t  w hich was measured by th e  c u r r e n t  m on ito r and 

d isp la y e d .

Under th e s e  c o n d i t io n s  an e v e n t which would n o rm ally  be seen  a s  a 

d e p o la r i s a t io n ,  was now seen  a s  an inw ard c u r r e n t  (by co n v en tio n  

d isp la y e d  in  a downward d i r e c t i o n  on a CRO s c r e e n ) . The h o ld in g  

p o te n t ia l  c o u ld  be c o n t r o l le d  to  any d e s ir e d  le v e l .  By th e  

a p p l ic a t io n  o f e x te r n a l  p u ls e s  th e  membrane co u ld  be s te p p e d  b r i e f l y  

from  th e  h o ld in g  p o te n t i a l  to  d i f f e r e n t  command p o te n t i a l s .

2 ,3 ,6 .1  L ong-Pulse E xperim en ts

I n i t i a l  v o lta g e -c la m p  ex p e rim en ts  were perform ed u s in g  a lo n g -p u lse  

te c h n iq u e . In  t h i s ,  th e  le n g th  o f th e  command s te p  was lo n g e r  th a n

th e  d u ra t io n  o f  th e  d ru g  re sp o n se . T his p re s e n te d  p roblem s o f

e l e c t r i c a l  s t a b i l i t y ,  s in c e  p ro longed  a p p l ic a t io n s  o f p o la r i s in g  

c u r r e n t  (up to  30 seco n d s  f o r  a ty p ic a l  dopamine re sp o n se ) cau sed  

damage to  th e  c e l l ,  o r a l t e r e d  th e  conductance (presum ably  by

a c t iv a t in g  v o lta g e -d e p e n d e n t c u r r e n ts )  which caused  e l e c t r i c a l  

i n s t a b i l i t y  o f  th e  c e l l  membrane. In  a d d i t io n  t h i s  le v e l  o f
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s t im u la t io n  may r e s u l t  in  th e  i n t r a c e l l u l a r  acc u m u la tio n  o f  v a r io u s  

io n s , which would a f f e c t  trans-m em brane g r a d ie n ts  and c o n t r ib u te  to  

t h i s  e l e c t r i c a l  i n s t a b i l i t y .  T h is  was e s p e c i a l l y  th e  ca se  when th e  

c e l l  membrane p o te n t i a l  was b e in g  s te p p e d  to  v a lu e s  p o s i t i v e  to  th e  

n a tu ra l  r e s t i n g  p o te n t ia l .

2 .3 .6 ,2  S h o r t-P u ls e  E xperim ents

In  th e se  ex p erim en ts , th e  d u ra t io n  o f command p u ls e s  was reduced  to  

500 ms. The drug  a p p l ic a t io n  was made, and a  b r i e f  command s te p  

a p p lie d  to  th e  c e l l  a t  th e  peak  o f th e  re sp o n se . The command s t e p  

and th e  P ic o s p r i t z e r  I I  were t r ig g e r e d  from  th e  same waveform 

g e n e ra to r , and a  sm all amount o f  v a r ia b le  d e la y  a llo w ed  e x a c t 

s y n c h ro n is a tio n  o f th e  command s te p  w ith  th e  peak o f th e  re sp o n se . 

T h is  method la r g e ly  overcame th e  problem s a s s o c ia te d  w ith  m a in ta in in g  

th e  c e l l  membrane p o te n t i a l  a t  v a lu e s  f a r  from  th e  r e s t i n g  p o te n t i a l  

f o r  p ro longed  p e r io d s , and a llo w ed  re p e a te d  m easurem ents to  be ta k e n  

o f th e  am p litu d e  o f a re sp o n se  a t  a f u l l  range o f  command p o te n t i a l s ,  

in c lu d in g  th o se  p o s i t iv e  to  th e  r e s t i n g  p o te n t i a l ,  w ith o u t any damage 

to  th e  c e l l .

2 .3 ,7  C om puter-D riven E xperim en ts

A Tandon PCX com puter, l in k e d  to  a Cambridge E le c t r o n ic  D ev ices 1401 

in te r f a c e  u n i t ,  produced a  s e r i e s  of in c re m en tin g  command p u ls e s .  

The so ftw a re  a llow ed  th e  p u ls e  w idth , i n t e r - p u l s e  I n te r v a l ,  h o ld in g  

p o te n t ia l ,  and command p o te n t i a l  increm ent to  be p r e s e t ,  The 

r e s u l t a n t  s e r i e s  o f command p u ls e s  from th e  h o ld in g  p o te n t i a l
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p o s i t iv e  to  +40 mV a t  i n t e r v a l s  o f 2 seconds, gave a c u r r s n t - v o l t a g e  

p lo t  on w hich th e  e f f e c t s  o f dopamine co u ld  be a s s e s se d .

Data were s to r e d  on a  R acal S to re  4DS FM ta p e  re c o rd e r ,  which a llo w ed  

p h o to g rap h ic  r e c o rd s  to  be made o f r e le v a n t  p a r t s  o f th e  e x p e rim e n ta l 

run , a f t e r  th e  ex p erim en t had been concluded ,

2 .3 .8  D ata D isp lay

D ata were d is p la y e d  on a  T e k tro n ix  5103# dual-beam  o s c i l lo s c o p e ,  

f i t t e d  w ith  one d i f f e r e n t i a l  (ty p e  5010) and one dual-beam  p lu g - in  

a m p li f ie r  (ty p e  5018), T h is  a llow ed  fo r  th e  s im u ltan e o u s  d is p la y  o f 

two v o lta g e  c h a n n e ls , from  th e  two m ic ro e le c tro d e s , and o f c u r r e n t  

p a ss in g  th ro u g h  th e  e x p e rim e n ta l b a th , Hard c o p ie s  o f re sp o n se s  were 

o b ta in e d  on a  Gould 220 p r e s s u r e - in k  re c o rd e r .

2 .3 .9  C u rre n t M o n ito rin g

The c u r r e n t  p a s s in g  th ro u g h  th e  ex p erim en ta l b a th  was m on ito red  u s in g  

a c u r r e n t - to - v o l t a g e  c o n v e r te r  w ith  a DC o f f s e t  and sw itc h a b le  

feedback  r e s i s t o r s  (10 KO, 100 KO, & 1 MO) p ro v id in g  v a r ia b le  g a in . 

T h is, a f t e r  c a l i b r a t i o n ,  a llo w ed  a c c u ra te  m easuring o f any c u r r e n t  

in je c te d  in to  th e  c e l l s ,  o r  o f c u r r e n t  a p p lie d  to  th e  b a th  v ia  such  

d e v ic e s  a s  io n to p h o re t ic  c u r r e n t  pumps. The two s i l v e r / c h l o r i d e  b a th  

e le c t ro d e s  had a la rg e  s u r f a c e  a re a  to  maximise c o n ta c t  w ith  th e  

s a l in e ,  in c re a s e  th e  re sp o n se  speed , and m inim ise e le c t r o d e  

p o la r i s a t io n .
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2 ,4 , DRUG APPLICATION

2 ,4 .1  M ic ro io n ta p h o re s is

The e j e c t io n  o f a  compound from  a m ic ro e le c tro d e  I s  governed by fo u r  

p ro c e s se s . These a r e  io n to p h o re s is ,  d i f f u s io n ,  b u lk  flow  due to  

h y d ro s ta t ic  p re s s u re ,  and  b u lk  flow  due to  e le c tro -o s m o s is .  Each o f 

th e se  p ro c e s s e s  h as  an  e f f e c t  on i t s  own, b u t th e  combined e f f e c t  o f 

a l l  i s  o f te n  n o t a s  s im p le  a s  th e  a lg e b ra ic  sum o f th e  com ponents.

Io n to p h o re s is  i t s e l f  i s  th e  movement o f io n s  a lo n g  a g r a d ie n t  o f 

e l e c t r i c a l  p o t e n t i a l .  The outcome o f io n to p h o re s is ,  in  te rm s o f  d rug  

r e le a s e ,  can be e x p re s s e d  by ;

q = -  n I

z F

where q i s  th e  e f f l u x  in  m oles p e r  second, I i s  th e  c u r r e n t  a p p l ie d  

to  th e  m ic ro e le c tro d e , z i s  th e  v a len ce  number o f th e  io n , and F i s  

F a ra d a y 's  c o n s ta n t .  The c o n s ta n t  ' n ' i s  th e  t r a n s p o r t  number, which 

ta k e s  accoun t o f  th e  f a c t  t h a t  o n ly  a  p ro p o r tio n  of th e  a p p l ie d  

c u r re n t  w i l l  be c a r r i e d  by any one s p e c ie s  o f io n , and i s  d i f f e r e n t  

fo r  each  io n  s p e c ie s .  T h is  i s  im p o rtan t when a d rug  i s  d is s o lv e d , 

s in c e  o th e r  io n s  p r e s e n t ,  f o r  example o r  HsO“ in  w ate r, and K+, 

#a^ and C l" in  s a l i n e  may c a r ry  a s ig n i f i c a n t  p ro p o r tio n  o f th e  

e j e c t in g  c u r r e n t .  I f  th e  d rug  s o lu t io n  i s  n o t a c o n c e n tra te d  one, 

t h i s  may mean t h a t  v e ry  l i t t l e  d rug  i s  a c tu a l ly  e je c te d ,  even w ith  a 

r e l a t i v e l y  la rg e  e j e c t i o n  c u r r e n t .
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The r a te  o f r e le a s e ,  and th e  speed  a t  which th e  s t e a d y - s ta t e  r e le a s e  

i s  a t ta in e d ,  depend on th e  v a lu e  o f r e t a in in g  c u r r e n t  a p p l ie d  to  th e  

m ic ro e le c tro d e  in  o rd e r  to  red u ce  sp o n tan eo u s e f f lu x .  The l a r g e r  th e  

r e ta in in g  c u r r e n t ,  th e  lo n g e r  i t  ta k e s  fo r  th e  s t e a d y - s ta t e  to  be 

ach iev ed  d u rin g  an e j e c t i o n  p u ls e . Thus f o r  v e ry  s h o r t  p u ls e s ,  much 

l e s s  drug may be e je c te d  i f  a r e t a in in g  c u r r e n t  i s  em ployed (P urves, 

1984; S tone, 1985).

Io n to p h o re s is  h a s  been u sed  to  app ly  a number o f  d i f f e r e n t  

t r a n s m i t t e r s  and o th e r  d ru g s  to  in s e c t  neu ro n es ( fo r  exam ple K erkut 

e t  a l ,  1969a; 1969b; S te in e r  & F i e r i ,  1969; P itm an & K erku t, 1970;

H ardie, 1987). However, th e  r e s u l t s  o b ta in e d  by m ic ro io n to p h o re s is  

in  th e  p re s e n t  s tu d y  proved to  be l e s s  r e p e a ta b le  th a n  th o se  from  

p r e s s u r e - e je c t io n  ex p e rim en ts , I t  was a ls o  d i f f i c u l t  when re c o rd in g  

under v o ltag e -c lam p  c o n d i t io n s ,  to  red u ce  to  an  a c c e p ta b le  le v e l  th e  

la rg e  c u r r e n t  a r t e f a c t s  g e n e ra te d  by th e  io n to p h o re t ic  c u r r e n t  pumps.

E xperim ents u s in g  m ic ro io n to p h o re s is  o f drug  s o lu t io n s  were perform ed 

u s in g  one o f two p ie c e s  o f equipm ent -  a l a b o r a to r y - b u i l t  m ains- 

o p e ra ted  c u r r e n t  pump, th e  o u tp u t o f which was n o t i s o l a t e d  from  

mains e a r th ,  and a  World P re c is io n  In s tru m e n ts  M ic ro in o to p h o re s is  

Programmer, powered by d ry  c e l l s ,  and w ith  an  i s o l a t e d  output.^  The 

WPI Programmer was used  f o r  e x p e rim en ts  perform ed  under v o lta g e -c la m p  

c o n d itio n s ,  s in c e  an in d ep en d en t c i r c u i t  r e tu r n  w ire  co u ld  be 

employed. T h is  red u ced  in te r f e r e n c e  w ith  r e c o rd in g s  o f t r a n s ­

membrane c u r r e n ts  d u rin g  v o lta g e -c la m p  e x p e rim en ts , Both o f th e s e  

d e v ic e s  a llow ed  c o n s ta n t  m o n ito rin g  o f th e  c u r r e n t  b e in g  p assed  

th rough  th e  io n to p h o re t ic  m ic ro e le c tro d e ,
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In most c a s e s , how ever, p r e s s u r e - e je c t io n  was used  f o r  th e  ro u t in e  

a p p l ic a t io n  o f a g o n is ts ,

2 .4 .2  P re s s u re  E je c t io n  o f  A g o n is ts

P r e s s u r e - e je c t io n  h as  a d v a n ta g e s  over io n to p h o re s is  in  ex p erim en ts  to  

s tu d y  th e  a c t io n s  o f  d ru g s  w ith  low io n ic  m o b ili ty , s o l u b i l i t y ,  o r  

io n i s a t io n .  The q u a n t i ty  e j e c te d  can  a l s o  be gauged v i s u a l ly ,  under 

a m icroscope, and th e  volume o f  th e  d ro p le t  formed can  be e s tim a te d .

In th e s e  ex p e rim en ts , a  P ic o s p r i t z e r  I I  u n i t  (G eneral Valve 

C o rp o ra tio n ) was used . T h is  p ro v id ed  in t e r n a l l y  tim ed  p u ls e  

d u ra t io n s  from  2 to  999 ms- ( lo n g e r  d u ra tio n  p u ls e s  co u ld  be p ro v id ed  

by a m anually  o p e ra te d  e x te r n a l  t r i g g e r ) .  P re s su re  was p ro v id ed  by a 

garden  sp ra y  u n i t  w hich a llo w ed  p re s s u re s  betw een 1 and 25 pounds p e r  

square  in c h  to  be g e n e ra te d ,

M ic ro e le c tro d e s , s im i l a r  t o  th o s e  used  fo r  i n t r a c e l l u l a r  re c o rd in g , 

were f i l l e d  w ith  a  s o lu t io n  o f  th e  a p p ro p r ia te  a g o n is t  drug . The 

m ic ro e le c tro d e  was th e n  ’ bumped’ a g a in s t  th e  P erspex  b a th  to  b reak  

th e  t i p  u n t i l  a  p r e s s u r e - p u ls e  produced a 'p u ff*  o f s o lu t io n  which 

cou ld  be seen  in  th e  s a l i n e  o f th e  b a th  under th e  m ic ro sco p e .' The 

d iam ete r o f th e  t i p  c o u ld  n o t be c a r e f u l ly  c o n t ro l le d  by t h i s  method, 

bu t p r a c t ic e  a llo w ed  a  t i p  d ia m e te r  to  be gauged t h a t  would p re v e n t 

s e r io u s  sp o n tan eo u s g ra v i ty - in d u c e d  e f f lu x  o f d rug  s o lu t io n ,  and y e t 

a llo w  s u f f i c i e n t  to  e scap e  d u r in g  a  p re s s u re  p u lse .
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The q u a n t i ty  o f s o lu t io n  e j e c te d  from  a ra ic ro p ip e t te  i s  dependent, in  

a l i n e a r  manner, on th e  e j e c t i o n  p re s s u re .  I t  h as  been shown (S tone, 

1985) t h a t  th e  amount o f su c ro se  r e le a s e d  from  a  m ic ro p ip e tte  was 

a l i n e a r  fu n c tio n  o f th e  e j e c t i o n  p re s s u re .  I t  was th e r e f o r e  

n e c e ssa ry  to  r e g u la te  t h i s  c a r e f u l ly  th ro u g h o u t th e  exp erim en t. The 

e j e c t io n  volume i s  a l s o  d i r e c t l y  dependent on th e  d ia m e te r  o f th e  

p ip e t te  t i p .  Very sm a ll f lu c t u a t i o n s  in  t h i s  d ia m e te r  can cause  v e ry  

la rg e  f l u c tu a t io n s  in  th e  e j e c te d  volume. For a  change in  t i p  

d ia m e te r  o f  o n ly  0 .3  pm, form  0 .9  to  1 .2  pm, th e  volume e je c te d  may 

change te n fo ld  (S tone, 1985),

In  a d d i t io n ,  th e  a c tu a l  c o n c e n tra t io n  o f d rug  in  th e  f l u i d  e je c te d  

may no t be th e  same a s  t h a t  in  th e  m ic ro e le c tro d e . T h is  can r e s u l t  

from  e l e c t r i c a l  in t e r a c t io n s  betw een th e  d rug  m o lecu le s  and th e  g la s s  

o f th e  m ic ro e le c tro d e , and a l s o  th e  e f f e c t s  o f  s u r f a c e  te n s io n . The 

volume e je c te d  may a l s o  v a ry  depending on th e  e j e c t i o n  env ironm ent. 

For in s ta n c e , l e s s  d rug  i s  e j e c te d  in to  mammalian b r a in  t i s s u e  th a n  

in to  s a l i n e  (Dray e t  a l ,  1983),

2 .4 .3  B ath A p p lic a tio n

Under c e r t a in  c o n d i t io n s ,  i t  was d e s i r a b le  t o  know th e  c o n c e n tra t io n  

o f drug re a c h in g  th e  p r e p a ra t io n  and to  e l im in a te  a r t e f a c t s  which 

might p o s s ib ly  r e s u l t  from  c u r r e n t  (u s in g  m ic ro io n to p h o re s is )  o r  

p re s su re  (u s in g  p r e s s u r e - e je c t io n )  a p p l ic a t io n .  The drug  s o lu t io n  

cou ld  be in je c te d  d i r e c t l y  in to  th e  c i r c u l a t i n g  s a l i n e .  S ince  th e  

volume o f s a l i n e  in  th e  b a th  and th e  c o n c e n tr a t io n  o f th e  d rug
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s o lu t io n  were a c c u r a te ly  known, i t  was p o s s ib le  to  d e te rm in e  more 

p r e c i s e ly  th e  c o n c e n tr a t io n  o f drug re a c h in g  th e  c e l l .
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2 ,5  DRUG SOLUTIONS

In g e n e ra l,  d ru g s  t h a t  were n o t s u f f i c i e n t l y  s o lu b le  in  s a l i n e  to  

g iv e  th e  r e q u ire d  s to c k  c o n c e n tr a t io n s  were d is s o lv e d  f i r s t  in  a few 

d rops o f 0 ,1  M h y d ro c h lo r ic  a c id  (o r e x c e p t io n a l ly  d im ethy l 

su lp h o x id e  -  DMSQ), and th e n  d i l u te d  to  th e  re q u ir e d  volume w ith  

s a l in e .  The pH was checked  b e fo re  u se , and i f  n e c e ssa ry  c o r re c te d ,  

to  7 .2 ,

C o n tro ls  were perfo rm ed  u s in g  a s o lu t io n  o f h y d ro c h lo r ic  a c id  o r  DMSO 

in  s a l in e .  T h is  was in j e c te d  in to  th e  b a th  c i r c u la t io n .  C o rre c tio n  

f o r  pH was c a r e f u l ly  c a r r i e d  o u t a t  a l l  s ta g e s  o f th e  p ro c e s s  to  

e l im in a te  th e  p o s s i b i l i t y  o f  any pH a r t e f a c t  b e in g  m istaken  f o r  a 

t r u e  resp o n se .

D e ta i ls  o f drug  s o lu t io n s  a r e  g iv e n  in  Appendix 3,
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SECTION 3  -  EXPERIMENTAL RESULTS

3 .1  THE NATURE AND IONIC BASIS OF THE RESPONSE TO DOPAKIHE

3 .1 .1  In tro d u c t io n

Amines in  g e n e ra l ,  and c a tech o lam in e s  and dopamine in  p a r t i c u l a r ,  

have been shown to  have a wide v a r ie ty  o f c e l l u l a r  a c t io n s  in  

m olluscan  and a r th ro p o d  nervous sy stem s. However, w ith  th e  e x c e p tio n  

o f th e  r e p o r t  by S te in e r  & F ie r i  (1969) t h a t  dopamine a p p l ie d  

io n to p h o r e t ic a l ly  caused  in h i b i t i o n  in  th e  a n t b r a in ,  c a te c h o la m in e s  

have g e n e ra l ly  been shown to  e x c i te  in s e c t  c e n t r a l  neu ro n es . A 

d e t a i l e d  rev iew  o f th e se  s tu d ie s  has a lre a d y  been g iv e n  in  th e  

G eneral In tro d u c t io n .

The c e l l  membrane i s  s e l e c t i v e ly  perm eable t o  d i f f e r e n t  io n s  by 

v i r t u e  o f i t s  p o s se s s io n  o f c h a n n e ls  which may be s e l e c t i v e  in  te rm s 

o f which io n s  th e y  a llo w  t o  p ass  (eg Na"'' -  C a t t e r a l l ,  1985; K"' -

Thompson, 1977). T h is  p e rm e a b il i ty ,  and any n e t d i f f e r e n c e  in  th e  

c o n c e n tra t io n  o f perm eable io n s  in s id e  and o u ts id e  th e  c e l l  w i l l  

r e s u l t  in  an e le c tro c h e m ic a l g r a d ie n t ,  and a p o t e n t i a l  d i f f e r e n c e  

w i l l  r e s u l t .

In  a c e l l  a t  r e s t ,  CK"’3i i s  u s u a l ly  much g r e a t e r  th a n  CIC^lo, and 

lik e w ise , CNa^La » ENa’̂ 'li, and CCl"]o » CCI"] a. These g r a d ie n ts  a re  

m a in ta in ed  by io n  t r a n s p o r t  p ro c e s se s , which may r e q u i r e  m e tab o lic
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energy  (from  th e  breakdown o f ATP), such  a s  th e  e le c t r o g e n ic  sodium - 

p o ta ss iu m  ATPase, a l s o  known a s  th e  sodium  pump, which t r a n s p o r t s  

in to ,  and Ua"' o u t o f  th e  c e l l  w ith  a r a t i o  o f 3 ; 2 (Thomas, 1969; 

1972), There i s  a l s o  c u r r e n t ly  c o n tro v e rsy  over th e  e x is te n c e  o f an 

a c t iv e  pump f o r  c h lo r id e  io n s  (G erencser e t  a l ,  1988), O ther sy stem s 

in c lu d e  v a r io u s  form s o f  c o - t r a n s p o r t ,  such  a s  so d iu ra -g lu co se  

t r a n s p o r t  and th e  (#a-K~Cl) c o t r a n s p o r te r  (see  Haas, 1989), and io n  

exchange mechanisms su ch  a s  C1” /HCÜ3 exchange (G ersth e im er e t  a l ,  

1987), many o f which may a l s o  c o n tr ib u te  to  th e  r e g u la t io n  o f 

in t e r n a l  pH. The dynam ic e q u il ib r iu m  fo r  an io n  w i l l  be d e te rm in ed  

by th e  r a t e  a t  w hich i t  i s  pumped in to /o u t  o f th e  c e l l ,  and th e  r a t e  

a t  which i t  p a s s e s  back  a c r o s s  th e  membrane th ro u g h  io n  c h a n n e ls .

In  a  s i t u a t i o n  where th e  p e rm e a b il i ty  to  one io n  (and hence th e  

conductance o f th e  membrane f o r  t h a t  ion ) i s  r e l a t i v e l y  la rg e ,  th e  

r e s t i n g  p o te n t i a l  w i l l  te n d  to  be c lo se  to  th e  e q u i l ib r iu m  p o te n t i a l  

f o r  t h a t  io n , i e  th e  p o t e n t i a l  a t  which th o se  io n s  a re  in  a  s t a t e  of 

dynamic e q u i l ib r iu m  a c ro s s  th e  membrane. I f  th e  r e s t i n g  conductance 

o f any io n  i s  in c re a s e d ,  th e n  th e  r e s t i n g  p o te n t i a l  w i l l  te n d  tow ards 

th e  e q u i l ib r iu m  p o te n t i a l  f o r  t h a t  ion ,

Hodgkin & K atz (1949), u s in g  th e  s q u id  g ia n t  axon a s  a  model, showed

th a t  th e  r i s i n g  phase o f th e  a c t io n  p o te n t ia l  was a t t r i b u t a b l e  to

ra p id  changes in  gNa fo llo w in g  s t im u la t io n .  By rem oving Na'*' from  th e  

e x te rn a l  medium, th e y  a b o lis h e d  th e  a c t io n  p o te n t i a l .  The e f f e c t

depended d i r e c t l y  on d eg ree  o f re d u c tio n  o f [Na'^do, T h is  i s  n o t

u n iv e r s a l ly  th e  c a s e , how ever, i t  hav ing  been shown t h a t  in  some 

a r th ro p o d  s k e l e t a l  m uscle, f o r  example, th e  a c t io n  p o te n t i a l  i s
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c a r r i e d  by c a lc iu m  o r  magnesium io n s  (Hagiwara & Naka, 1964; Wood, 

1957) In s te a d  o f by sodium .

As w ell a s  a c t io n  p o t e n t i a l s ,  sodium  io n s  have a ls o  been shown to  

c a r ry  s y n a p tic  c u r r e n t s ,  th e  most c l e a r l y  u n d ers to o d  b e in g  th e  

c u r re n t  induced  by th e  a c t io n  o f  a c e ty lc h o l in e  on i t s  n i c o t in i c  

r e c e p to r ,  which i s  h e ld  to  be c lo s e ly  co u p led  to  a membrane channe l 

which a llo w s  th e  p assag e  o f  b o th  sodium  and p o ta ss iu m  io n s . These 

r e c e p to r s ,  and t h e i r  a s s o c ia te d  sodium  c u r r e n ts ,  form  th e  b a s is  o f 

e x c i ta to r y  neu rom uscu lar t r a n s m is s io n  in  v e r te b r a te  s k e l e t a l  m uscle 

f i r s t  d em o n stra ted  by d e l C a s t i l l o  and Katz (1955). A c e ty lc h o lin e  

r e c e p to r s ,  and sod ium -m ed ia ted  s y n a p tic  e v e n ts  have a ls o  been shown 

to  occur in - i n s e c t s  (Harrow, D avid & S a t t e l l e ,  1982; B reer & 

S a t t e l l e ,  1987),

The r o le  o f  K  ̂ in  e x c i ta b l e  c e l l s  was f i r s t  d em o n stra ted  by Hodgkin & 

Huxley (1953), who, u s in g  *=K+, d em o n stra ted  i t s  e f f lu x  from  sq u id  

g ia n t  axon fo llo w in g  s t im u la t io n ,  which r e s u l t e d  in  an in c re a s e  in  

gK, whereupon K"** flo w s down i t s  c o n c e n tra t io n  g ra d ie n t ,  and th e  

membrane p o te n t i a l  ap p ro ac h es  Ek , th u s  r e p o la r i s in g  th e  membrane.

Because, in  th e  m a jo r i ty  o f  t i s s u e s ,  CK"'].  ̂ i s  much l e s s  th a n  [K ^3i, 

Ek i s  u s u a l ly  n e g a t iv e , and an in c re a s e  in  gK r e s u l t s  in  an e f f lu x  o f 

K"”, p rod u cin g  an  ou tw ard  c u r r e n t ,  In c re a s in g  gK w il l  r e s u l t  in  a 

h y p e rp o la r is a t io n  o f th e  c e l l  i f  o th e r  io n s  c o n t r ib u te  conductance a t  

th e  r e s t i n g  p o te n t i a l ,  and th e  same c r i t e r i a  ap p ly  a s  m entioned above 

fo r  gUa, In  a  sy stem  w ith  b o th  Na'*' and K̂ ' co n d u c tan ces , an in c re a s e  

in  e x c i t a b i l i t y  can  be b ro u g h t abou t e i t h e r  by in c re a s in g  g#a, and
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d e p o la r is in g  th e  c e l l  a s  a r e s u l t  o f in f lu x  o f  o r by re d u c in g

gK, th u s  s low ing  th e  e f f l u x  o f K'̂ ', and p ro d u c in g  a  n e t 

d e p o la r is a t io n ,  A wide v a r i e ty  o f K'*' c u r r e n ts  have been found (eg 

Thompson, 1977).

Hydrogen io n s  a re  o f c o u rse  c e n t r a l  to  th e  r e g u la t io n  o f 

i n t r a c e l l u l a r  pH (Meech & Thomas, 1987), and have been shown to  c a r ry  

r a p id ly - a c t iv a t in g  membrane c u r r e n t s  in  neu rones o f th e  s n a i l  Lymnaea 

s t a g a a l i s  (B yerley  e t  a l ,  1984),

C h lo ride  i s  e s s e n t i a l l y  th e  o n ly  a n io n  which c o n t r ib u te s  to  s y n a p tic  

p o te n t i a l s  in  e x c i ta b le  c e l l s .  In  some t i s s u e s ,  n o ta b ly  s k e l e t a l  

m uscle, C l" i s  assumed to  e q u i l i b r a t e  on b o th  s id e s  o f th e  membrane, 

such t h a t  th e  e q u i l ib r iu m  p o te n t i a l  f o r  c h lo r id e  i s  equal to  th e  

membrane p o te n t i a l ,  s in c e  th e  membrane i s  assumed to  be f r e e l y  

perm eable to  Cl~ (Hodgkin & Horowicz, 1959), In  mammalian neurones, 

and in  o th e r  e x c i ta b le  t i s s u e s ,  such  a s  smooth m uscle, CCl~]i i s  

s u b s t a n t i a l l y  h ig h e r  th a n  would be e x p ec ted  by p a s s iv e  d i f f u s io n ,  and 

t h i s  i s  e x p la in e d  by th e  f a c i l i t a t e d  inw ard movement o f C l" a c ro s s  

th e  c e l l  membrane by a  v a r i e ty  o f mechanisms. These may in c lu d e  C l" 

/HCOa exchange and form s o f  c o - t r a n s p o r t  (see  Haas, 1989). There i s ,  

however, d eb a te  a t  p re s e n t  a s  to  w hether an a c t iv e  c h lo r id e  pump 

e x i s t s  (G erencser e t  a l ,  1988), I t  i s  n o t c l e a r  i f  th e s e  system s 

e x i s t  in  in s e c t  neu ro n es, a lth o u g h  some mechanism f o r  th e  t r a n s p o r t  

o f io n s  must be p re s e n t .

C h lo ride  h as  been shown to  be th e  c a r r i e r  io n  f o r  c u r r e n t s  induced  by 

th e  b in d in g  o f %-amino b u ty r i c  a c id  (GABA) w ith  i t s  r e c e p to r ,  GABA
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i s  in v o lv ed  in  th e  seg m en ta l in h i b i t i o n  o f p a in  tr a n s m is s io n  (Duggan, 

1985), and in  m o llu sc s , c h lo r id e  has been shown to  c a r ry  c u r r e n t  

com ponents g a te d  by b o th  GABA and L -g lu tam ate  (King & C a rp e n te r , 

1989), and in  i n s e c t s ,  c h lo r id e  has been im p lic a te d  in  th e  re sp o n se  

to  GABA (K erkut e t  a l ,  1969b; Benson, 1988),

Calcium  i s  an  e x tre m e ly  im p o rta n t io n  in  th e  m etabolism  o f n eu rones . 

I t  i s  known th a t  sm a ll in c r e a s e s  in  [Ca?^3i (no rm ally  around 1 x 10"^ 

M) can cau se  s e v e re  damage to  n eu ro n a l in t e g r i t y ,  and th a t ,  e l e v a t io n  

o f CCa?^]i a p p e a rs  to  p la y  a  r o le  in  th e  damage o f neurones fo llo w in g  

ischaem ia  o r  hypoglycaem ia in  th e  m am m lian b r a in  (McBurney & 

N eering, 1987), C le a r ly  neu ro n es  must be cap ab le  o f m a in ta in in g  

th e se  low i n t r a c e l l u l a r  l e v e l s  o f ca lcium , and a t  th e  same tim e  

a llo w in g  changes in  th e s e  le v e l s  which p e rm it ca lc iu m  io n s  to  

fu n c tio n  a s  i n t r a c e l l u l a r  r e g u la to r s ,

Neurones p o s se ss  s o p h i s t i c a te d  mechanisms fo r  b u f fe r in g  i n t r a c e l l u l a r  

ca lc ium  (T ay lo r, 1986; McBurney & N eering, 1987), Calcium  io n s  may 

be ta k en  up by c e l l  o r g a n e l le s  such a s  th e  m ito ch o n d ria  and 

endoplasm ic re tic u lu m , from  where th e y  may a ls o  be r e le a s e d  back in to  

th e  c y to s o l .  In  a d d i t io n ,  c a lc iu m  io n s  may be bound to  p r o te in s ,  

such  a s  ca lm o d u lin , w ith in  th e  c y to so l i t s e l f .  The i n t r a c e l l u l a r  

le v e l  o f ca lc iu m  io n s  i s  th e r e f o r e  th e  r e s u l t  o f e q u i l ib r iu m  betw een 

f r e e ,  bound and s e q u e s te re d  ca lc iu m

In neurones, Ca%^ in f lu x  h as  been known fo r  a long  tim e to  be a 

p r e r e q u i s i te  f o r  t r a n s m i t t e r  r e le a s e .  More r e c e n t ly ,  however, Ca^^ 

has a ls o  been  shown to  have a  d i r e c t  r o le  a s  a c u r re n t  c a r ry in g  io n
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in  s e v e ra l  p re p a ra t io n s .  Calcium  io n s  were shown to  be th e  c a r r i e r s  

o f a v o lta g e -d e p e n d e n t c u r r e n t  induced  by 5-HT in  A p ly s ia  neu rones 

(P ellm ar & W ilso n ,1977; P e llm ar & C a rp e n te r , 1979; 1980). K le in  &

Kandel <1978; 1980) d em o n stra ted  t h a t  b e h a v io u ra l s e n s i t i s a t i o n  of

th e  g i l l -w ith d ra w a l  r e f l e x  o f A p ly s ia  r e s u l t e d  from  th e  enhancem ent 

o f a Ca=^ c u r r e n t  u n d e r ly in g  th e  a c t io n  p o te n t i a l  o f sen so ry  

neurones. T h is  Ca^^ component was i t s e l f  enhanced by th e  su p p re s s io n  

o f a K+ c u r r e n t ,  p ro b ab ly  by 5-HT, In  a d d i t io n ,  Goodman & H e i t l e r  

(1979) showed t h a t  in  th e  lo c u s t  S c h ls to c e rc a  n i te n s ,  a c t io n  

p o te n t i a l s  in  th e  neurone DUMETi were b locked  b o th  by TTX and low 

[Na'^'lo,, and a l s o  by e x te r n a l  a p p l ic a t io n s  o f c o b a l t  o r  lanthanum  

io n s , which would in d ic a te  th e  involvem ent o f Ca=^ in  th e  a c t io n  

p o te n t ia l .  They found, however, t h a t  to  b lo c k  th e  a c t io n  p o t e n t i a l . 

i t  was n e c e ssa ry  to  remove th e  in f lu e n c e  o f b o th  Na"'' and Ca2+.

In s e c t motoneurone c e l l  b o d ie s  do n o t no rm ally  su p p o r t o r g e n e ra te  

a c t io n  p o te n t i a l s .  In  some cockroach  m otoneurones, d e p o la r is a t io n  

a c t iv a t e s  an ou tw ard ly  d i r e c te d  K*̂  c u r r e n t  ( r e c t i f i e r )  and c a u se s  th e  

membrane p o te n t ia l  to  o s c i l l a t e ,  f a l l i n g  s h o r t  o f I n i t i a t i n g  an 

a c t io n  p o te n t ia l  (P i tm n ,  1979).

In  th e  p re sen ce  o f  TEA, d e p o la r i s a t io n  produced  long  d u ra tio n , a c t io n  

p o te n t ia l s ,  which were a b o l is h e d  by reduced  IC a^^Io , th u s  s u g g e s tin g  

th a t  a la rg e  p ro p o r tio n  o f th e  a c t io n  p o te n t i a l  was c a r r i e d  by Ca%^, 

These a c t io n  p o t e n t i a l s  co u ld  a ls o  be e l i c i t e d  fo llo w in g  

i n t r a c e l l u l a r -  i n j e c t i o n  o f  C a ^ ^ -c h e la to rs , such  a s  BGTA, o r  t r i -  

p o tassium  c i t r a t e .  I t  was concluded  (P itm an, 1975; 1979) t h a t  TEA

blocked v o lta g e -d e p e n d e n t K"̂  c h an n e ls , and th e re b y  unmasked v o lta g e -
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dependent c h a n n e ls , w h ile  by c h e la t in g  in t e r n a l  Ca=^, EGTA and

c i t r a t e  were su p p o sed ly  b o th  in c re a s in g  th e  in w a rd ly -d ir e c te d  

g ra d ie n t  f o r  Ca^‘"*, and a l s o  su p p re s s in g  th e  pow erfu l o u tw ard ly - 

d i r e c te d  C a^^-dependent c u r r e n t  and s h o r t - c i r c u i t i n g  inw ard

c u r r e n ts  a c ro s s  th e  membrane, th u s  p re v e n tin g  th e  a c t io n  p o te n t i a l  

from  o c c u rr in g .

The e f f e c t s  o f  th e  flow  o f  io n s  w i l l  be to  a l t e r  th e  trans-m em brane 

p o te n t i a l  o f  th e  c e l l ,  c a u s in g  e i t h e r  e x c i ta t io n  o r in h i b i t i o n .  I f  

th e se  changes ta k e  p la c e  in  p o s t- s y n a p tic  c e l l s  a s  th e  r e s u l t  o f  

in fo rm a tio n  t r a n s f e r  a c ro s s  th e  sy n ap se , th e y  a re  known a s  p o s t -  

s y n a p tic  p o t e n t i a l s .  E x c i ta to ry  p o s t- s y n a p tic  p o t e n t i a l s  ( e p s p 's )  

have t h e i r  e f f e c t  by c a u s in g  d e p o la r is a t io n  o f th e  p o s t - s y n a p t ic  

membrane, and th u s  b r in g in g  i t  c lo s e r  to  i t s  sp ik e -p ro d u c in g  

th re s h o ld . C on v erse ly , i n h ib i to r y  p o s t- s y n a p tic  p o t e n t i a l s  ( i p s p 's )  

can have t h e i r  e f f e c t s  <?ifcfier by d i r e c t l y  h y p e rp o la r is in g  th e  p o s t -  

s y n a p tic  c e l l ,  o r  by c a u s in g  an  in c re a se  in  th e  conductance of th e  

p o s t - s y n a p t ic  membrane, th u s  s h o r t - c i r c u i t i n g  any co n d u c tan ces  which 

would te n d  to  d e p o la r is e  th e  c e l l .  However, some p r e p a r a t io n s  

e x h ib i t  d e p o la r is in g  i p s p 's .

The v o lta g e  a m p litu d e  o f a p o s t- s y n a p tic  p o te n t ia l  i s  dependen t on 

th e  r e s i s t a n c e  o f  th e  p o s t - s y n a p t ic  membrane. I f  th e  r e s i s t a n c e  

f a l l s ,  th e n  th e  change in  th e  membrane p o te n t ia l  o f th e  p o s t- s y n a p t ic  

c e l l  p roduced  by a  psp  i s  reduced , and c o n v e rse ly  in c re a s e d  i f  th e  

r e s i s ta n c e  i s  r a is e d .  For th e se  'c l a s s i c a l '  s y n a p tic  e v e n ts , th e  

m agnitude o f th e  p o s t - s y n a p t ic  c u r r e n t  i s  dependent on ' th e  d r iv in g
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fo rc e  upon th e  p a r t i c u l a r  p erm ea tin g  io n  s p e c ie s  in  an ohmic manner. 

The d r iv in g  fo rc e  i s ,  in  tu r n ,  dependent on th e  membrane p o te n t ia l .

While many p s p 's  a r e  ' c l a s s i c a l '  in  n a tu re , th e r e  a re  o th e r  c a se s  in  

which th e  c h a n n e ls  th e m se lv e s  a re  v o l t a g e - s e n s i t iv e ,  on ly  a llo w in g  

c u r re n t  flow  a t  p a r t i c u l a r  p o t e n t i a l s ,  and th u s  cau s in g  changes in  

th e  e x c i t a b i l i t y  o f th e  c e l l  which vary  w ith  th e  membrane p o te n t i a l .

An example o f a  v o l t a g e - s e n s i t i v e  t r a n s m i t t e r  o p e ra te d  .channel i s  

th a t  in v o lv ed  in  th e  m e d ia tio n  o f th e  M -curren t. The M -curren t, so  

c a l le d  because o f  i t s  s e n s i t i v i t y  to  th e  c h o l in e rg ic  a g o n is t  

m uscarine, h as  been e x te n s iv e ly  s tu d ie d . I t  was f i r s t  dem on stra ted , 

by Weight & V otava (1970), t h a t  m uscarine and o th e r  a g o n is ts ,  

in c lu d in g  ACh, p roduced  an in c re a s e  in  in p u t r e s i s ta n c e  and an 

enhancement o f r e p e t i t i v e  f i r i n g  in  sy m p a th e tic  g a n g lio n  c e l l s ,  They 

showed t h a t  t h i s  was due to  th e  in a c t iv a t io n  o f a p o ta ss iu m .- 

co n d u c tan ce .

L a te r  r e s e a rc h  in d ic a te d  th e  v o l t a g e - s e n s i t i v i t y  o f th e  M -curren t, i t  

being  a c t iv a te d  betw een p o te n t i a l s  o f -60  and -10  mV, and 

c o n t r ib u t in g  to  a  sm a ll e x te n t  to  th e  r e s t i n g  membrane p o te n t ia l  

(Brown & Adams, 1980; Brown, C o n s ta n ti & Adams, 1981), It... i s  n o t

a c t iv a te d  by ca lc iu m , s in c e  i t  i s  u n a f fe c te d  by ca lc iu m  a n ta g o n is ts  

and was shown to  be c a r r i e d  by p o ta ss iu m  io n s . In  a d d i t io n ,  i t  co u ld  

be I n h ib i te d  p h a rm a c o lo g ic a lly  (Adams, Brown & C o n s ta n ti ,  1982).

S ince th e  M -cu rren t i s  a p o ta ss iu m  c u r r e n t ,  and i s  th u s  ou tw ard ly  

d i r e c te d  a t  th e  norm al r e s t i n g  p o te n t ia l ,  i t  w i l l  te n d  to
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h y p e rp o la r is e  th e  membrane. The v o l t a g e - s e n s i t i v i t y  o f  th e  c h a n n e ls  

in v o lv ed , however, means t h a t  a s  th e  membrane p o te n t i a l  becomes more 

n e g a tiv e , th e  c u r r e n t  i s  in a c t iv a te d ,  th e  feed b ack  system  s e rv in g  to  

m a in ta in  th e  r e s t i n g  membrane p o te n t ia l .  S tim u la t io n  o f th e  

m u sca rin ic  ACh r e c e p to r s  which g a te  th e se  p o ta ss iu m  c h a n n e ls  c a u se s  

su p p re s s io n  o f th e  M -cu rren t, and th u s  d e p o la r i s a t io n .  In

sy m p a th e tic  g a n g lio n  c e l l s ,  th e r e f o r e ,  t h i s  r e s u l t s  in  a  s u s ta in e d  

d e p o la r i s a t io n  which a llo w s  r e p e t i t i v e  f i r i n g  o f th e  neurone.

P ellm ar & W ilson <1977) have shown th a t  5-HT in d u c es  a v o l ta g e -  

s e n s i t i v e  c u r r e n t  in  A p ly s ia  neu rones. The v o ltag e -d ep en d e n ce  o f th e  

re sp o n se  i s  such  th a t  a re g io n  o f n e g a tiv e  s lo p e  r e s i s t a n c e  i s  

induced  in  th e  c u r r e n t - v o l ta g e  r e l a t io n s h ip  o f  th e  neurone. P e llm ar 

& C arp en te r (1979; 1980) l a t e r  showed th a t  t h i s  c u r r e n t  was in  f a c t

c a r r i e d  by ca lc iu m  io n s , and th e re fo re  m ed ia ted  th ro u g h  v o l ta g e -  

s e n s i t i v e  ca lc iu m  ch an n e ls .

A v o lta g e -d e p e n d e n t re sp o n se  to  5-HT has a l s o  been d em o n stra ted  in  

s n a i l s  o f  th e  genus HgH k  ( C o t t r e l l ,  1982). A c tiv a tio n  o f a g ia n t  5 - 

HT c o n ta in in g  neurone produced  a v o lta g e -d e penden t re sp o n se  in  

fo llo w e r  c e l l s ,  and t h i s  re sp o n se  was mimicked by th e  a p p l ic a t io n  o f 

5-HT. The sm all d e p o la r i s a t io n  produced was s tu d ie d  f u r th e r  under 

v o ltag e -c lam p  c o n d i t io n s ,  and was found to  be m arkedly v o l ta g e -  

dependent, At r e s t i n g  p o te n t i a l  ( in  th e se  c e l l s ,  -40  to  -5 0  mV), th e  

resp o n se  was sm a ll, bu t in c re a s e d  m arkedly a t  more d e p o la r is e d  

p o te n t i a l s .  F u r th e r  in v e s t ig a t io n  showed th a t  t h i s  c u r r e n t  was 

p robab ly  c a r r i e d  by ca lc iu m  io n s .
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B axter & Byrne (1989) d em o n stra ted  th a t  5-HT m odulates a  com plex 

system  o f  membrane c u r r e n t s  in  A plys ia  neu rones, a t  l e a s t  two 

com ponents o f  w hich a r e  c a r r i e d  by po tassium . One o f th e s e , which 

was b lo ck ed  by 4 -am in o p y rid in e  and te traethylam m onium , was m arkedly 

v o lta g e -d e p e n d e n t, and was a c t iv a te d  s ig n i f i c a n t l y  on ly  a t  p o t e n t i a l s  

more p o s i t iv e  th a n  -1 0  mV.

The v o lta g e -d e p e n d e n t e f f e c t s  o f th e  a c t io n s  o f  g lu ta m a te  a t  N- 

m e th y l-D -a sp a r ta te  (ÎTMDA) r e c e p to r s  have been s t u d i e d . in  d e t a i l  

(Mayer, W estbrook & G u th rie , 1984; Mowak e t  a l ,  1984). I f  g lu tam a te  

i s  a p p l ie d  a t  p o t e n t i a l s  a t  o r n e a r th e  normal r e s t i n g  p o te n t i a l  o f  

th e  c e l l ,  i t s  d e p o la r is in g  e f f e c t  i s  c o m p ara tiv e ly  sm a ll. I f ,  

however, th e  c e l l  i s  d e p o la r is e d  (presum ably, in  vivo ,  t h i s  would be 

th e  r e s u l t  o f o th e r  s y n a p t ic  In p u ts , b u t can be ach iev ed  in  v i t r o  by 

a r t i f i c i a l  m eans), th e n  th e  a b i l i t y  o f  g lu tam ate  to  d e p o la r is e  i s  

g r e a t ly  enhanced . I t  h a s  been shown th a t  a t  th e  norm al r e s t i n g  

p o te n t ia l  o f th e  c e l l ,  th e  io n  channel i s  b locked  by magnesium io n s . 

As th e  c e l l  i s  d e p o la r is e d ,  th e s e  a re  d is lo d g e d , a llo w in g  o th e r  io n s  

to  c ro s s  th e  membrane and enhance th e  d e p o la r is in g  a c t io n .

I t  has p re v io u s ly  been  d em o n stra ted  th a t  th e  c e l l  Da resp o n d s  to  th e  

a p p l ic a t io n  o f dopam ine w ith  a d e p o la r is a t io n  and a modest f a l l  in  

in p u t r e s i s t a n c e  c o n s i s t e n t  w ith  th e  opening o f membrane c h a n n e ls  

(Pitm an & B aker, 1989). I t  was im p o rtan t to  be a b le  to  rep ro d u ce  

th e se  f in d in g s  r o u t in e ly ,  to  s tu d y  th e  re sp o n se  under b o th  c u r r e n t -  

d am p  and v o lta g e -c la m p  c o n d i t io n s ,  and to  in v e s t ig a te  th e  u n d e rly in g  

io n ic  mechanism and v o ltag e -d ep en d en ce , i f  any, b e fo re  th e  re sp o n se
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cou ld  be c h a r a c te r i s e d  p h a rm a c o lo g ic a lly . The ex p er im en ts  d e s c r ib e d  

in  t h i s  s e c t io n  were perform ed  in  o rd e r  to  answ er q u e s tio n s  such  a s ; -

I s  th e  d e p o la r is in g  resp o n se  o f neurone Ds a  r e p e a ta b le  

phenomenon, w ith  r e c o g n is a b le  c h a r a c t e r i s t i c s  ?

Which io n s  u n d e r l ie  th e  re sp o n se , and i s  c a lc iu m  n e c e ssa ry  

fo r  i t s  i n i t i a t i o n  ?

Could a  s im i la r  mechanism to  th e  m odu lation  o f th e  ’ M' 

c u r r e n t  u n d e r l ie  th e  re sp o n se , ie  th e  in h i b i t i o n  o f an 

outw ard c u r r e n t ,  and i f  so , i s  t h i s  th e  on ly  component o f  th e  

resp o n se  ?

Does th e  re sp o n se  show any v o ltag e -d ep en d en ce , and i f  so , i s  

i t  s im i la r  in  n a tu re  t o  t h a t  o f any o th e r  re sp o n se s  d e s c r ib e d  

in  th e  l i t e r a t u r e  ?

What co u ld  be th e  p h y s io lo g ic a l  r o le  of t h i s  ty p e  o f resp o n se

The dopam ine re sp o n se  i t s e l f  was in v e s t ig a te d  f i r s t ,  under bo th  

c u rre n t-c la m p  and v o lta g e -c la m p  c o n d it io n s ,  and u s in g  a v a r ie ty  of 

methods f o r  th e  a p p l ic a t io n  o f dopamine. Secondly , th e  e f f e c t  o f 

a l t e r a t i o n s  in  [#a^L=, CKT] = , CCl“ ]o , CCa^-'^lo and [C a ^ ^ ]t; cadmium 

io n s , and th e  c a lc iu m  a n ta g o n is t  verapam il on th e  re sp o n se  and i t s  

vo ltag e-d ep en d en ce  was s tu d ie d .  A s e t  o f ex p erim en ts  was perform ed 

u s in g  a  co m p u te r-g en e ra ted  p u l s e - t r a in  and b a th -a p p lie d  dopamine, to
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in v e s t ig a te  th e  e f f e c t  on th e  o v e r a l l ,  s tim u l u s - induced  outw ard 

c u r r e n ts  seen  in  t h i s  neurone.

3 ,1 .2  C urrent-C lam p Response

3 ,1 .2 .1  P re s su re  A p p lic a tio n

The resp o n se  to  p r e s s u re - a p p l ie d  dopamine was a  d e p o la r i s a t io n ,  

a s s o c ia te d  w ith  a m odest f a l l  in  th e  in p u t r e s i s ta n c e  o f th e  c e l l .  

T h is  was m on ito red  by th e  a p p l ic a t io n  o f h y p e rp o la r is in g  p u ls e s  to  

th e  c e l l  a t  a freq u en cy  o f  1 Hz v ia  a second m ic ro e le c tro d e  (F ig u re  

4 ) , The norm al r e s t i n g  p o te n t ia l  o f th e  c e l l  was betw een -5 0  and -60  

mV, T y p ica l re sp o n se s  had an am p litude  o f th e  o rd e r  o f 4 to  9 mV, 

and l a s t e d  f o r  some 25 to  30 seconds. The resp o n se  showed q u i t e  

marked d e s e n s i t i s a t i o n  (F ig u re  5) when re p e a te d  a p p l ic a t io n s  o f 

dopamine were made. The r e s t i n g  in p u t r e s i s ta n c e  o f D@ was o f th e  

o rd e r  o f 0 .5  to  5 Megohms (mean v a lue  1.79 Megohms ± 1 .3  SD, n = 11), 

d e te rm in ed  from  th e  m agnitude o f h y p e rp o la r is a t io n s  produced  by 

c u r r e n t  p u ls e s  o f known m agnitude. T h is  f e l l  by ap p ro x im ate ly  20% 

d u rin g  a ty p ic a l  re sp o n se .

Under c u rre n t-c la m p , th e  resp o n se  to  dopamine showed some v o l ta g e -  

dependency. At p o t e n t i a l s  n e g a tiv e  to  th e  norm al r e s t i n g  p o te n t i a l  

o f th e  c e l l ,  th e  m agnitude o f th e  d e p o la r is a t io n  in c re a s e d  g ra d u a l ly .  

At a  p o in t  around -120 mV, i t  th e n  in c re a se d  more su d d en ly . At 

p o te n t i a l s  more p o s i t iv e  th a n  th e  normal r e s t i n g  p o te n t i a l ,  th e  

re sp o n se  reduced  in  s iz e ,  and f i n a l l y  a t  p o t e n t i a l s  around  0 mV,
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Figure 4 A single current-clamp response to pressure-applied dopamine, This
recording was made using two microelectrodes, and constant current 
pulses were applied in order to indicate any changes in input 
resistance during the application of dopamine, Resting potential was 
-55 mV,
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Figure S Desensitisation of the current-clamp response to pressure-applied 
dopamine, Each pulse was of equal duration and equal ejection 
pressure, Desensitisation was absent as long as at least 1 minute was 
allowed to elapse between pressure pulses, Resting potential was -SI 
mV,
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became v i r t u a l l y  in d is t in g u is h a b le  from th e  background n o is e  le v e l .  

I t  d id  no t appear to  r e v e r s e .

I t  was n o t p o s s ib le  to  d e te rm in e  th e  m agnitude o f  th e  re sp o n se  a t  

p o te n t i a l s  more p o s i t i v e  th a n  t h i s ,  s in c e  i t  was d i f f i c u l t  to  h o ld  

th e  membrane p o te n t i a l  c o n s ta n t ,  owing to  th e  a c t i v a t io n  o f  membrane 

c u r r e n ts  which ten d ed  to  have a d e - s t a b i l i s i n g  e f f e c t ,  and to  th e  

tendency  o f th e  c u r r e n t - p a s s in g  m ic ro e le c tro d e  to  b lo c k  d u r in g  

p ro longed  p u ls e s . T h is  p roblem  was a ls o  en co u n te red  when p e rfo rm in g  

ex p erim en ts  under v o lta g e -c la m p  u s in g  th e  ’ lo n g -p u ls e ' method, and 

n e c e s s i t a te d  th e  developm ent o f th e  ’ s h o r t - p u ls e ' te c h n iq u e  in  o rd e r  

to  a llo w  s ta b l e  re c o rd in g s  a t  th e s e  more p o s i t iv e  p o t e n t i a l s .

3 .1 .2 .2  M ic ro io n to p h o re s is

For th e se  ex p erim en ts , s o lu t io n s  o f dopamine in  d i s t i l l e d  and 

d e io n is e d  w ater, a t  v a r io u s  c o n c e n tra t io n s  and pH v a lu e s  were te s t e d ,  

bu t c o n s is te n t  r e s u l t s  were b e s t  o b ta in ed  w ith  0 .6  M dopam ine, a t  a 

pH o f 3 .5 , E je c t io n  c u r r e n t s  were between 20 and 500 nA, and 

r e ta in in g  c u r r e n ts  betw een 5 and 25 nA. F ig u re  6 shows a ty p i c a l  

re sp o n se  o b ta in e d  w ith  th e  t i p  o f th e  m ic ro io n o p h o re tic  e l e c t r o d e  in  

v e ry  c lo s e  p ro x im ity  to  th e  c e l l  body. As th e  q u a n t i ty  o f dppamine 

r e le a s e d  was much s m a lle r  th a n  in  th e  case  o f p re s s u re  a p p l ic a t io n ,  

t h i s  d is ta n c e  was c r i t i c a l .

There does n o t ap p ea r to  be any s ig n i f i c a n t  d i f f e r e n c e  betw een e i t h e r  

th e  n a tu re  o r  v o ltag e-d ep en d en cy  o f th e  re s p o n s e s  o b ta in e d  by
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A. B. C.

2 0 s

Figure 6 Representative current-clamp responses to the microiolophoresis of 
dopamine, Ejection current was ISO nA and the retaining current was 
ÎS nA, In traces A and B, pulse duration was 5 s, while in trace C, 
it was 10 s. Note that the current pulses produced artefacts. The 
vertical scale bars are 10 mV in each case, The horizontal bars under 
the traces represent the duration of the ejection pulses.
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p re s s u re  a p p l ic a t io n  and by m ic ro io n to p h o rs s is , re c o rd e d  under 

c u rre n t-c la m p  c o n d i t io n s .

3 .1 .2 .3  B ath  A p p lic a tio n

In th e s e  e x p e rim en ts , a  s o lu t io n  o f dopamine in  s a l i n e ,  a t  

c o n c e n tra t io n s  betw een 0 .5  and 50 mM, bo th  in  th e  p re sen ce  and 

absence o f s t a b i l i s e r ,  was added to  th e  b a th  c i r c u l a t i o n ,  and 

re c o rd in g s  made o f th e  re sp o n se  a t  d i f f e r e n t  membrane p o te n t i a l s .  

A lthough, a s  m entioned  above, i t  proved d i f f i c u l t  to  h o ld  th e  

membrane a t  a  g iv e n  p o te n t i a l  f o r  th e  r e l a t i v e l y  lo n g  p e r io d  re q u ire d  

f o r  th e  dopamine s o lu t io n  to  mix w ith  th e  c i r c u l a t i n g  s a l i n e  in  t h i s  

method, s e v e ra l  e x p e rim en ts  were perform ed, and m easurem ents were 

made, a l b e i t  a t  r e l a t i v e l y  few p o te n t i a l s .  The th re s h o ld  

c o n c e n tra t io n  a t  which a resp o n se  co u ld  be o b ta in e d  by b a th  

a p p l ic a t io n  was o f th e  o rd e r  o f 2 mM ( f in a l  c o n c e n tr a t io n ) ,  a lth o u g h  

t h i s  re sp o n se  was u n r e l i a b le .  A r e l i a b l e  re sp o n se  co u ld  be o b ta in e d  

by th e  use o f 5 mM dopamine.

3 .1 .3  V oltage-C lam p Response

3 .1 ,3 .1  P re s su re  A p p lic a tio n

Under v o lta g e -c la m p  c o n d i t io n s ,  a t  a h o ld in g  p o te n t i a l  c lo s e  to  th e  

normal r e s t i n g  p o te n t i a l  o f th e  c e l l  (-55 mV to  -60  mV), th e  re sp o n se  

was seen  a s  a sm a ll inw ard c u r r e n t ,  o f s im i la r  d u ra t io n  to  th e  

d e p o la r i s a t io n  o f th e  c u rre n t-c la m p  re sp o n se , and o f  th e  o rd e r  o f 0 .5  

nA in  m agnitude. In  o rd e r  to  o b ta in  an in d ic a t io n  o f  th e  v o l ta g e -
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dependency o f th e  re sp o n se , c u r r e n t  v a lu e s  were ta k e n  a t  a range  o f 

command p o te n t i a l s .

F ig u re  7 below  shows in d iv id u a l  c u r r e n t  t r a c e s  produced  a t  d i f f e r e n t  

command p o te n t i a l s .  These re sp o n se s  were o b ta in e d  by th e  *lo n g - 

p u ls e ' method (see  S e c t io n  2 ) , and a s  such , o n ly  p ro v id ed  c l e a r  

t r a c e s  a t  membrane p o t e n t i a l s  more n e g a tiv e  th a n  abou t -2 0  mV.

As th e  membrane p o te n t i a l  was s te p p e d  to  p ro g re s s iv e ly  more n e g a tiv e  

p o te n t i a l s ,  th e  c u r r e n t  i n i t i a l l y  showed v e ry  l i t t l e  in c re a s e  in  

m agnitude, A p o in t  was e v e n tu a l ly  reached , however, n o rm ally  a t  

membrane p o t e n t i a l s  betw een -120 mV and -150 mV, a t  which th e  

m agnitude o f  th e  inw ard ' dopam ine-induced c u r r e n t  in c re a s e d  

d ra m a tic a l ly  and r e v e r s ib ly ,  and w ith in  20 to  30 mV of th e  i n i t i a t i o n  

o f th e  in c re a s e ,  may have reac h ed  m agnitudes o f up to  80 nA, though  

v a lu e s  o f up to  40 nA were more common. When th e  IV cu rve  was r e ­

p lo t te d  f o r  th e  same neurone, th e se  v a lu e s  were s im i la r ,  a lth o u g h  

re sp o n se s  re c o rd e d  from  d i f f e r e n t  p re p a ra t io n s  cou ld  d i f f e r  by a  few 

nA, The p o in t  a t  which th e  d ram a tic  in c re a s e  o c c u rre d  was a l s o  

v a r ia b le  betw een p re p a ra t io n s .

The ’ s h o r t - p u l s e ’ method (see  S e c t io n  2) p ro v id ed  a means o f  

m easuring dopam ine-induced  c u r r e n t  v a lu e s  a t  p o t e n t i a l s  more p o s i t iv e  

th an  -20  mV, s in c e  th e  c e l l  membrane was on ly  s te p p e d  to  th e  new 

command p o t e n t i a l s  f o r  500 ms, n o t long  enough f o r  s u s ta in e d  membrane 

c u r r e n ts  to  have any d e tr im e n ta l  e f f e c t  on th e  s t a b i l i t y  o f th e  

re c o rd in g . The d is a d v a n ta g e  o f  t h i s  method was t h a t  no a c tu a l  

c u r re n t  t r a c e s  were o b ta in e d . In s te a d , two p u ls e s  were reco rd ed  in
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th e  absence and p re se n c e  o f  dopam ine, and th e  d i f f e r e n c e  betw een th e  

m agn itudes o f th e s e  was an in d i c a t io n  o f th e  s iz e  o f th e  dopam ine- 

induced c u r r e n t  wh ich flow ed d u rin g  th e  a p p l ic a t io n  o f th e  command 

p o te n t i a l .  F ig u re  8 shows a  ty p ic a l  s e r i e s  o f  p u ls e  p a i r s  and th e  

r e s u l t a n t  g raph .

The v a lu e s  from  th e  p u ls e  p a i r s  were fed  in to  a com puter, which was 

th e n  used  to  g e n e ra te  c u rv e s  in d i c a t in g  th e  IV r e l a t i o n s h i p  o f th e  

c e l l ,  F ig u re  9 i l l u s t r a t e s  a  ty p ic a l  s e t  o f d a ta  in  which th e  th r e e  

cu rv es  in d i c a te  th e  IV r e la t io n s h i p  o f th e  c e l l  in  th e  p re sen ce  and 

absence o f  dopam ine, and th e  d i f f e re n c e  betw een th e  two, which 

r e p r e s e n ts  th e  m agn itude o f  th e  dopam ine-induced c u r r e n t  a t  each  o f a 

range • o f command p o te n t i a l s .  For ro u tin e  use , on ly  th e  r e s u l t a n t  

dopam ine-induced c u r r e n t s  were p lo t te d ,  a ty p ic a l  example i s  shown in  

F ig u re  10

At p o t e n t i a l s  p o s i t i v e  to  th e  normal r e s t i n g  p o te n t i a l  o f th e  c e l l ,  

th e  m agn itude o f th e  dopam ine-induced inw ard c u r r e n t  in c re a se d . I t  

p assed  th ro u g h  a maximum o f  ab o u t 5 to  15 nA a t  a  command p o te n t i a l  

o f around -20  mV, d e c l in e d , and f i n a l l y  re v e rs e d  a t  around  0 raV, to  

be seen  a s  an in c re a s in g  outw ard  c u r re n t .  I f  th e  re sp o n se  c u r r e n t  

had been m ed ia ted  th ro u g h  n o n -v o ltag e -d ep en d e n t ch an n e ls , i t  would 

have been e x p e c te d  to  d e c re a se ,

3 ,1 .3 ,2  M ic ro io n to p h o re s is

For th e se  e x p e rim e n ts  th e  c o n d i t io n s  were th e  sanfô a s  th o se  employed 

f o r  th e  c u r re n t-c la m p  ex p er im en ts . The inw ard dopam ine-induced
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Figure 8 A representative series of pulse pairs produced in the presence and 
absence of dopamine by the 'short-pulse method', The values obtained 
are plotted in the lower section, Calibrations refer to the traces 
shown at the top of the figure,
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Figure 9 Representative data indicating the current-voltage relationship of the
cell under voltage-clamp in the presence and absence of dopaminê and 
the voitage-dependence of the resultant dopamine-induced current, 
represented as a difjfrence curve. Data were obtained by the 'short- 
pulse' method,
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Figure 10 A difference curve indicating the voitage-dependence of the voltage-
clamp response current to pressure-applied dopamine, obtained by the 
'short-pulse' protocol,
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c u r re n t  re sp o n se  r e s u l t in g  from  th e  m ic ro io n to p h o re s is  was n o t 

m a te r ia l ly  d i f f e r e n t  from  t h a t  o b ta in e d  by p re s s u re  a p p l ic a t io n ,  and 

th e  v o ltag e -d ep en d en cy  o f th e  resp o n se  was a l s o  s im i la r .  F ig u re  11 

shows a  ty p i c a l  v o lta g e -c la m p  re sp o n se s ,

3 .1 .4  C o n tro l E xperim en ts

To en su re  t h a t  th e  unusual shape  o f th e  IV cu rv e  f o r  dopam ine was n o t 

a r t e f a c tu a l ,  th r e e  d i f f e r e n t  f a c t o r s  were I n v e s t ig a te d .  -These were 

th e  p re sen ce  o f th e  s t a b i l i s e r  (1% sodium  m e ta b is u lp h ite )  in  th e  d rug  

s o lu t io n ,  th e  pH o f th e  s o lu t io n ,  and th e  p h y s ic a l  e f f e c t  o f th e  

p re s s u re -p u ls e  on th e  c e l l  membrane,

3 ,1 ,4 ,1  C o n tro l f o r  S t a b i l i s e r

In o rd e r  to  e l im in a te  th e  s t a b i l i s e r  a s  a  cau se  o f  a r t e f a c t s ,  

ex p erim en ts  were perform ed  u s in g  a  s o lu t io n  o f dopam ine in  s a l i n e ,  

w ith o u t a s t a b i l i s e r .  These ex p erim en ts  were o f  n e c e s s i t y  r a p id ,  

s in c e  th e  dopam ine s o lu t i o n  became t in g e d  w ith  p in k  v e ry  soon a f t e r  

i t  had been made up, in d i c a t in g  th a t  o x id a tiv e  d eco m p o sitio n  o f th e  

dopam ine had begun. A fte r  20 to  30 m inutes, th e  s o lu t i o n  no lo n g e r  

e l i c i t e d  any re sp o n se  even when a p p l ie d  in  lo n g  p u ls e s ,  s u g g e s t in g  

th a t  most o f th e  dopam ine p r e s e n t  had decomposed.

In  te rm s o f th e  s i z e  and tim e  c o u rse  o f in d iv id u a l  re s p o n s e s , and of 

th e  v o ltag e -d ep en d en cy  o f re sp o n se s  over a  ran g e  o f  command 

p o te n t i a l s ,  th e  r e s u l t s  o f th e s e  ex p erim en ts , under b o th  c u r r e n t -  and
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A. B. C.

11 nA

10s

MP ”60 mV

Figure 11 Voltage-clamp responses to the microiontophoresis of dopamine, 
Dopamine was applied using an ejection current of 250 nA (trace A) or 
100 nA (traces 8 & C), and a retaining current of 20 nA, Pulse 
duration was 1 s, and holding potential -60 mV. It proved impossible 
to eradicate completely the large current artefact resulting from the 
ejection current pulse, due to the interference this produced with the 
clamp current,
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vo ltag e -c lam p , were in d i s t in g u i s h a b le  from  th o s e  o b ta in e d  u s in g  a 

dopam ine s o lu t io n  c o n ta in in g  th e  s t a b i l i s e r  (F ig u re  12).

E xperim ents were a l s o  perform ed  in  which th e  s t a b i l i s e r  s o lu t io n  

a lo n e  (1% sod ium  m e ta b is u lp h ite  in  s a l in e )  was p re s s u re  a p p l ie d  on to  

th e  s u r fa c e  o f th e  neurone soma, w h ile  r e c o rd in g s  were made under 

c u rre n t-c la m p  o r  v o lta g e -c la m p  c o n d i t io n s .  These ex p er im en ts  

produced no ev id en ce  o f  any re sp o n se , e i t h e r  d e p o la r is in g  o r  

h y p e rp o la r is in g , o r  o f any e f f e c t  on th e  in p u t r e s i s t a n c e  o f th e  

c e l l .

3 ,1 .4 .2  C o n tro l f o r  pH

G reat c a re  was ta k e n  (w i th in  e x p e r im en ta l l i m i t a t i o n s )  to  c o r r e c t  th e  

pH o f a l l  d rug  s o lu t i o n s .  T h is  was done in  th e  p r e p a r a t io n  o f th e  

s to c k  s o lu t io n s ,  such  a s  th e  s t a b i l i s e r ,  e i t h e r  by th e  use o f a 

c a r e f u l ly  c a l ib r a t e d  pH m eter, o r  by th e  use o f  pH p ap er and s ta n d a rd  

b u f fe r  s o lu t io n s .  In  th e  ca se  o f  v ery  sm all am ounts o f  s o lu t io n ,  pH 

was measured by pH p ap er, s in c e  a m icro-pH m eter was no t a v a i la b le .  

The s o lu t io n  was c o r r e c te d  to  a pH a s  n e a r  to  7 .2  a s  p o s s ib le  (equal 

to  th a t  o f norm al p h y s io lo g ic a l  s a l i n e ) .

To e l im in a te  th e  rem ote p o s s i b i l i t y  t h a t  a d r i f t  in  th e  pH o f d rug  

s o lu t io n s  co u ld  have been  re s p o n s ib le  f o r  th e  re sp o n se s  o b ta in e d , 

some ex p er im en ts  were a l s o  perform ed u s in g  a  s o lu t i o n  o f s a l i n e ,  w ith  

added HCl o r NaOH, to  a l t e r  th e  pH to  e i t h e r  6 .7  (0 .5  u n i t s  l e s s  th a n  

norm al), o r 7 .7  (0 .5  u n i t s  more th a n  norm al) . A ty p ic a l  c u r r e n t -
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10 mV

20s

Figure 12 A representative trace of a current-clamp response produced by 
pressure-application of a solution containing dopamine without 
s tab iliser, Current pulses were applied through a second 
microelectrode, and resting potetial was -65 mV,
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clamp experim en t i l l u s t r a t e s  t h a t  no d e te c ta b le  e f f e c t  was seen  

(F ig u re  13),

3 ,1 ,4 ,3  C o n tro l f o r  P re s su re  A r te f a c ts

In  o rd e r  to  t e s t  f o r  th e  e f f e c t s  o f p re s s u re  on th e  neurone, s a l i n e  

was e j e c te d  onto  th e  s u r fa c e  o f  th e  c e l l .

Under bo th  v o l ta g e -  and c u rre n t-c la m p  c o n d i t io n s ,  a  d e f le c t i o n  in  th e  

r e s t i n g  s t a t e  o f th e  c e l l  membrane was seen  o n ly  when h ig h  e j e c t i o n  

p re s s u re s  were used  ( > 15 p s i ) ,  o r  when th e  e j e c t i o n  p i p e t t e  was 

very  c lo s e  to  th e  c e l l  s u r f a c e .  As in d i c a te d  in  F ig u re  14, th e  

change in  membrane p o te n t i a l  caused  by a  p re s s u re  e j e c t i o n  was 

e s s e n t i a l l y  o f th e  same d u r a t io n  a s  th e  p re s s u re  p u ls e . I t  showed 

none o f th e  v o ltag e -d ep en d en cy  a s s o c ia te d  w ith  th e  dopamine re sp o n se . 

S ince th e  normal tim e c o u rse  o f a  s in g le  dopam ine re sp o n se  was o f th e  

o rd e r  o f 30 seconds, and p re s s u re  p u ls e s  were r a r e l y  lo n g e r  th a n  1 

second, i t  was u s u a l ly  p o s s ib le  to  e l im in a te  th e s e  a r t e f a c t s  in  

normal ex p er im en ts . In  c a s e s  where i t  d id  p rove im p o ss ib le , th e  

p r e p a ra t io n  was r e je c te d .

The ex p erim en ts  in v o lv in g  th e  m ic ro io n to p h o re s is  and b a th  a p p l ic a t io n  

o f dopam ine a l s o  se rv e d  a s  c o n t ro l s  f o r  t h i s ,  s in c e  re sp o n se s  were 

o b ta in e d  in  b o th  c a s e s  w h ich c l e a r ly  co u ld  n o t be a t t r i b u t e d  to  th e  

e f f e c t s  o f  p re s s u re .
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I # # #

pH 7 2 pH 7 7

Figure 13 An illustration of the lack of membrane electrical response to
solutions of saline at different pH values, Current pulses were 
applied through a second microelectrode, and there was no evidence of 
any alteration in membrane resistance. Resting potential was -62 mV,

Pulse
duration

TT

5mV

10 s

Figure 14 A typical current-clamp pressure artefact, The transient change in 
membrane potential (resting potential -59 mV) Is of the same duration 
as the pressure pulse.
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3 , 1 , 5  Ion  S u b s t i t u t i o n  E x p er im en ts

The ex p e rim en ts  i d e ta i l e d  h e re  to o k  th e  form of i o n - s u b s t i t u t io n s  in  

which e x te r n a l  c o n c e n tr a t io n s  o f S'a’*', K*̂ , Cl~ o r  Ca^^ were a l t e r e d .

In  a d d i t io n ,  in t e r n a l  c o n c e n tra t io n s  o f Cl" and Ca^^ were changed by 

im palem ent w ith  m ic ro e le c tro d e s  c o n ta in in g  KCl and t r i - p o ta s s iu m  

c i t r a t e  r e s p e c t iv e ly .  The ca lc iu m  a n ta g o n is ts  cadmium and v erapam il 

were a p p l ie d , to  d is c o v e r  th e  e x te n t to  which Ca^^ was in v o lv ed  

e i t h e r  in  th e  i n i t i a t i o n  o f th e  resp o n se  o r in  th e  c a r ry in g  o f 

c u r r e n t  d u r in g  i t .  These two a g e n ts  were chosen  s in c e  i t  has been 

shown th a t  th e r e  a r e  d i f f e r e n c e s  in  th e  ways in  which o rg a n ic  and 

in o rg a n ic  c a lc iu m  ch an n e l b lo c k e rs  a c t  (Oyama e t  a l ,  1986). The 

c o n s t i t u t i o n s  o f th e  rep lacem en t s a l i n e s  used  a re  g iven  in  Appendix 

1 .

F in a l ly ,  ex p e rim en ts  were perform ed u s in g  a co m p u te r-d r iv en  p u lse  

g e n e ra to r  w ith  f a s t  tim e r e s o lu t io n ,  which en ab led  th e  e f f e c t s  o f 

dopam ine on o v e r a l l  membrane c u r r e n t s  to  be a s se s se d .

3 .1 .5 .1  E f f e c t  o f A l te r a t io n  o f  [E a^]«

E xperim ents were perfo rm ed  in  which th e  p re p a ra t io n  was in c u b a te d  in  

a  s o lu t i o n  in  which [N a^]o was reduced  from a norm al v a lu e  o f 214 mK, 

to  42 .8  mM, a  f i v e - f o l d  re d u c t io n . In  th r e e  ex p e r im en ts , a f t e r  

in c u b a t io n  in  42 .8  mM ha"  ̂ s a l i n e  f o r  up to  15 m inu tes, th e  inw ard 

c u r r e n t  component s e e n  a t  command p o te n t i a l s  in  th e  re g io n  o f -20  mV 

was su p p re sse d , w h ile  in  fo u r  o th e rs  i t  was u n a ffe c te d . F ig u re  15
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Figure 15 The effect of a five-fold reduction in CNa-̂lo, from 214 mM to 42,8 mM, 
on the dopamine-induced response current at a range of command 
potentials (holding potential was -60 mV), Data were obtained by the 
‘short-pulse’ protocol, This illustrates an experiment in which the 
inward current at positive potentials was altered by the ion 
replacement, In other experiments, no effect was seen,
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i l l u s t r a t e s  an ex p er im en t in  w h ich su p p re s s io n  o ccu rred  in  low sod ium  

s o lu t io n .  No e f f e c t  was o b served  upon th e  in c re a s e  in  m agn itude o f 

th e  c u r r e n ts  a t  more n e g a t iv e  command p o te n t i a l s ,

3 .1 .5 ,2  E f f e c t  o f A l te r a t io n  o f [K ^lo

E xperim ents were perfo rm ed  in  which [K*̂ ‘3o was in c re a s e d  from  a normal 

v a lu e  o f 3 .1  mM to  15 .5  mM, In  f iv e  ex p erim en ts  t h i s  s u b s t i t u t i o n  

caused  th e  r e d u c t io n  o r a b o l i t i o n  o f th e  inw ard c u r r e n t  k in k , and one 

o f th e se  i s  i l l u s t r a t e d  in  F ig u re  16. However, in  th r e e  o th e r  

ex p er im en ts  t h i s  r e d u c t io n  was n o t observed . L ike low Ma'̂  s o lu t i o n s ,  

i t  d id  n o t, however, ap p ea r to  have any e f f e c t  on th e  m agn itude o f 

th e  inw ard c u r r e n t  a t  more n e g a t iv e  p o te n t i a l s .

3. 1 .5 .3  E f f e c t  o f  A l te r a t io n  o f CC1~3<=. and CCl~]t

In th e s e  e x p e r im en ts , CCl“ 3c was reduced  from  a normal le v e l  o f 235 

mM to  a le v e l  o f 1 /5  norm al, 47 mM. M ic ro e le c tro d e s  f i l l e d  w ith  3 M 

KCl were used  in  o rd e r  to  r a i s e  CCl“ l i ,  a lth o u g h  i t  was n o t p o s s ib le  

to  e s t im a te  by how much CCl~]j. was b e in g  a l t e r e d .  The r e s u l t s  o f 

bo th  s e t s  o f e x p e r im e n ts  were th e  same -  in  some c a s e s , (3 ou t o f 7 

fo r  changes in  CCl“ 3o and 3 o u t o f 8 fo r  changes in  tC l~ 3 i> , th e  

p o in t a t  which th e  m agn itude o f  dopamine induced  c u r r e n ts  in c re a s e d  

d ra m a t ic a l ly  was s h i f t e d  in  th e  d e p o la r is in g  d i r e c t io n .  F ig u re  17

shows a ty p ic a l  re c o rd  in  which CCl"3o was a l t e r e d .  In  th r e e  f u r th e r

ex p e r im en ts , no e f f e c t  was observed . Mo e f f e c t  was seen  on th e

m agn itude o f c u r r e n t s  a t  p o t e n t i a l s  p o s i t iv e  to  th e  r e s t i n g

p o t e n t i a l .
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Figure Î6 The effect of a five-fold increase in CK*]*, from 3.1 to 15,5 mM, on 
the dopamine-induced response current at a range of command potentials 
(holding potential was -60 mV), In this experiment, this change 
reduced the inward current at positive potentials, In other 
experiments, however, no effect was observed.
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Figure 17 The effect of a five-fold reduction in CCl~]o, from 235 mM to 47 mM,
on the dopamine-induced response current at a range of command 
potentials (holding potential was -60 mV), In none of the experiments 
was any effect observed on the positive end of the curve, but in some 
experiments, including that Illustrated, the current at negative 
potentials was altered,
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3 ,1 ,5 ,4  E f fe c t  o f A l te r a t io n  o f CCa^'^lo and th e  Use o f Calcium  

A n tag o n is ts

In a s e r i e s  of ex p e rim en ts , [C a^^]= was red u ced  to  1 /3  norm al (3 mM) 

and 1/10 normal (0 ,9  mM) <3 and 5 exp er im en ts  r e s p e c t i v e ly ) ,  and ze ro  

(2 e x p e r im en ts) . The M ernst e q u a t io n  would p r e d i c t  s h i f t s  o f Ece, o f 

13,8 & 29 mV r e s p e c t iv e ly  f o r  c o n c e n tra t io n s  o f 3 and 0 .9  mM Ca^'*', a t  

18* C.

Under c u rre n t-c la m p  c o n d i t io n s ,  th e  resp o n se  s i z e  was reduced , to  a 

p ro g re s s iv e ly  g r e a t e r  e x te n t ,  in  3 mK, 0 .9  mM and n o m in a lly  C a^ ^ -free  

s a l in e  r e s p e c t iv e ly .  In  3 mM th e  re sp o n se  was reduced  to

app ro x im ate ly  75% o f  i t s  o r ig i n a l  v a lu e : - i n  0 .9  mit Ca^*, to  around  

25%, and a b o l ish e d  c o m p le te ly  in  C a^+ -free . In  a l l  th r e e  c a se s , th e  

e f f e c t s  were r e v e r s i b l e  on w ash ing w ith  normal s a l i n e

(F igu re  18),

Under v o ltag e -c lam p  c o n d i t io n s ,  th e  resp o n se  showed l i t t l e  re d u c t io n  

in  3 mM Ca^^, In  0 .9  mM Ca^+, th e  resp o n se  was s e v e re ly  d ep re ssed  

being  reduced  by around  75 -  80% of i t s  o r ig in a l  v a lu e  a c ro s s  th e  

f u l l  range of command p o t e n t i a l s  s tu d ie d  (F ig u re  19).

In C a^ ^ -free  s a l i n e ,  no re sp o n se  cou ld  be ob serv ed , even a t  more 

n e g a tiv e  p o t e n t i a l s .  Again, in  a l l  th e  v o lta g e -c la m p  ex p er im en ts , 

th e  e f f e c t s  o f low Câ '*' were co m p le te ly  re v e rs e d  on w ash ing w ith  

normal s a l in e .
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Figure 18 The effect of a three-fold reduction in [Ca=+]o, from 9 mM to 3 mM,
on the current-clamp response to pressure-applied dopamine. The 
response was reversibly suppressed, Resting potential was -54 mV, and 
current pulses were applied through a second microelectrode,
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Figure 19 The effect of a ten-fold reduction in CCa=̂*]q, from 9 mM to 0,9 mM, on
the dopamine-induced response current at a range of command potentials 
(holding potential was -60 mV),
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In f iv e  e x p e rim en ts  under v o ltag e -c lam p , CCa^^]™ was in c re a s e d  to  2 

and 4 t im e s  normal (18 & 36 mM). These changes would s h i f t  Ec-.«. by 

8 .7  and 17.5  inV r e s p e c t iv e ly ,  a t  18° C. In b o th  c a s e s  an enhancem ent

o f th e  re sp o n se  was o bserved . The maximal re sp o n se  v a lu e  was

in c re a s e d  by up to  25% in  36 mM Ca^^ (F igu re  2 0 ). The e f f e c t  was

r e v e r s ib le  on w ash ing w ith  norm al s a l in e .

P harm aco log ica l a g e n ts  which b lo c k  Ca^^ c h an n e ls  were a l s o  used to  

in v e s t ig a te  th e  e f f e c t  o f  Ca^^ on th e  re sp o n se . B lockade o f Ca?^ 

ch an n e ls  would be e x p e c te d  to  have a s im i la r  e f f e c t  to  th e  re d u c t io n  

o f ECa^'^lo, s in c e  b o th  w i l l  reduce  th e  amount o f Ca^^ c ro s s in g  th e  

membrane in  re sp o n se  to  a  s t im u lu s .

E xperim ents were perfo rm ed  u s in g  th e  o rg a n ic  Ca^+ channe l b lo c k e r  

v e rap am il, and th e  in o rg a n ic  c o m p e titiv e  a n ta g o n i s t  io n  cadmium. 

T h is  ch o ic e  was made s in c e  i t  h as  been su g g e s te d  (Oyama e t  a l ,  1986) 

th a t  o rg a n ic  and in o rg a n ic  Ca '̂*' a n ta g o n i s ts  can have d i f f e r i n g  

e f f e c t s  on c e r t a i n  c h a r a c t e r i s t i c s  o f Ca^^ c u r r e n t s ,  V erapam il 

ap p e a rin g  to  b lo c k  th e  Ca=^ channel from  th e  i n t r a c e l l u l a r  end 

(F le c k e n s te in , 1988). Cadmium io n s  a re  known to  b lo c k  Ca^+ c h a n n e ls  

by c o m p e tit io n , s in c e  th e y  a re  o f a  s im i la r  s i z e  and charge  to  Ca^^.

In  tw elv e  e x p e r im e n ts  (5 under c u rre n t-c la m p , 7 under v o ltag e -c lam p ) 

verapam il r e v e r s ib ly  red u ced  th e  resp o n se  s i z e ,  A f i n a l  b a th  

c o n c e n tra t io n  o f  1 x 10"® M verapam il gave r i s e ,  a f t e r  in c u b a t io n  

tim es  up to  25 m in u tes , to  a  r e v e r s ib l e  and v i r t u a l l y  com plete  

a b o l i t i o n  o f th e  re sp o n se  c u r r e n t  over th e  f u l l  range  o f  command 

p o te n t i a l s  t e s t e d  under v o ltag e -c lam p  (F ig u re  2 1 ). T h is  a l s o  gave
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Figure 20 The effect of a four-fold increase in CCâ-̂lo, from 9 mM to 35 mM, on
the dopamine-induced response current at a range of command potentials 
(holding potential was -60 mV),
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Figure 21 The effect of 1 x 10"® M verapamil on the dopamine-induced response
current at a range of command potentials (holding potential was -60 
mV),
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r i s e  to  a r e v e r s ib l e  r e d u c t io n  o f th e  m agn itude o f th e  d e p o la r is in g  

resp o n se , to  abou t 10% o f i t s  o r ig in a l  s i z e ,  under c u rre n t-c la m p .

In  n in e  ex p er im en ts  (3 under c u rre n t-c la m p , 6 u nder v o lta g e -c la m p ), a 

f in a l  c o n c e n tr a t io n  o f 1 x 10^^ K cadmium r e s u l t e d ,  a f t e r  10 -  15 

m inutes in c u b a t io n  in  a r e v e r s i b l e  s u p p re s s io n  o f th e  DA-induced 

c u r r e n ts  s e e n  under v o lta g e -c la m p  (F ig u re  2 2 ). Under c u rre n t-c la m p , 

th e  s i z e  o f th e  d e p o la r i s in g  resp o n se  was a l s o  r e v e r s ib ly  reduced .

The r e v e r s a l  o f th e  e f f e c t s  o f cadmium was in  a l l  c a s é s  a ch iev ed

w ith in  20 to  40 m inu tes.

3 .1 .5 .5  E f fe c t  o f A l te r a t io n  o f  CCa?^]i

Experim ents were a l s o  perfo rm ed  u s in g  m ic ro e le c tro d e s  f i l l e d  w ith  

tr1 -p o ta s s iu m  c i t r a t e ,  which c h e la te s  f r e e  ca lc iu m . I t  was assumed 

th a t  im palem ent would th u s  red u ce  [C a ? ^ ] i ,  s in c e  t h i s  c h e la t io n  would 

cause a f a l l  in  th e  c y to s o l ic  ca lc iu m  c o n c e n tra t io n . In  tu rn ,  t h i s  

would be ex p ec ted  to  cau se  s to r e d  ca lc iu m  to  move down i t s  

c o n c e n tra t io n  g r a d ie n t  in to  th e  c y to s o l ,  and so  p ro g re s s iv e ly  d e p le te  

ca lc iu m  s t a r e s .  G iven th e  f a c t  t h a t  r a i s i n g  IC a^+lo , and hence

in c re a s in g  th e  trans-m em brane g ra d ie n t  f o r  c a lc iu m  enhanced th e  s i z e  

o f th e  resp o n se  to  dopam ine, c h e la t in g  in t e r n a l  ca lc iu m  would be 

exp ec ted  to  have th e  same e f f e c t .

Of th e  s ix  e x p e rim en ts  perfo rm ed  under v o lta g e -c la m p , th r e e  showed 

some enhancement o f  th e  re sp o n se  s i z e .  In  a ty p ic a l  c o n tro l

experim en t, th e  peak  inw ard  c u r r e n t  v a lu e  a t  a  command p o te n t i a l  o f -  

20 mV m ight be 10 nA. The mean peak c u r r e n t  a t  -20  mV fo r  th e  s i x
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Figure 22 The effect of 1 x 10"® M cadmium on the dopamine-induced response
current at a range of command potentials (holding potential was -60 
mV),
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ex p erim en ts  perfo rm ed  w ith  t r i - p o ta s s iu m  c i t r a t e  was 17.8  nA (± 2 ,0 4  

SD) compared w ith  9 .1  nA <± 2 ,2 9  SD, n = 7, p<0,001) f o r  ex p er im en ts  

perform ed w ith  p o ta ss iu m  a c e ta t e .  However, t h i s  in c re a s e  in  s iz e  

o ccu rred  p red o m in an tly  a t  p o t e n t i a l s  p o s i t iv e  to  th e  norm al r e s t i n g  

p o te n t i a l .  L i t t l e  o r  no e f f e c t  was seen  in  any o f th e  fo u r  

ex p erim en ts  under c u r re n t-c la m p  (F ig u re  23),

3 .1 .5 .6  C om puter-D riven E xperim ents

A s e r i e s  o f ex p e rim e n ts  was perform ed u s in g  a c o m p u te r-d r iv en  s te p -  

p u lse  system , and a  h ig h -sp e e d , h igh -com pllance  v o lta g e -c la m p  

a m p l i f i e r ,  to  I n v e s t i g a te  th e  e f f e c t  o f exogenous dopam ine on th e  n e t  

outw ard c u r r e n t s  s e e n  d u r in g  p u ls e s  under v o ltag e -c lam p .

Four e x p e r im en ts  were perfo rm ed  and o f th e se  th r e e  showed a c l e a r  

s u p p re s s io n  o f  th e  n e t outw ard  c u r r e n t  by 5 mît dopamine ( in  1% Na/MBS 

s a l in e )  in  th e  b a th  c i r c u l a t i o n .  In  on ly  one experim en t (F ig u re  2 4 ), 

however, was t h i s  e f f e c t  f u l l y  r e v e r s ib le .  The re d u c t io n  was o f th e  

o rd e r  o f  10% o f th e  maximal v a lu e , over th e  f u l l  range o f  command 

p o te n t i a l s  t e s t e d  (-70  to  0 mV),

3 .1 .6  D isc u ss io n

In  th e  ex p e r im en ts  r e p o r te d  h e re , th e  resp o n se  under c u r re n t-c la m p  a t  

th e  r e s t i n g  p o te n t i a l  o f  th e  c e l l  (-50 to  -60  mV) was a 

d e p o la r i s a t io n ,  a s s o c ia t e d  w ith  a  modest in c re a s e  in  membrane 

conductance. T h is  much was d em o n stra ted  by Flem ing (1986) and P itm an 

& Baker (1989). The m agn itude o f th e  resp o n se  was r e l a t i v e l y  sm all
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Current (nA)

-100 -140 -120 -100 -80 -60 -40 -20

Command Potential (mV)

Figure 23 The response to dopamine after intracellular injection of citrate
anions, This would be expected to reduce CCa=+]i by chelation, By 
comparison with a control experiment, the maximum inward current at 
around -20 mV was enhanced by approximately 50%, Holding 'potential 
was -60 mV,
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( appi^ôX. 10 mV), and t h i s ,  coup led  w ith  th e  sm a ll change in  

conductance, m ight su g g e s t t h a t  th e  p r in c ip a l  a c t io n  o f dopam ine was 

n o t be ing  o b se rv ed  a t  th e s e  p o te n t i a l s .

The re sp o n se  to  dopam ine was s u s c e p t ib le  to  d e s e n s i t i s a t i o n ,  u n l ik e  

th e  h y p e rp o la r is in g  re sp o n se  o f th e  a c in a r  c e l l s  o f th e  cockroach  

s a l i v a r y  g la n d  (B o w ser-E iley  & House, 1976). T h is  d i s t i n c t i o n  

betw een th e  two ty p e s  o f  re sp o n se  m ight su g g e s t t h a t  th e  two d i s t i n c t  

re c e p to r  ty p e s  th o u g h t to  m ed ia te  th e  re sp o n se s  in  m o llu scan  (B erry  & 

C o t t r e l l ,  1975; S to o f , de V lie g e r  & Lodder, 1985; B okisch  & W alker, 

1988; A udesirk , 1989) and in s e c t  neu rones may have d i f f e r e n t  

a f f i n i t i e s  f o r  dopam ine, and t h a t  th e re  may be d i f f e r e n c e s  in  th e  

r a t e  o f d i s s o c ia t io n  o f  th e  r e c e p to r - t r a n s m i t t e r  complex.

Under v o lta g e -c la m p  c o n d i t io n s ,  a t  o r n e a r  th e  r e s t i n g  p o te n t i a l  o f 

th e  c e l l  (e -60  mV), th e  re sp o n se  was e v id e n t a s  a n e t inw ard c u r r e n t ,  

u s u a lly  no l a r g e r  th a n  0 .5  nA. At p o t e n t i a l s  betw een -50  and -100 

mV, th e  re sp o n se  was o f  a  r e l a t i v e l y  c o n s ta n t m agn itude, b u t a s  th e  

membrane p o te n t i a l  was s te p p e d  to  p ro g re s s iv e ly  more n e g a t iv e  le v e l s ,  

th e  m agn itude o f  th e  inw ard  c u r r e n ts  induced  by dopamine in c re a s e d  

r a p id ly ,  t h i s  change o c c u r r in g  a t  around -140 mV.

When th e  membrane p o te n t i a l  was s te p p e d  to  p o t e n t i a l s  p o s i t i v e  to  RP, 

a marked in c re a s e  in  th e  m agn itude o f inw ard c u r r e n t s  was seen . Under 

th e se  c o n d i t io n s ,  th e  re sp o n se  c u r r e n t  In c re a s e d  p ro g re s s iv e ly  a t  

p o t e n t i a l s  from  RP (^-60  mV) to  -30 mV, reac h ed  a peak , u s u a l ly  

a p p ro x im a te ly  10 nA, a t  a round  -20  mV, and th e n  d e c l in e d , r e v e r s in g
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a t  around 0 mV, to  be s e e n  a s  an in c re a s in g  outw ard c u r r e n t  a t  more 

p o s i t iv e  p o te n t i a l s .

The unusual n a tu re  o f  th e  v o ltag e -d ep en d e n cy  o f th e  re sp o n se  r e q u i r e d  

th a t  c o n tro l  ex p e r im en ts  be perform ed  to  p re c lu d e  th e  p o s s i b i l i t y  

t h a t  th e s e  r e s u l t s  were a r t e f a c t u a l .  In  f a c t ,  th e r e  was no 

s i g n i f i c a n t  d i f f e r e n c e  betw een re sp o n se s  o b ta in e d  by 

m ic ro io n to p h o re s is , b a th  a p p l ic a t io n  and p re s s u re  e j e c t i o n  of 

dopam ine. In  a d d i t io n  e x p e r im e n ts  u s in g  th e  v e h ic le  a lo n e  and 

a l t e r i n g  CpHlo in d i c a te d  t h a t  th e  re sp o n se  c o u ld  n o t be a t t r i b u t e d  to  

th e se .

There a re  two p o s s ib le  re a s o n s  f o r  t h i s  v o ltag e-d ep en d en cy . F i r s t ,  

th e  p ro c e ss  o f b in d in g  and  d i s s o c ia t io n  o f  dopam ine to  r e c e p to r s  may 

i t s e l f  be v o lta g e -d e p e n d e n t. In  o th e r  words, th e  a f f i n i t y  o f th e  

re c e p to r s  f o r  dopamine may change w ith  membrane p o te n t i a l .  A lthough 

r e c e p to r s  o f d i f f e r e n t  a f f i n i t i e s  f o r  dopamine have been i s o la te d ,  

and t h i s  has  form ed a  p a r t  o f  th e  b a s is  f o r  t h e i r  c l a s s i f i c a t i o n ,  

(K ebabian & C a ine, 1979; L i s t  e t  a l ,  1980; C reese e t  a l ,  1983), no 

ev idence h as  y e t been p u b l ish e d  to  su g g e s t t h a t  th e se  d i f f e r e n c e s  

r e s u l t  from  v o ltag e -d ep en d e n cy  o f th e  b in d in g - d i s s o c ia t io n  p ro c e ss .

Second, and more l i k e l y ,  i s  th e  p o s s i b i l i t y  t h a t  th e  io n  channels , 

l in k e d  to  th e  dopam ine r e c e p to r s  which m ediate  th e  re sp o n se  c u r r e n t  

may th em se lv es  be v o lta g e -d e p e n d e n t. V o lta g e - s e n s i t iv e  io n  c h an n e ls  

have been known f o r  many y e a r s .  For exam ple, Hodgkin & Katz (1949) 

and Hodgkin & H uxley (1953) showed th a t  th e  sodium  and po tass iu m  

components o f th e  a c t io n  p o t e n t i a l s  in  th e  sq u id  axon were m ed ia ted
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by v o lta g e -d e p e n d e n t ch a n n e ls , which a llow ed  th e  s e p a r a te  com ponents 

to  be a c t iv a te d  a t  a p p ro p r ia te  membrane p o t e n t i a l s  f o r  t h e i r  

fu n c t io n , and v o lta g e -d e p e n d e n t po tass iu m  c h a n n e ls  a r e  r e s p o n s ib le  

f o r  th e  m odu lation  o f e x c i t a b i l i t y  in  am ph ib ian sy m p a th e tic  g a n g l io n  

c e l l s  (Brown & Adams, 1980). The MDA re c e p to r  h as  been shown to  

m odulate a m ixed io n  ch an n e l, no rm ally  b locked  by magnesium io n s  a t  

r e s t i n g  p o te n t i a l .  D e p o la r is a t io n  d is lo d g e s  th e s e  magnesium io n s  and 

p e rm i ts  l a r g e r  c u r r e n t s  to  flow  (Mayer, V estbrook  & G u th r ie , 1984; 

Movak e t  a l ,  1984), In  a v a r i e ty  o f m o llu scan  n eu ro n es , 5-HT

re c e p to r s  have been shown to  m odulate ca lc iu m  c u r r e n t s  (P e llm ar & 

C a rp e n te r , 1979; 1980; C o t t r e l l ,  1982; B a x te r  & Byrne, 1989),

More r e c e n t ly ,  th e  m odu la tion  o f v o lta g e -g a te d  c a lc iu m  c h a n n e ls  by G- 

p ro te in -m e d ia te d  sy stem s h as  been dem onstra ted  in  a  number o f t i s s u e s  

(T sien  e t  a l ,  1988; R o sen th a l e t  a l ,  1988; Brown e t  a l ,  1981),

I t  i s  perh ap s u n l ik e ly  t h a t  th e  d ram a tic  in c re a s e  in  c u r r e n t  

m agn itude a t  th e  more n e g a t iv e  p o te n t i a l s  h a s  any p h y s io lo g ic a l  

s ig n i f i c a n c e ,  s in c e  p o t e n t i a l s  a s  n e g a t iv e  a s  t h i s  a re  u n l ik e ly  to  

occu r In vivo .  S in ce  in  most neurones, Ecj. i s  n e g a t iv e  (around -60  

mV>, i t  was im p o rtan t to  in v e s t ig a t e  th e  p o s s ib le  c o n t r i b u t io n  o f  

c h lo r id e  io n s  to  th e  re sp o n se  in  t h i s  r e g io n  o f th e  IV cu rv e . 

However, a l t e r a t i o n  o f CCl~]o o r CCl“ 3 i p roduced  o n ly  an u n r e l i a b le  

s h i f t  o f th e  IV cu rv e  in  re sp o n se  to  a p re d ic te d  s h i f t  o f E ci, A 5 -  

f o ld  re d u c t io n  in  [Ra+]# a l s o  o c c a s io n a lly  su p p re s se d  c u r r e n t s  a t  th e  

more n e g a t iv e  end o f th e  IV r e la t io n s h ip ,  which was n o t a f f e c te d  by 

changes in  [K^]=, R eduction  o f [C a^^]« r o u t in e ly  su p p re sse d  th e  

re sp o n se  a c ro s s  th e  f u l l  range  o f comand p o t e n t i a l s ,  a s  d id  th e  

ca lc iu m  channe l b lo c k e rs  cadm ium and verap am il. I t  th e r e f o r e  rem ains
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u n c le a r  w hether, o r  to  what e x te n t ,  sodium, p o tassium , o r c h lo r id e  

io n s  c o n t r ib u te  t o  th e  re sp o n se  c u r re n t  a t  th e s e  more n e g a t iv e  

p o te n t i a l s ,  a lth o u g h  th e  r e l i a b i l i t y  o f th e  e f f e c t  o f chang ing  

ca lc iu m  h a n d l in g  s u g g e s ts  an involvem ent o f t h i s  io n  in  th e  m e d ia tio n  

o f th e  re sp o n se , e i t h e r  a s  p a r t  o f a  g a t in g  mechanism f o r  o th e r  io n  

c u r r e n ts ,  o r  a s  c u r r e n t - c a r r y in g  io n s .

I f ,  a s  seemed l i k e l y ,  th e  inw ard  c u r re n t  component seen  a t  p o t e n t i a l s  

around -20  mV was p h y s io lo g ic a l ly  th e  more im p o rta n t, th e n  an  

u n d e rs ta n d in g  o f  i t s  io n i c  b a s is  was e s s e n t i a l .  A l te r a t io n s  o f  

[ Ma^]o and CK^]« would be e x p e c te d  to  s h i f t  th e  r e v e r s a l  p o t e n t i a l  o f 

th e  re sp o n se  (and to  s h i f t  th e  IV curve under v o lta g e -c la ra p ) . In  

p r a c t i c e ,  th e  r e s u l t s  o f th e s e  io n - s u b s t i t u t io n  ex p er im en ts  were 

e q u iv o c a l. In  some c a s e s ,  b u t n o t in  a l l ,  in c re a s in g  [K+]= from  3 .1  

to  15 .5  mM r e v e r s i b ly  a b o l is h e d  th e  inw ard c u r r e n t  peak a t  around -2 0  

mV. M oreover, a  5 - f o ld  r e d u c t io n  in  [ Ma^]o o c c a s io n a l ly  su p p re s se d  

t h i s  inw ard c u r r e n t  com ponent, and som etim es a l s o  e x e r te d  an 

in f lu e n c e  a t  th e  more n e g a t iv e  end o f th e  IV r e la t i o n s h i p ,  which was 

n o t a f f e c te d  by ch anges in  [K^]=.

S im ila r  o b s e rv a t io n s  have been made in  o th e r  in v e r te b r a te  

p re p a ra t io n s .  For e x an p le , W ilson & W achtel (1974; ' 1978)

d em o n stra ted  t h a t  p ro lo n g ed  c h o l in e rg ic  and dopam inerg ic  in h i b i t i o n  

in  A p lys la  n eu ro n es  cau sed  a re g io n  o f n e g a t iv e - s lo p e  r e s i s t a n c e  to  

ap p ea r on th e  c u r r e n t  v o lta g e  cu rve . T h is  was a l t e r e d  by io n -  

rep lacem en t in  th e  b a th in g  s o lu t io n ,  so d iu m -free  se a  w a te r a b o l is h in g  

th e  re g io n  o f n e g a t iv e - s lo p e  r e s is ta n c e .  These r e s u l t s  show 

s i m i l a r i t i e s  w ith  th e  e f f e c t  se e n  in  th e  p re s e n t  s tu d y , in  which th e
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inw ard c u r r e n t  peak v/as a b o l is h e d  ( a lb e i t  u n r e l i a b ly )  by re d u c t io n  o f 

[Na^]=.

The so u rce  o f v a r i a b i l i t y  o f th e  r e s u l t s  o b ta in e d  in  th e  p re s e n t  

s tu d y  by io n  s u b s t i t u t i o n s  i s  u n c le a r . I t  i s  p o s s ib le  however t h a t  

lo c a l  v a r i a t io n s  in  io n  c o n c e n tr a t io n  in  th e  im m ediate v i c i n i t y  o f 

th e  soma may be r e s p o n s ib le ,  and th e se  may r e s u l t  from  v a r i a t io n  in  

c le a n in g  o f th e  c e l l  u n d e rta k e n  a t  th e  b eg in n in g  o f each  exp er im en t. 

I t  i s  a l s o  p o s s ib le  t h a t  in fo ld in g  o f th e  c e l l  membrane i s  

r e s p o n s ib le  f o r  tr a p p in g  io n s  c lo s e  to  th e  membrane, th u s  l o c a l ly  

a l t e r i n g  th e  c o n c e n tra t io n . T h is  has been su g g e s te d  a s  a  re a so n  fo r  

th e  d e v ia t io n  o f  th e  e x p e r im e n ta lly  d e te rm in ed  r e v e r s a l  p o te n t i a l  

from  th a t  p r e d ic te d  f o r  a  c a lc iu m -a c t iv a te d  p o ta ss iu m  conductance  in  

c e l l  28 o f th e  cock roach  m e ta th o ra c ic  g a n g l io n  (Thomas, 1984). I t  i s  

known th a t  th e  in s e c t  CMS p o s se s s e s  an e f f i c i e n t  b lo o d -b ra in  b a r r i e r  

(T reherne & P ichon , 1972), and th e  e x te n t  to  w hich t h i s  may 

c o n tr ib u te  to  th e  r e s t r i c t i o n  o f a c c e s s  to  th e  soma rem a in s unknown.

Ion s u b s t i t u t i o n  ex p e r im e n ts  d em o n stra ted  to  P e llm ar and W ilson 

(1977) t h a t  w h ile  th e  m agn itude o f th e  c u r r e n t  induced  in  re sp o n se  to  

5-HT was u n a f fe c te d  by in c re a s in g  [K+]=, i t  was c o n s i s t e n t ly  reduced  

by low erin g  [Ma'^lo, and th e y  a l s o  concluded  t h a t  sod ium  iq p s  were 

in v o lv ed  in  th e  m e d ia tio n  o f th e  resp o n se  a t  th e s e  d e p o la r is e d  

p o te n t i a l s .  I t  was l a t e r  d em o n stra ted , however, t h a t  t h i s  c u r r e n t  

was c a r r i e d ,  a t  l e a s t  in  p a r t ,  by ca lc iu m  io n s  (P e llm ar & C a rp e n te r , 

1979; 1980).
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C o t t r e l l  (1982) found  a  s y n a p t i c a l ly  g e n e ra te d  h y p e rp o la r is in g  

resp o n se  in  a  fo llo w e r  c e l l  ( th e  A neurone) o f a g ia n t  5-HT 

c o n ta in in g  neurone in  Hellx^ which was mimicked by th e  a p p l ic a t io n  o f 

5-HT to  th e  A neurone. The re sp o n se  was u n a f fe c te d  by rep lacem en t o f 

e x t r a c e l l u l a r  sod ium  o r  p o ta ss iu m , b u t appeared  e i t h e r  d i r e c t l y  o r  

in d i r e c t l y  to  in v o lv e  c a lc iu m  io n s , and showed a  d e f i n i t e  v o l ta g e -  

dependency, in c re a s in g  in  m agn itude a t  more d e p o la r is e d  p o te n t i a l s ,

J u e l  (1984) has  shown t h a t  lo n g - la s t in g  s y n a p t ic  in h i b i t i o n  o f  a  

neurone in  H e lix  pomatia  was th e  r e s u l t  o f in h i b i t i o n  o f  a v o l ta g e -  

dependent ca lc iu m  c u r r e n t .  The sy n a p t ic  e v e n ts  le a d in g  to  t h i s  

s u p p re s s io n  were shown to  be m ed ia ted  by dopamine ( J u e l ,  1983),

C o t t r e l l  (1988) has a l s o  d em o n stra ted  a s u p p re s s iv e  e f f e c t  o f 5-HT on 

a v o lta g e -d e p e n d e n t p o ta ss iu m  c u r r e n t  in  H e lix  Cl neurones. T h is  

c u r r e n t  a p p e a rs  n o t to  be m odulated  by c y c l ic  AMP, bu t by p r o te in  

k in a se  C and p h o sp h o ry la t io n , p erh ap s  a c t iv a t e d  by a G p r o te in .  

F u r th e r  ev id en ce  i n  su p p o r t o f  t h i s  has been p ro v id ed  by th e  a c t io n s  

o f th e  p h o sp h a tase  i n h i b i t o r ,  o k adaic  a c id  ( C o t t r e l l ,  1989; Cohen e t  

a l ,  1990), which p o te n t i a t e d  th e  resp o n se  to  5-HT (Cohen e t  a l ,  1989)

A s t e a d y - s t a t e  c a lc iu m -a c t iv a te d  p o ta ss iu m  c u r r e n t  m odulated by 5-HT 

h as  been o b serv ed  in  t a i l  s e n so ry  neurones o f A p ly s ia  (Walsh & Byrne, 

1989; B ax te r & Byrne, 1989). When sen so ry  neu ro n es were d e p o la r is e d  

by a p p l ic a t io n  o f  p u ls e s ,  th e  m agn itude o f th e  e l i c i t e d  outw ard 

c u r r e n t  was reduced  by around  30% by 5-HT. T h is  e f f e c t  i s  a p p a re n tly  

m ediated  by a l t e r a t i o n  o f th e  i n t r a c e l l u l a r  le v e l  o f  c y c l ic  AMP,
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The r e s u l t s  o b ta in e d  in  th e  p re s e n t  s tu d y  have a number o f 

s i m i l a r i t i e s  w ith  th o s e  r e p o r te d  above. R eduction  o f fNa'^lo reduced  

th e  s i z e  o f th e  inw ard  c u r r e n t s ,  su g g e s t in g  t h a t  sod ium  io n s  m ight 

p la y  a p a r t  in  th e  m e d ia tio n  o f th e  re sp o n se . In a d d i t io n ,  th e  

r e s u l t s  o f  th e  c o m p u te r -c o n tro lle d  ex p er im en ts  in d ic a te d  t h a t  th e  

e f f e c t  o f dopamine was to  red u ce  th e  m agn itude o f th e  o v e r a l l  outw ard 

c u r r e n ts  induced  by v o l t a g e - s te p s .  However, th e  r e s u l t  o f in c re a s in g  

[K tho, w hich su p p re s se d  th e  inw ard  c u r re n t  peak , was in c o n s i s t e n t  

w ith  t h i s ,  s in c e  in c re a s e  o f CKtha would be e x p ec ted  to  su p p re s s  

outw ard c u r r e n t s  by re d u c in g  th e  e le c tro c h e m ic a l g r a d ie n t .  

A l te r a t io n s  o f  c h lo r id e  c o n c e n tr a t io n s ,  b o th  in s id e  and o u t, a l s o  

caused  s h i f t s  o f  th e  IV r e l a t i o n s h i p  f o r  dopamine, b u t none o f th e s e  

e f f e c t s  were r e l i a b l y  r e p ro d u c ib le ,-  and i t  i s  n o t p o s s ib le  a t  p re s e n t  

to  e s t a b l i s h  in  any d e t a i l  th e  io n ic  b a s is  o f th e  re sp o n se  to  

dopam ine w ith  r e s p e c t  to  sodium , p o ta ss iu m  o r  c h lo r id e .

The r e s u l t s  o f ex p e rim e n ts  in v o lv in g  a l t e r a t i o n  o f ca lc iu m  

c o n c e n tra t io n s , however, p ro v id e d  re p ro d u c ib le  r e s u l t s ,  and i t  

ap p ea rs  t h a t  c a lc iu m  may p la y  an im p o rtan t r o le  in  th e  re sp o n se  to  

dopam ine in  t h i s  p r e p a ra t io n .  T h is  r o le  may ta k e  two form s. F i r s t l y  

ca lc iu m  may a c t iv e l y  c a r r y  a  p ro p o r tio n  o f th e  re sp o n se  c u r r e n t ,  o r 

seco n d ly  ca lc iu m  may be r e s p o n s ib le  f o r  th e  a c t i v a t io n  o f o th e r  

c u r r e n ts ,  f o r  exam ple c a lc iu m -a c tiv a te d  p o ta ss iu m  c u r r e n ts .  

R eduction  o f CCa^‘*'3o su p p re s se d  th e  re sp o n se , and i t s  rem oval 

a b o lis h e d  i t  a l to g e th e r .  E q u a lly , in c re a s in g  ICa=^3= enhanced th e  

re sp o n se , a s  d id  re d u c in g  [Ca=^3i w ith  t r i - p o ta s s iu m  c i t r a t e .  

Moreover, th e  c a lc iu m  ch an n e l b lo c k e rs  cadmium and v erapam il b o th  

a b o lis h e d  th e  re sp o n se . The su p p re s s io n  o f th e  re sp o n se  by th e
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re d u c t io n  of e x te r n a l  c a lc iu m  does no t in d i c a te  w hether c a lc iu m  a c t s  

a s  a t r i g g e r  o r  a c u r r e n t  c a r r i e r .  However, s in c e  lo w er in g  in t e r n a l  

ca lc iu m  o r  r a i s i n g  e x te r n a l  ca lc iu m  b o th  enhanced th e  re sp o n se , i t  i s  

l e s s  l i k e ly  t h a t  c a lc iu m  i s  a c t iv a t in g  a c u r r e n t  c a r r i e d  by a n o th e r  

io n .

C alcium  io n s  m odulate o r  c o n tro l  many i n t r a c e l l u l a r  m e ta b o lic  

p ro c e sse s , and th e  c o n c e n tra t io n  o f f r e e  i n t r a c e l l u l a r  c a lc iu m  i s  

t i g h t l y  c o n t ro l le d  by a com plex hom eo sta tic  system . C alcium  may be 

bound by c y to s o l ic  p r o te in s ,  such  a s  ca lm o d u lin , o r  s t a r e d  in  

o rg a n e l le s  such  a s  th e  endop lasm ic  re tic u lu m . C alcium  c h a n n e ls  e x i s t  

in  b o th  th e  c e l l  membrane and in  th e  boundary membranes o f  su ch  

o rg a n e l le s ,  and t h e i r  v a r i e ty  and c o n tro l  h as  been w id e ly  s tu d ie d  

(HcBurney & N eering , 1987; T s ie n  e t  a l ,  1988). I t  has been shown 

t h a t  th e  re sp o n se  to  dopam ine o f th e  neurone D@ i s  n o t m ed ia ted  by 

changes in  th e  i n t r a c e l l u l a r  c o n c e n tra t io n  o f c y c l i c  AMP (Flem ing, 

1986; P itm an & Baker, 1989),

In  t h i s  p re p a ra t io n , however, i t  i s  no t c l e a r  w hether c a lc iu m  io n s  

a c tu a l ly  c a r ry  a p ro p o r tio n  o f th e  dopam ine-evoked c u r r e n t ,  o r 

w hether th e y  s e rv e  a s  a  t r i g g e r ,  perhaps a c t i v a t in g  some form  o f 

c a lc iu m -s e n s i t iv e  c u r r e n t  m ed ia ted  by sodium  o r  p o ta ss iu m  io n s . 

S u f f i c i e n t  d a ta  i s  n o t p r e s e n t ly  a v a i la b le  to  a llo w  t h i s  q u e s t io n  to  

be a d e q u a te ly  a d d ressed .

I t  i s  no t c e r t a in ,  however, t h a t  th e  v o ltag e -d ep en d e n ce  o f t h i s  

resp o n se  i s  th e  r e s u l t  o f  th e  a c t iv a t io n  o f v o lta g e -d e p e n d e n t 

c h an n e ls  o f th e  c l a s s i c a l  ty p e , which fu n c t io n  a s  a  r e s u l t  o f
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v o lta g e - in d u c e d  c o n fo rm a tio n a l change, which m y  th e n  a l t e r  th e  

a b i l i t y  o f th e  ionophore  t o  conduct.

The d e p o la r i s in g  a c t io n  o f g lu tam ate  on M -m eth y l-D -asp a rta te  <NîlDA> 

r e c e p to r s  h as  a l s o  been shown to  be v o l t  age-d e  penden t (Mayer e t  a l ,

1984; Mowak e t  a l ,  1984). In t h i s  c a se , a t  th e  normal r e s t i n g

p o te n t i a l  o f  th e  c e l l ,  th e  ionophore i s  b locked  by magnesium io n s . 

The d e p o la r i s in g  re sp o n se  o f  c u l tu r e d  em bryon ic mouse s p in a l  neu rones 

to  g lu tam a te  was sm a ll a t  p o te n t i a l s  n ea r th e  normal r e s t i n g

p o te n t i a l  o f  th e  c e l l .  I f ,  however, th e  c e l l  was d e p o la r is e d  by 

o th e r  s y n a p t ic  in p u t ,  magnesium io n s  were d is lo d g e d  from  th e  io n  

ch an n e ls  and th e  d e p o la r i s in g  e f f e c t  o f  g lu tam a te  was g r e a t ly

enhanced. I t  rem a in s a p o s s i b i l i t y  t h a t  a s im i la r  mechanism m ight 

o p e ra te  to  enhance th e  a c t io n  o f dopam ine a t  more d e p o la r is e d  

p o te n t i a l s .  However, s in c e  th e  normal s a l in e  s o lu t i o n  in  which th e  

v o ltag e -d ep en d en ce  o f  th e  re sp o n se  was o b serv ed  was nom in a lly  

m agnesium -free, i t  i s  n o t l i k e l y  t h a t  a p r e c i s e ly  s im i la r  mechanism 

would be p re s e n t .

F u n c tio n a l r o l e s  f o r  am in e rg ic  t ra n s m is s io n  have been dem on stra ted  in  

a  number o f p r e p a ra t io n s .  Dopamine a n ta g o n is ts  heve been shown to  

in t e r f e r e  w ith  th e  m otor program  g e n e ra t io n  r e s p o n s ib le  f o r  th e  

locom otor waves in  th e  s n a i l ,  H elix  pomatia,  ̂ I n je c t io n  o f 

a n ta g o n i s ts  cau sed  a b n o rm a l i t ie s  in  th e  rhythm s o f c o n tra c t io n ,  and 

a ls o  ' h y p e r a c t i v i t y ' , le a d in g  to  th e  c o n c lu s io n  t h a t  dopam ine was 

a c t in g  a s  an in h i b i to r y  m odu lato r in  t h i s  system  (Sakharov & S a lâ n k i ,  

1982). In  1983, W ieland & G e lp e r in , work ing on th e  s n a i l  Limax 

maximuG o b served  t h a t  th e  a p p l ic a t io n  o f dopam ine to  s a l i v a r y
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neurones caused  e x c i t a t io n ,  and le d  to  th e  i n i t i a t i o n  o f a  fe e d in g  

motor program.

In th e  C ru s ta c e a , th e  s to m a to g a s tr ic  g a n g l io n  o f  th e  lo b s te r  

Fanulirus in te r r u p tu s  c o n ta in s  p y lo r ic  n eu rones which have been shown 

to  d e p o la r is e  when exposed to  dopam ine, and which a l t e r  th e  p a t t e r n  

o f o u tp u t from  th e  rhythm  g e n e ra to r  r e s p o n s ib le  f o r  stom ach movement 

d u r in g  d ig e s t io n  (H a rr is -W a rr ic k  & Flamm, 1986).

The o c to p ara in erg ic  m odu la tio n  o f th e  lo c u s t  neurom uscu lar ju n c t io n  

was f i r s t  shown by Evans & O 'Shea (1977), who found t h a t  an 

oc to p am in erg ic  neurone in e rv a te d  th e  e x t e n s o r - t i b i a e  muscle in  th e  

lo c u s t  S ch ls to c e rc a  g reg a r la .  By s t im u la t io n  o f t h i s  neurone, th e y  

produced a p o te n t i a t io n  o f th e  epsp  and th e  tw i tc h  te n s io n  r e s u l t in g  

from th e  s t im u la t io n  o f an  i d e n t i f i e d  m otoneurone. More r e c e n t ly  

(Evans, 1981; 1984a; 1984b), th e  r e c e p to r s  m e d ia tin g  t h i s  re sp o n se

have been c h a r a c te r i s e d ,  and i t  h as a ls o  been shown th a t ,  in  t h i s  

same p re p a ra t io n , octopam ine r e le a s e d  a t  th e  neurom uscu lar synapse 

cau ses  an e le v a t io n  o f cyclic-AM P le v e l s  w ith in  th e  m uscle c e l l s ,  

in d i c a t in g  how octopam ine may ach iev e  i t s  p o te n t i a t in g  e f f e c t .  

O ctopam inerg ic  m odu la tion  o f neurom uscu lar tr a n s m is s io n  has a l s o  been 

dem onstra ted  in  o th e r  in s e c t  p re p a ra t io n s  (K laasen  & Kammer,' 1985; 

K laasen, Kammer & F i tc h ,  1986),

House (1973), B ow ser-R iley  & House (1976) and House & G insborg  (1982) 

have shown th a t  dopam ine c o n s i s t e n t ly  c a u se s  a h y p e rp o la r is in g  

response  in  a c in a r  c e l l s  o f th e  s a l i v a r y  g la n d  o f th e  cockroach  

Hauphoeta c inerea .  In  th e  in t a c t  g lan d , th e  a p p l ic a t io n  o f dopam ine
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was fo llo w ed  by an in c re a s e  in  s e c r e t io n .  The h y p e r p o la r is a t io n  was i

i
in s e n s i t i v e  to  r e d u c t io n  o f e x t r a c e l l u l a r  calcium » bu t s e c r e t io n ,  and |

hence n e u ro g la n d u la r  t r a n s m is s io n , was su p p re sse d . {

In  th e  honey bee A p is  m e l l i f e r a ,  M acMillan & M ercer (1987) co n c lu d ed  

t h a t  dopam ine in h i b i t e d  neurones which were in v o lv e d  in  th e  

c o n d i t io n in g  o f th e  bee to  respond  to  a s t im u lu s  o f  s u g a r  by •

ex ten d in g  i t s  p ro b o s c is .  Dopamine su p p re sse d  t h i s  c o n d i t io n in g , 

a lth o u g h  th e  a u th o rs  s t r e s s e d  th a t  c o n c lu s io n s  c o n ce rn in g  th e  

c e l l u l a r  a c t io n s  o f dopam ine sh o u ld  n o t n e c e s s a r i ly  be drawn from  

th e se  r e s u l t s .

A common in h i b i to r y  (CD m otoneurone may e x e r t  an in f lu e n c e  ov er many 

fo llo w e r  c e l l s  a t  th e  same tim e , and th e  Cl neu rones o f th e  co ck roach  -

may be in v o lv ed  in  th e  w alk ing c y c le  (P earson  & Bergman, 1969). I f ,  

a s  i s  d em o n stra ted  by th e  r e s u l t s  o f th e  p re s e n t s tu d y . Cl '

m otoneurone D@ resp o n d s  to  dopam ine by d e p o la r is in g ,  t h i s  would |

enhance any in h i b i to r y  e f f e c t  i t  may have upon fo llo w e r  n eu ro n es  by '

enhanc ing  r e le a s e  o f in h i b i to r y  t r a n s m i t t e r  a t  i t s  te rm in a ls  on 

muscle e n d -p la te s .  I f  s y n a p t ic  pathways e x is te d  whereby th e  d eg ree  

o f d e p o la r i s a t io n  in  th e  e x c i ta to r y  nerve f i b r e s  o r th e  m uscle i t s e l f
1

co u ld  be made to  in f lu e n c e  th e  membrane p o te n t i a l  o f th e  Cl neurone, 

p erhaps by th e  r e le a s e  o f dopamine, th e n  th e  v o ltag e -d ep en d e n cy  o f 

th e  re sp o n se  would a llo w  in c re a s e d  in h i b i t i o n  to  be a p p l ie d  a t  

c o rre sp o n d in g ly  h ig h e r  l e v e l s  o f d e p o la r is a t io n .  In  o th e r  words, th e  

g r e a te r  th e  d eg ree  o f e x c i t a t io n ,  th e  g r e a te r  th e  feed b ack  s ig n a l  t o  

th e  Cl neurone, and th e  la r g e r  th e  amount o f in h i b i t i o n  a p p l ie d  to  

th e  m uscle. P ro longed  exposure  o f neurone D@ to  dopam ine c a u se s  i t
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to  e x h ib i t  b u r s t in g  a c t i v i t y  (Pitm an & B aker, 1989), T h is  i s  

c o n tra ry  to  th e  o b s e rv a tio n s  o f  W ilson & W achtel (1974; 1978) who

showed t h a t  p ro lo n g ed  dopam inerg ic  in h i b i t i o n  in  n eu rones o f A p ly s la  

s u p p re sse d  b u r s t  p ro d u c t io n . However, i t  i s  p o s s ib le  t h a t  dopamine 

may have a  r o le  in  th e  c o n t ro l  o f  motor programm ing.

F u r th e r  work i s  needed  to  i d e n t i f y  th e  io n s  in v o lv ed  in  c a r ry in g  th e  

re sp o n se  c u r r e n t  and th e  involvem ent o f ca lc iu m  in  i t s  m ed ia tio n . In  

a d d i t io n ,  th e  t r a c in g  o f s y n a p t ic  c o n n e c tio n s  o n to  and from  Ds would 

a llo w  th e  f u n c t io n a l  s i g n i f i c a n c e  o f th e  v o ltag e-d ep en d en ce  o f th e  

re sp o n se  to  be e x p la in e d .

3 . 1 , 7  Summary

At th e  norm al r e s t i n g  p o te n t i a l  o f th e  c e l l ,  th e  re sp o n se  to  dopam ine 

under c u r r e n t - d a m p  c o n d i t io n s  was a  d e p o la r i s a t io n  a s s o c ia te d  w ith  a 

s l i g h t  f a l l  in  th e  in p u t r e s i s t a n c e  o f th e  c e l l .  Under v o l ta g e -  

dam p , t h i s  was se e n  a s  an  Inw ard c u r re n t .  In  b o th  c a s e s ,  th e  

re sp o n se  showed a marked v o ltag e-d ep en d en cy , in c re a s in g  g r e a t ly  in  

m agn itude a t  more n e g a t iv e  p o t e n t i a l s  (betw een -120 and -150 mV), 

and, under v o lta g e -d a m p , a l s o  in c re a s in g  to  a l e s s e r  e x fe n t a t  

p o t e n t i a l s  around  -2 0  mV. The c u r re n t  m agn itude th e n  f e l l  to w ard s  

z e ro  and a p p a re n t ly  r e v e rs e d  a t  around 0 mV. The re sp o n se  u nder 

c u r re n t-d a m p  d id  n o t ap p ea r to  r e v e rs e .  The re sp o n se  co u ld  a l s o  be 

o b ta in e d  by th e  u se  o f  m ic ro io n to p h o re s is  o r  b a th  a p p l ic a t io n  o f 

dopam ine.
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The e f f e c t s  o f chang ing  e x te r n a l  c o n c e n tra t io n s  o f Na'*', K'̂ , C l" and 

were in v e s t ig a te d .  The e f f e c t s  o f chang ing  Ma^, and C l" were

in c o n s i s t e n t ,  som etim es c a u s in g  a b o l i t i o n  o f th e  r e g io n  o f  n e g a t iv e  

s lo p e  r e s i s ta n c e  induced  a t  p o t e n t i a l s  around -20  mV, and som etim es 

hav ing  no e f f e c t .  A l te r a t io n  o f [ C l" ] i  had s im i l a r l y  u n p re d ic ta b le  

e f f e c t s .  T h is  v a r i a b i l i t y  may be due to  d i f f i c u l t i e s  o f a c c e s s , o r  

th e  p resen ce  o f an  e f f i c i e n t  b lo o d -b ra in  b a r r i e r ,

Reducing [Ca?+]* cau sed  s u p p re s s io n  o f th e  re sp o n se , and c h e la t io n  o f 

in te r n a l  Ca^^ by t r i - p o ta s s iu m  c i t r a t e  enhanced th e  re sp o n se  undr 

v o ltag e -c lam p , b u t n o t under c u rre n t-c la m p . S im i la r ly ,  r a i s i n g  

[C a^^le  enhanced th e  re sp o n se . The ca lc iu m  a n ta g o n i s ts  v erapam il and 

cadmium b o th  su p p re s se d  th e  re sp o n se .

The n e t outw ard c u r r e n t s  produced  by d e p o la r is in g  v o lta g e  s te p s  were 

d ep re ssed  by dopamine.

102-



3 ,2  DI8TIRCTI0BS BETtEEÎT EESFQMSES TO DOPAMIITE, MOKÂDKEHALIKE, 

ÜCTOPAXIHE, & ACETYLCHÜLIHE

3 ,2 ,1  In tro d u c t io n

Having d e te rm in ed  th e  c h a r a c t e r i s t i c s  o f th e  re sp o n se  o f  neurone D3 

to  dopam ine, and g a in e d  some in s ig h t  in to  th e  io n ic  e v e n ts  w hich 

m ight u n d e r l ie  i t ,  th e  n ex t im p o rtan t s te p  was to  d em o n stra te  t h a t  

th e  o b served  e f f e c t s  were no t th e  r e s u l t  o f th e  a c t io n s  o f dopam ine 

on r e c e p to r s  f o r  o th e r  t r a n s m i t t e r  c a n d id a te s .

Dopamine, n o ra d re n a l in e , octopam ine and a c e ty lc h o lin e  a r e  a l l  p re s e n t  

in  th e  cock roach  CMS (see  S e c t io n  1 .  -  G eneral I n t r o d u c t io n ) . 

M oradrenaline and octopam ine a re  b o th  s u f f i c i e n t l y  s im i la r  in  

s t r u c t u r e  to  dopam ine fo r  i t  to  be a p o s s i b i l i t y  t h a t  dopamine m ight 

be a c t in g  e i t h e r  on r e c e p to r s  f o r  one o f th e s e  am ines, o r  on a  

g e n e ra l is e d  amine r e c e p to r ,

Mathanson and G reengard  (1973) su g g es ted  t h a t  th e  e f f e c t s  o f 

n o ra d re n a l in e  on c y c l i c  AMP le v e ls  in  CMS neurones m ight be m ed ia ted  

by th e  in t e r a c t i o n  o f n o ra d re n a l in e  w ith  r e c e p to r s  f o r  dopamine 

coup led  to  a d e n y la te  c y c la s e , N o rad ren a lin e  r e c e p to r s  t h a t  a re  n o t 

l in k e d  to  a d e n y la te  c y c la s e  may, however, be p re s e n t ,

Octopam ine has been lo c a l i s e d  w ith in  th e  in s e c t  CMS (eg Dymond & 

Evans, 1979; Flem ing & P itm an, 1982), and has been shown to  be 

in v o lv ed  in  th e  c o n t ro l  o f le g  m uscles in  th e  lo c u s t  (Evans, 1980;
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1981; 1982). Evans showed t h a t  dopam ine was s i g n i f i c a n t l y  l e s s

p a te n t in  e l i c i t i n g  th e  observ ed  e f f e c t s ,  and i t  was concluded  th a t  

th e y  were th e  r e s u l t  o f a c t i v a t io n  o f s p e c i f i c  octopam ine r e c e p to r s .  

F urtherm ore , i t  was shown (Evans, 1981) t h a t  th e re  were th r e e  c l a s s e s  

o f octopam ine r e c e p to r s ,  octopam ine-i, octopamine^A and octopam ine2©, 

and th a t  i t  was p o s s ib le  t o  d i s t in g u i s h  p h a rm a c o lo g ic a lly  betw een 

them. In  a d d i t io n ,  he was a b le  to  d i s t in g u i s h  p h a rm a c o lo g ic a lly  

between th e  a c t io n s  o f octopam ine and dopam ine.

A c e ty lc h o lin e , a l th o u g h  n o t a s t r u c t u r a l l y  s im i la r  m olecule  to  th e  

am ines, i s  a common t r a n s m i t t e r  in  In s e c t  system s, and a s  such  i t  was 

im p o rtan t to  be a b le  to  r u le  o u t th e  p o s s i b i l i t y  t h a t  dopamine m ight 

be a c t in g  on a c e ty lc h o l in e  r e c e p to r s .  T h is  was e s p e c ia l ly  so  s in c e  

p re v io u s  work had shown t h a t  re sp o n se s  to  b o th  dopam ine and 

a c e ty lc h o lin e  were su p p re s se d  by th e  a d re n e rg ic  a n ta g o n i s ts  

phento lam ine and p ro p ra n o lo l (P itm an & Baker, 1989). T h is  su g g e s te d  

th e  p o s s i b i l i t y  t h a t  dopamine m ight a l s o  be a c t in g  on c h o l in o c e p to rs .

In  o rd e r  to  a s s e s s  th e  l i k e l ih o o d  t h a t  dopamine m ight n o t be a c t in g  

a t  a r e c e p to r  s i t e  s p e c i f i c  f o r  i t s e l f ,  i t  was d ec id ed  to  o bserve  th e  

e f f e c t s  o f  a n ta g o n i s t s  to  dopam ine, n o ra d re n a l in e , octopam ine, and 

a c e ty lc h o lin e  r e s p e c t iv e ly ,  on re sp o n se s  to  a l l  fo u r  t r a n s m i t t e r s .  

These compounds were t e s t e d  under bo th  v o ltag e -c lam p  and c u r r e n t -  

clamp c o n d i t io n s .

The ch o ice  o f a n ta g o n i s t s  was made in  o rd e r  to  e x p lo i t  th e  

s e l e c t i v i t y  o f c e r t a i n  compounds f o r  s p e c i f i c  r e c e p to r s .  The 

dopamine a n ta g o n i s t  SCH 23390 h as  been shown to  b lo ck  Di dopamine
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re c e p to r s  in  th e  v e r te b r a te  b r a in  ( lo r i o  e t  a l ,  1983). The e rg o t 

d e r iv a t iv e s  e rg o m e trin e  and ergo tam ine  have been used  a s  a d re n e rg ic  

a n ta g o n is ts  in  many p r e p a ra t io n s  ( fo r  exam ple, A scher, 1972). 

M etoclopram ide h as  been used  to  d i s t in g u i s h  betw een form s o f  th e  

octopam ine r e c e p to r  (Evans, 1981), and i s  norm ally  c o n s id e re d  to  be a 

p o te n t Da dopam ine r e c e p to r  a n ta g o n is t  (K ebabian & C a ine, 1979). 

However, p re l im in a ry  ex p e rim en ts  u s in g  m etoclopram ide on t h i s  

p re p a ra t io n  r e v e a le d  th a t  i t  a p p a re n tly  p o sse sse d  no dopam inerg ic  

a c t i v i t y ,  and co u ld  th e r e f o r e  be used to  d i s t in g u i s h  betw een 

re c e p to r s  f o r  octopam ine and dopam ine. The n i c o t in i c  a c e ty lc h o l in e  

a n ta g o n is t  oc-bungarotox in i s  commonly used  in  in s e c t  p r e p a ra t io n s  

(Harrow e t  a l ,  1979), and h as  n o t been shown to  su p p re s s  re sp o n se s  to  

u n re la te d  t r a n s m i t t e r  compounds.

In a l l  th e se  e x p e r im en ts , th e  re c o rd in g s  made under c u rre n t-c la m p  

were ta k en  a t  th e  normal r e s t i n g  p o te n t i a l  o f th e  c e l l  (u s u a lly  

between -50  & -60  mV), w hereas v o ltag e -c lam p  re c o rd in g s  were made 

over a range  of command p o te n t i a l s .

3 ,2 ,2  R esponses t o  N o ra d re n a lin e , Octopam ine, & A c e ty lc h o lin e

3 ,2 .2 .1  The Response t o  N o rad ren a lin e

N o rad ren a lin e , a t  a c o n c e n tra t io n  o f  100 mJI ( in  th e  e j e c t i o n  

m ic ro e le c tro d e ) , a p p l ie d  under c u rre n t-c la m p  c o n d i t io n s ,  d e p o la r is e d  

th e  c e l l ,  and cau sed  a  f a l l  in  in p u t r e s i s t a n c e  (F ig u re  25).

The m agn itude o f th e  re sp o n se , (commonly betw een 2 and 5 mV), was 

s m a lle r  th a n  th a t  o f th e  re sp o n se  to  dopam ine,
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Figure 25 A single current-clamp response to pressure-applied noradrenaline, 
Resting potential was -66 mV, and current pulses were applied through 
a second microelectrode,
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The resp o n se  under c u rre n t-c la m p  showed a  d eg ree  o f v o l ta g e -  

dependency, As th e  membrane was s tep p ed  to  p o t e n t i a l s  p ro g re s s iv e ly  

more n e g a t iv e  w ith  r e s p e c t  t o  th e  normal r e s t i n g  p o te n t i a l ,  th e  s i z e  

o f th e  re sp o n se  v a r ie d  in  a  manner s im i la r  to  t h a t  o f th e  re sp o n se  to  

dopam ine, in c re a s in g  d ra m a t ic a l ly  a t  p o t e n t i a l s  more n e g a t iv e  th a n  

120 mV. However, a t  p o t e n t i a l s  p o s i t iv e  r e l a t i v e  to  th e  r e s t i n g

p o te n t i a l ,  th e  re sp o n se  s i z e  reduced, and became v i r t u a l l y  

u n d e te c ta b le , b u t showed no a p p a re n t r e v e r s a l .

Under v o ltag e -c lam p , th e  vo ltag e-d ep en d en cy  o f  th e  re sp o n se  to  

n o ra d re n a l in e  was, a t  p o t e n t i a l s  n e g a t iv e  to  th e  n o r m l r e s t i n g

p o te n t i a l ,  very  s im i la r  to  t h a t  o f th e  re sp o n se  to  dopam ine (F ig u re  

26). At p o t e n t i a l s  c lo s e  to  th e  r e s t in g  p o te n t i a l ,  th e  re sp o n se  was 

seen  a s  a modest inw ard c u r r e n t .  As th e  Hfâmbrane p o te n t i a l  was 

s tep p ed  p ro g re s s iv e ly  im re n e g a t iv e  th a n  th e  r e s t i n g  p o te n t i a l ,  th e  

m agn itude o f th e  induced  c u r r e n t  showed l i t t l e  change u n t i l  a  p o in t 

was reach ed  (u s u a lly  betw een -120 mV and -150  mV), a t  which th e  

m agn itude o f th e  induced  c u r r e n t  in c re a s e d  d ra m a t ic a l ly .  At 

p o te n t i a l s  more p o s i t iv e  th a n  th e  r e s t in g  p o te n t i a l ,  however, th e  

vo ltag e-d ep en d en cy  was d i f f e r e n t  from th a t  o f  th e  re sp o n se  to  

dopam ine. The re sp o n se  d id  n o t show th e  in c re a s e  in  inw ard c u r r e n t  

c h a r a c t e r i s t i c  o f re sp o n se s  to  dopam ine. In s te a d , th e  re sp o n se  

re v e rse d , and was seen  a s  an outw ard c u r r e n t ,  in c re a s in g  

p ro g re s s iv e ly  in  m agn itude a s  th e  membrane p o te n t i a l  was s te p p e d  to

p ro g re s s iv e ly  more p o s i t i v e  p o te n t i a l s .
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Figure 26 The voltage-dependence of the voltage-clamp response to noradrenaline, 
The illustration shows a difference curve produced from data obtained 
by the 'short-pulse' method in the presence and absence of 
noradrenaline, Holding potential was -60 mV,
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3 ,2 . 2 ,2  The Eespon.se to  Octopam ine

To e l im in a te  th e  p o s s i b i l i t y  t h a t  th e  a c t io n s  o f dopam ine in  th e  

p re s e n t s tu d y  were m ed iated  v ia  r e c e p to r s  f o r  octopam ine, th e  a c t io n s  

o f exogenous octopam ine on th e  p re p a ra t io n  were d e te rm in ed . These 

were compared w ith  th o s e  o f dopamine.

Under c u rre n t-c la m p , p r e s s u r e - a p p l i c a t io n  o f 100 mM octopam ine on to  

th e  c e l l  s u r f a c e ,  e x a c t ly  a s  perform ed f o r  dopam ine, produced a 

d e p o la r i s a t io n ,  a s s o c ia te d  w ith  a smoi! f a l l  in  in p u t r e s i s t a n c e  

(F igu re  2 7 ). In  g e n e ra l ,  th e  m agn itude, b o th  o f th e  d e p o la r is a t io n ,  

and o f th e  f a l l  in  in p u t r e s i s t a n c e ,  were s m a lle r  th a n  th o se  Induced  

by th e  a p p l ic a t io n  o f  dopam ine, b u t n o t a s  sm a ll a s  th o s e  induced  by 

th e  a p p l ic a t io n  o f n o ra d re n a l in e .

The re sp o n se  under c u rre n t-c la m p  showed a d eg ree  o f v o l ta g e -  

dependency (F ig u re  28 ). At p o t e n t i a l s  n e g a t iv e  w ith  r e s p e c t  to  th e  

normal r e s t i n g  p o te n t i a l ,  th e  re sp o n se  s i z e  in c re a s e d  in  m agn itude 

g ra d u a lly  a s  p ro g re s s iv e ly  more n e g a t iv e  command p o t e n t i a l s  were 

a p p lie d , b u t t h i s  r a t e  In c re a s e d  once a p a r t i c u l a r  p o in t  was reach ed , 

u s u a lly  a t  around  -130 mV. At p o te n t i a l s  p o s i t i v e  w ith  r e s p e c t  to  

th e  r e s t i n g  p o te n t i a l ,  th e  resp o n se  reduced  in  s i z e ,  u l t im a te ly  

becoming u n d e te c ta b le , b u t d id  n o t app ea r to  r e v e r s e ,  even a t  

p o te n t i a l s  a s  p o s i t iv e  a s  +30 mV,

Under v o lta g e -c la m p , th e  c u r r e n t - v o l ta g e  cu rve  f o r  th e  re sp o n se  to  

octopam ine was e s s e n t i a l l y  s im i la r  to  t h a t  o f th e  re sp o n se  to  

dopam ine (F ig u re  2 9 ), At p o t e n t i a l s  c lo se  to  th e  norm al r e s t i n g
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Figure 27 A single current-clamp response to pressure-applied octopamine.
Resting potential was - 57 mV, and current pulses were applied through 
a second microelectrode,
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Figure 28 The voltage-dependence of the current-clamp response to octopamine,
The membrane potential was stepped to a range of values by the passage 
of current through a second microelectrode, Resting potential was -56 
mV,
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Figure 29 The voltage-dependence of the voltage-clamp response to octopamine.
The curve was obtained from the difference between the magnitudes of 
current obtained by voltage pulses in the presence and absence of 
dopamine, Holding potential was -60 mV,
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p o te n t i a l  o f th e  c e l l ,  th e  a p p l ic a t io n  o f octopam ine induced  a  sm a ll 

inw ard c u r r e n t .  In  g e n e ra l ,  th e  m agn itude o f t h i s  was s m a lle r  f o r  a  

g iven  a p p l i c a t io n  s i z e  th a n  was th e  c u r re n t  induced  by dopamine, 

commonly around  0 .2 5  nA compared to  0 .5  nA f o r  an  e q u iv a le n t 

a p p l ic a t io n  o f  dopam ine. At command p o te n t i a l s  p r o g re s s iv e ly  more 

n e g a t iv e  th a n  th e  r e s t i n g  p o te n t i a l ,  th e  c u r r e n t  rem a ined a t  around  

0 .25 nA. A p o in t was reac h ed , however, u s u a lly  betw een -130 mV and -

160 mV, a t  w h ich th e  m agn itude o f th e  induced  inw ard c u r r e n t

in c re a se d  su d d en ly , in  a  s im i la r  fa sh io n  to  t h a t  o b served  w ith  th e  

a p p l ic a t io n  o f  dopam ine. In  th e  ca se  o f octopam ine, however, th e  

m agn itudes o f th e  induced  c u r r e n t s  a t  g iven  p o te n t i a l s  were s m a lle r ,  

th e  r a t e  a t  w hich i t  in c re a s e d  was u s u a lly  l e s s ,  and th e  p o in t a t  

which th e  in c re a s e  commenced was o f te n  s l i g h t l y  more n e g a t iv e  th a n  

f o r  th e  re sp o n se  to \ dopam ine.

At p o te n t i a l s  more p o s i t i v e  th a n  th e  r e s t i n g  p o te n t i a l ,  th e  cu rv e  

took  a s im i la r  shape  to  t h a t  f o r  dopamine. There was an in c re a s e  in  

th e  m agn itude o f  th e  inw ard  c u r r e n t  a t  p o t e n t i a l s  betw een -40  mV and 

-20 raV, th e  re sp o n se  reac h ed  a  maximum a t  around  -20  mV, and th e n

re v e rse d , a t  a round  0 mV, to  be seen  a s  a n e t outw ard c u r r e n t .  T h is

s i t u a t i o n  was s im i la r  to  t h a t  f o r  dopamine, b u t, a g a in , th e  o v e r a l l  

m agn itudes o f th e  induced  c u r r e n t s  were g e n e ra l ly  s m a lle r .

3 ,2 .2 .3  The Response to  A c e ty lc h o lin e

Under c u r re n t-c la m p  c o n d i t io n s ,  a c e ty lc h o lin e  a p p l ie d  by p r e s s u re -  

p u lse  (o r in  some c a s e s  by io n to p h o re s is )  cau sed  a la rg e  

d e p o la r is a t io n ,  up to  20 mV in  am p litu d e , a s s o c ia te d  w ith  a marked
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f a l l  in  th e  in p u t r e s i s t a n c e  o f th e  c e l l ,  o f te n  to  a s  l i t t l e  a s  20%

of th e  o r ig in a l  v a lu e  (F ig u re  30 ), The membrane, conductance

m odulated by a c e ty lc h o l in e  showed no v o ltag e -d ep en d en cy , th e  in c re a s e

in  resp o n se  s i z e  w ith  p ro g re s s iv e  h y p e rp o la r is a t io n  b e in g  a lm o st

l i n e a r ,  a s  p r e d ic te d  i f  th e  re sp o n se  i s  m ed ia ted  by c h a n n e ls  which

a re  no t v o l t a g e - s e n s i t i v e  (F ig u re  31 ). By e x t r a p o la t io n ,  th e

r e v e r s a l  p o te n t i a l  was e s t im a te d  to  be around -40  mV (mean v a lu e  -44 
.±  SD

mV, n = ôj).

Under v o ltag e -c lam p , th e  re sp o n se  to  p r e s s u re - a p p l ie d  a c e ty lc h o l in e ,  

a t  p o te n t i a l s  c lo s e  to  th e  norm al r e s t i n g  p o te n t i a l  o f th e  c e l l ,  was 

seen  a s  an inw ard c u r r e n t  (F ig u re  3 2 ), th e  m agn itude o f which was 

s u b s t a n t i a l l y  l a r g e r  th a n  t h a t  o f th e  e q u iv a le n t  dopam ine-induced 

c u r re n t  (around 6 nA compared w ith  0 .5  nA f o r  dopam ine). As th e  c e l l  

was s te p p e d  to  p ro g re s s iv e ly  more n e g a t iv e  command p o te n t i a l s ,  th e  

m agn itude o f th e  c u r r e n t  in c re a s e d  in  a more o r  l e s s  l i n e a r  fa sh io n . 

C onversely , a s  th e  membrane p o te n t i a l  was s te p p e d  p o s i t iv e ,  th e  

m agn itude o f th e  c u r r e n t  f e l l ,  and th e  re sp o n se  r e v e rs e d  a t  a 

p o te n t ia l  o f a round  -40  mV, co n f irm in g  th e  r e s u l t s  o b ta in e d  under 

c u rre n t-c la m p  c o n d i t io n s  (F ig u re  33).
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Figure 30 A single current-clamp response to pressure-applied acetylcholine, 
Resting potential was -63 mV, and current pulses were applied through 
a second microelectrode,
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Membrane potential (mV)

Figure 31 The voltage-dependence of the current-clamp response to acetylcholine,
Resting potential was -59 mV, and the membrane potential was stepped 
to a range of values by the passage of current through a second 
microelectrode,
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2 - 5  nA

Figure 32 A single voltage-clamp response to pressure-applied acetylcholine, 
Resting potential was -60 mV,

Current (nA)

2 - -

-6  - -

-8  - -

- 1 0 - -

-180 -120 -100 -80 -60 -20 0

Command Potential (mV)

Figure 33 The voltage-dependence of the voltage-clamp response to acetylcholine,
Data were obtained by the ‘short-pulse* method, and the line drawn 
from the results of a linear regression analysis,
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3 ,2 ,3  P h arm aco lo g ica l D i s t in c t i o n  Between R esponses t o  Dopamine, 

R o ra d re n a lin e , Octopam inG, & A c e ty lc h o lin e

3 .2 ,3 .1  D i f f e r e n t i a l  E f f e c t s  o f  SCH 23390 & Ergotam ine on R esponses 

to  Dopamine & N o ra d re n a lin e

The mammalian Di r e c e p to r  a n ta g o n i s t  SCH 23390 i s  a  p o te n t s u p p re s so r  

o f th e  re sp o n se  to  dopam ine in  t h i s  p re p a ra t io n . Under c u rre n t-c la m p  

c o n d i t io n s , a t  a  c o n c e n tr a t io n  o f  1 x 10"~̂ ’M, SCH r e v e r s i b ly  sdppres'seà 

th e  re sp o n se  to  dopam ine, and washed o f f  co m p le te ly  a f t e r  10 to  20 

m inu tes (F ig u re  3 4 ).

Under v o lta g e -c la m p  c o n d i t io n s ,  th e  dopam ine-induced c u r r e n t s  were 

su p p resse d  c o m p le te ly  a t  a  c o n c e n tr a t io n  o f 1 x 10“^M, in d i c a t in g  a  

t o t a l  b lockade o f  th e  re sp o n se  even a t  r e l a t i v e l y  n e g a t iv e  command 

p o te n t i a l s ,  where th e  re sp o n se  c u r r e n t  would be ex p ec ted  to  be a t  i t s  

la r g e s t .  In  a  ty p i c a l  ex p erim en t (F ig u re  35 ), b e fo re  th e  a p p l ic a t io n  

o f SCH 23390, a t  a  command p o te n t i a l  o f -160 raV, th e  m agn itude o f th e  

induced c u r r e n t  was -13  nA, - 0 .5  nA a t  -60  mV, and +15 nA a t  +30 mV. 

A fte r  5 m inu tes ex p o su re  to  1 x 10“® M SCH .23390, th e s e  v a lu e s  were 

r e d  uced to  0 nA a t  a l l  p o t e n t i a l s .  A f te r  10 m inu tes wash, th e  

re sp o n se  had been r e s to r e d ,  g iv in g  resp o n se  c u r r e n t  m agn itudes o f -10  

nA a t  -160  mV, - 0 .5  nA a t  -6 0  mV, and +10 nA a t  +30 mV. SCH 23390 

had no a p p a re n t e f f e c t  on th e  r e s t i n g  c u r r e n t -v o l ta g e  r e l a t i o n s h i p  o f 

th e  c e l l .

C onversely , 1 x 10“ ® M SCH 23390 had no s i g n i f i c a n t  e f f e c t  on th e  

c u rre n t-c la m p  re sp o n se  to  n o ra d re n a l in e , and th e  m agn itude o f th e
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Figure 34 The application of I x 10"® M SCH 23390 reversibly suppressed the
current-clamp response to dopamine, Current pulses were applied 
through a second microelectrode, and resting membrane potential was - 
59 mV,

Current (nA)
H — Control

6 mlns 6CH 2QQ90 
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-16
-200 -160 -100 -60 0 60

Command Potential (mV)

Figure 36 The application of 1 k 10"® II SCH 23390 reversibly suppressed the 
voltage-clamp response to dopamine, Data were obtained by the ‘short- 
pulse‘ method, and holding potential was -60 mV,
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inw ard c u r r e n t  s e e n  in  re sp o n se  to  n o ra d re n a l in e  under v o ltag e -c lam p  

was n o t m a te r i a l ly  a f f e c t e d  (F ig u re  36). In t h i s  exam ple, a t  a 

command p o te n t i a l  o f  -170 mV, th e  c u r re n t  m agn itude was red u ced  from  

-56  nA b e fo re  th e  a p p l i c a t io n  o f 1 x 10~® M SCH 23390, to  -40  nA 

a f t e r  10 m inu tes In c u b a t io n , b u t had in c re a se d  to  -50  nA a g a in  a f t e r  

25 m inu tes in c u b a t io n . At p o t e n t i a l s  p o s i t iv e  to  th e  norm al r e s t i n g  

p o te n t i a l ,  SCH 23390 had no d e te c ta b le  e f f e c t .

In  c o n t r a s t  to  th e  e f f e c t s  o f  SCH 23390, 1 x 10“ ® M ergo tam ine had no 

d e te c ta b le  e f f e c t  on th e  dopam ine resp o n se  c u r r e n t  m agn itude a t  any 

o f a  range  o f command p o t e n t i a l s  even a f t e r  in c u b a t io n  t im e s  o f up to  

45 m inu tes (F ig u re  3 7 ). At p o t e n t i a l s  p o s i t iv e  to  th e  norm al r e s t i n g  

p o te n t i a l  o f  th e  c e l l ,  no su p p re s s io n  o f re sp o n se  was seen  a t  a l l .  

At a command p o te n t i a l  o f  -140  mV, th e  c o n tro l  e x p e r im e n ta l v a lu e  

o f  dopam ine-induced  c u r r e n t  was -43  nA. Twenty m inu tes a f t e r  th e  

a d m in i s t r a t io n  o f  1 x 10~® M ergo tam ine , th e  v a lu e  was reduced  to  -  

25 nA. However, 15 m inu tes l a t e r ,  th e  v a lue  had once a g a in  in c re a s e d  

to  -31 nA, s u g g e s t in g  t h a t  any v a r ia t io n  was no t a r e s u l t  o f th e  

e f f e c t s  o f e rg o tam in e , b u t r a th e r  o f th e  normal v a r i a b i l i t y  o f th e  

resp o n se  c u r r e n t  m agn itude, Ho su p p re s s io n  was seen  o f th e  re sp o n se  

under c u r re n t-c la m p  c o n d i t io n s ,  and no e f f e c t  was observ ed  on th e  

r e s t in g  c u r r e n t - v o l ta g e  r e l a t i o n s h i p  o f th e  c e l l .

Some v a r i a b i l i t y  h a s  a l s o  been seen  in  ex p er im en ts  u s in g  dopam ine 

a lo n e  where s u c c e s s iv e  ru n s  o f p u ls e s  have produced c u rv e s  which a re  

n o t i d e n t i c a l ,  b u t which d i f f e r  by a few nA betw een ru n s  a t  a 

p a r t i c u l a r  command p o te n t i a l .
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Figure 36 The inability of 1 x ICr* M sCH 23330 to block the voltage-clamp 
response to noradrenaline, Holding potential -60 mV,

Current (nA)

—P ' Control

20 mlna Ergo lam ina 
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-60
-160 “100 0-6 0 5 0
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Figure 37 The inability of 1 x 10"® M ergotamine to block the voltage-clamp 
response to dopamine, Holding potential -60 mV,
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A ty p ic a l  v o lta g e -c la m p  ex p erim en t, a s  i l l u s t r a t e d  in  F ig u re  38, 

showed t h a t  1 x 10~® M erg o tam in e  r e v e r s ib ly  su p p re sse d  th e  re sp o n se  

to  n o ra d re n a l in e  a f t e r  in c u b a t io n  tim e s  o f betw een 25 and 40 m inu tes, 

a c ro s s  a range  o f  command p o te n t i a l s .  In th e  i n i t i a l  c o n tro l  run , 

th e  m agn itudes o f n o ra d re n a l in e - in d u c e d  c u r r e n t s  were -33 nA a t  a 

command p o te n t i a l  o f  -140  mV, -0 .2 5  nA a t  -60  mV, and +10 nA a t  0 mV. 

A fte r  10, m in u tes  ex p o su re  to  1 x 10~® II e rgo tam ine , th e s e  v a lu e s  

were reduced  to  0 nA a t  -140 mV and -60  mV and +1 nA a t  0 mV, A 

c u r re n t  o f -4  nA was o b se rv ed  however a t  th e  command p o te n t i a l  o f 

-180 mV, The re sp o n se  c u r r e n t  m agn itude re c o v e re d  a f t e r  20 m inute 

wash to  v a lu e s  o f -34  nA a t  -150  mV, -0 .2 5  nA a t  -60 mV, and +8 nA a t  

0 mV, Under c u r re n t-c la m p  c o n d i t io n s , th e  s i z e  and d u ra t io n  o f th e  

d e p o la r is in g  re sp o n se  was red u ced , and re tu rn e d  to  f u l l  s iz e  a f t e r  20 

to  45 m inu tes w ash -o ff. Uo e f f e c t  was seen  on th e  r e s t i n g  c u r r e n t -  

v o lta g e  r e l a t i o n s h i p  o f  th e  c e l l ,

3 .2 ,3 ,2  D i f f e r e n t i a l  E f f e c t s  o f SCH 23390 & M etoclopram ide on

Responses t o  Dopamine and Octopam ine

The e f f e c t i v e  an tag o n ism  o f dopamine re sp o n se s  by SCH 23390 has been 

d e sc r ib e d  above ( s e c t io n  3 .2 .3 ,1 ) .

Under b o th  v o l ta g e -  and c u rre n t-c la m p  c o n d i t io n s , 1 x 10“ ’̂ M SCH 

23390 had no d e te c ta b le  e f f e c t  on th e  resp o n se  to  octopam ine. I t  had 

no e f f e c t  on th e  m agn itude o f octopam ine-induced  c u r r e n ts  a t  any o f 

th e  f u l l  norm al ran g e  o f  command p o te n t i a l s ,  even a f t e r  p ro longed
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Figure 38 The application of 1 x 10"® M ergotamine reversibly suppressed the 
voltage-clamp response to noradrenaline, Holding potential -60 mV,
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In c u b a tio n  ( in  e x c e ss  o f 1 h o u r) . The i l l u s t r a t i o n  shows th e  c u rv e s  

from a ty p ic a l  v o lta g e -c la m p  ex perim en t, in  which th e  m agn itude o f 

induced c u r r e n t s  was u n a f fe c te d  (F ig u re  39).

M etoclopram ide i s  a  mammalian dopam inerg ic  a n ta g o n i s t ,  w hich h as  been 

used  in  th e  c l a s s i f i c a t i o n  schem es f o r  mammalian dopam ine r e c e p to r s  

a s  a s p e c i f i c  a n ta g o n i s t  (Kebabian & C a ine, 1979). At a

c o n c e n tra t io n  o f 1 x 10“ ® M had no d e te c ta b le  e f f e c t  on th e  re sp o n se  

to  dopam ine under c u r re n t-c la m p  c o n d i t io n s  (F igu re  40 ). E q u a lly , in  

v o ltag e -c lam p  ex p e r im en ts , no s i g n i f i c a n t  re d u c t io n  in  th e  m agn itudes 

o f th e  induced  c u r r e n t s  was observed . A ty p ic a l  v o lta g e -c la m p  

experim en t i s  i l l u s t r a t e d  in  F ig u re  41. The v a lu e s  o b ta in e d  f o r  th e  

m agn itudes o f th e  induced  c u r r e n t s  were, -30 nA a t  a command 

p o te n t i a l  o f  -140 mV, -0 .5nA  a t  -60  mV, and +10 nA a t  +30 mV. ÎTo 

d e te c ta b le  change was o b se rv ed  in  th e se  v a lu e s  a f t e r  10 and 25 

m inu tes exposure  to  m etoclopram ide. T h is  a n ta g o n i s t  had no

d e te c ta b le  e f f e c t  on th e  r e s t i n g  c u r r e n t -v o l ta g e  r e l a t i o n s h i p  o f th e  

c e l l .

In  ex p er im en ts  under b o th  c u r re n t-a n d  v o ltag e -c lam p  c o n d i t io n s ,  

exposure to  1 x 10“® M m etoclopram ide r e v e r s ib ly  su p p re sse d  th e  

resp o n se  to  octopam ine. In  a r e p r e s e n ta t iv e  v o ltag e -c lam p  experim en t 

(F ig u re  42 ), th e  oc to p am in e- in d u ced  c u r re n t  was r e v e r s ib ly  a b o lish e d , 

a c ro s s  th e  f u l l  ran g e  o f command p o te n t i a l s ,  a f t e r  10 m inu tes 

exposure to  m etoclopram ide. The re sp o n se  re tu rn e d  to  f u l l  s i z e  a f t e r  

15 m inutes wash. In  th e  c o n t ro l  run , th e  resp o n se  m agn itude was -^15 

nA a t  a command p o te n t i a l  o f -150 mV, -0 ,5  nA a t  -60 mV, and +7 nA a t  

+30 mV. A fte r  10 m in u tes  exposu re  to  m etoclopram ide, th e  v a lu e s  were
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Figure 39 The inability of 1 x 10"® H SCH 23390 to suppress the voltage-clamp 
response to octopamine, Holding potential was -60 mV,

Control 15tnin 1x10"  ̂M

MET

45 m in MET

Figure 40 The inability of 1 x 10"® M metoclopramide to suppress the current-
clamp response to dopamine, Metoclopramide was also ineffective at a 
higher concentration (1 x 10"* M), Resting potential -57 mV,
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Figure 41 The lack of effect of 1 x 10̂® M metoclopramide on the voltage-clamp
response to dopamine, Holding potential -60 mV,
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Figure 42 The application of 1 x 10"® M metoclopramide reversibly suppressed the 
voltage-clamp response to octopamine. Holding potential -60 mV,
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0 nA a t  a l l  p o t e n t i a l s .  F o llow ing  15 m inutes wash, th e  v a lu e s  

re tu rn e d  to  -12 nA a t  150 mV, - 0 ,5  nA a t  -60 mV, and +6.75 nA a t  +30 

mV. Under c u rre n t-c la m p , th e  s iz e  o f th e  d e p o la r i s a t io n  was red u ced , 

b u t r e tu rn e d  to  norm al on w ash ing (F ig u re  43).

3 .2 ,3 ,3  D i f f e r e n t i a l  E f f e c ts  o f SCH 23390 & (x-B ungarotox in on

R esponses to  Dopamine & A c e ty lc h o lin e

The e f f e c t i v e  an tag o n ism  o f dopamine re sp o n se s  by SCH 23390 has been 

d e s c r ib e d  above ( s e c t io n  3 ,2 ,3 ,1 ) ,

In  ex p er im en ts  under c u rre n t-c la m p , no e f f e c t  was seen  on th e  

re sp o n se  to  dopam ine a f t e r  up to  35 m inutes exposure  t o  1 x 10“® M a -  

bu n g aro to x in . Under v o lta g e -c la m p  c o n d i t io n s , th e  m agn itude o f th e  

induced  c u r r e n t s  seen  over a  range o f  command p o te n t i a l s  was 

u n a ffe c te d . In  th e  c o n t ro l  ru n  o f a ty p ic a l  v o lta g e -c la m p  experim en t 

(F ig u re  4 4 ), th e  c u r r e n t  v a lu e s  were -26  nA a t  -140 mV, -0 ,5  nA a t  -  

60 mV, and +20 nA a t  +30 mV, A fte r  10 m inu tes exposure  to  a-

b u n g aro to x in , dopam ine-induced  c u r r e n ts  a t  th e se  p o t e n t i a l s  were -21 

nA a t  -140 mV, - 0 ,5  nA a t  -60  mV, and +20.5 nA a t  +30 mV

r e s p e c t iv e ly .  The su b seq u en t v a lu e s , a f t e r  35 m inu tes exposure  to  a -  

b u n g aro to x in  were -27  nA a t  -140 mV, -0 ,5  nA a t  -60  mV, and +21 nA a t  

+30 mV, in d i c a t in g  th a t  a -b u n g a ro to x in  was hav ing  no s i g n i f i c a n t  

b lo c k in g  e f f e c t  on th e  re sp o n se  t o  dopam ine. T h is  a n ta g o n is t  had no 

o b se rv a b le  e f f e c t  on th e  r e s t i n g  c u r r e n t -v o l ta g e  r e l a t i o n s h i p  o f th e  

c e l l .

-1 2 5 -



mm
Control 10min 1x10 

MET
20m in w a sh

|10mV

10s

Figure 43 The suppressive effect of 1 x 10"® M metoclopramide on the current-
clamp response to octopamine was fully reversible on washing, Resting 
potential was -55 mV,
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Figure 44 The inability of 1 x 10"® M «-bungarotoxin to affect the voltage-clamp
response to dopamine, Holding potential -60 mV,
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Under b o th  c u rre n t-c la m p  and v o ltag e -c lam p  c o n d i t io n s , exposu re  to  1 

X 10-^ M a -b u n g a ro to x in  produced a  inarked and i r r e v e r s i b l e  b lo ck ad e  

o f th e  re sp o n se  to  a c e ty lc h o l in e .  Under c u rre n t-c la m p , th e  s i z e  o f

th e  d e p o la r is a t io n  was reduced , show ing no re c o v e ry  even a f t e r  

p ro lo n g ed  w ash ing. Under v o ltag e -c lam p , th e  m agn itude o f  th e  

a c e ty lc h o lin e - in d u c e d  c u r r e n t s  was a ls o  su p p re sse d  (F ig u re  4 5 ). In  

th e  c o n t ro l  ru n , th e  m agn itude o f  th e  Induced c u r r e n t s  were -10  nA a t  

-140 mV, -2  nA a t  -60  mV, and +3 nA a t  0 mV. A f te r  10, m in u tes  

exposure  to  a -b u n g a ro to x in , th e  v a lu e s  were -5  nA a t  -140 mV, -1  nA 

a t  -60  mV, and +1,5  nA a t  0 mV. Even a f t e r  45 m inu tes wash, th e  

v a lu e s  had c o n t in u e d  to  d e c l in e ,  - 1 .5  nA a t  -140 mV, - 0 ,1  nA a t  -60  

nA, and +0.5 nA a t  0 mV. P ro longed  wash ing d id  n o t r e v e rs e  th e  

e f f e c t .

F ig u re  46 shows th a t  1 x 10“ ® M SCH 23390 had no d e te c ta b le  e f f e c t  on 

th e  a c e ty lc h o lin e - In d u c e d  c u r r e n t s  in  a ty p ic a l  v o lta g e -c la m p  

exp erim en t. At p o t e n t i a l s  p o s i t iv e  to  th e  norm al r e s t i n g  p o te n t i a l  

o f th e  c e l l ,  any change in  c u r r e n t  m agn itude was u n d e te c ta b le ,’ w h ile  

a t  p o t e n t i a l s  n e g a t iv e  to  th e  normal r e s t in g  p o te n t i a l  o f th e  c e l l ,  

th e  v a r i a t io n  was very  s n a i l ,  -10  nA b e fo re , -11  nA a f t e r  15 m in u tes , 

and -1 0 .5  nA a f t e r  35 m inu tes  exposure to  1 x 10“® M SCH 23390. 

Exposure tim e s  o f more th a n  65 m inu tes produced no g r e a t e r  e f f e c t .

3 . 2 . 4  D is c u s s io n

The aim  o f th e s e  ex p e rim en ts  was to  determ ine w hether dopam ine was 

a c t in g  a t  r e c e p to r s  f o r  o th e r  t r a n s m i t t e r s ,  o r w hether a s p e c i f i c  

dopamine r e c e p to r  e x i s t e d  on t h i s  c e l l .
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Figure 45 The application of I x 10"® M «-bungarotoxin reversibly suppressed the 
voltage-clamp response to acetylcholine, Holding potential -60 mV,
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Figure 46 The inability of 1 x 10“® M SCH 23330 to suppress the voltage-clamp
response to acetylcholine, Holding potential -60 mV,
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The am ines dopam ine, octopam ine and n o ra d re n a l in e  have a l l  been shown 

to  be p re s e n t  in  th e  co ck roach  CSS (Evans, 1980), and a c e ty lc h o l in e  

i s  an im p o rtan t n e u ro tr a n s m i t te r  in  th e  in s e c t  c e n t r a l  n ervous sy stem  

( S a t t e l l e ,  1985).

S in ce  dopam ine, n o ra d re n a l in e  and octopam ine a re  a l l  c o m p a ra tiv e ly  

s im i la r  m o lecu les, i t  was p o s s ib le  t h a t  dopamine co u ld  be a c t in g  a t  

r e c e p to r s  f o r  octopam ine o r n o ra d re n a l in e , o r  a t  a g e n e ra l am ine 

r e c e p to r  a c t iv a te d  by a l l  th r e e  lig a n d s .

A c e ty lc h o lin e , a lth o u g h  s t r u c t u r a l l y  q u i te  d i f f e r e n t ,  was in v o lv ed  

because o f th e  a b i l i t y  o f th e  a d re n e rg ic  a n ta g o n i s ts  p hen to lam ine  and 

p ro p ra n o lo l to  b lo c k  a c e ty lc h o l in e  re sp o n se s  a s  w ell a s  th o se  t o  

dopam ine in  t h i s  same p re p a ra t io n  (P itm an & B aker, 1989), I t  

th e r e f o r e  became n e c e ss a ry  to  e l im in a te  th e  p o s s i b i l i t y  t h a t  dopamine 

was a c t in g  a t  c h o l in e rg ic  r e c e p to r s .

I n i t i a l l y ,  th e  re sp o n se s  o f neurone D3 to  th e  fo u r  t r a n s m i t t e r  

c a n d id a te s  were in v e s t ig a te d ,  to  e v a lu a te  any d i f f e r e n c e s  in  s i z e ,  

t im e -c o u rse , and v o ltag e-d ep en d en cy .

The c u rre n t-c la m p  re sp o n se s  t o  dopam ine, n o ra d re n a l in e  and octopam ine 

a l l  ap peared  s im i la r ,  b e in g  r e l a t i v e l y  sm all d e p o la r i s a t io n s  (maximum 

10 mV, more o f te n  5 -6  mV), a s s o c ia te d  w ith  a modest f a l l  in  in p u t 

r e s i s ta n c e .  R esponses e l i c i t e d  by p u ls e s  o f 100 mil ( in  th e  p i p e t t e )  

dopamine were, however, s l i g h t l y  la r g e r  th a n  re sp o n se s  to  e i t h e r  

n o ra d re n a l in e  o r  octopam ine. The tim e -c o u rse  o f  a l l  th r e e  was
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s im i la r .  A c e ty lc h o lin e  produced  a  much la r g e r  re sp o n se , commonly 12- 

15 m¥, a s s o c ia te d  w ith  a  more marked f a l l  in  in p u t r e s i s t a n c e .

Under v o lta g e -c la m p , th e  d i f f e r e n c e s  between th e  v o lta g e -d e p e n d e n c ie s  

o f th e  re sp o n se s  to  th e  fo u r  a g o n i s t s  were s u f f i c i e n t  to  s u g g e s t t h a t  

th e  re sp o n se s  were n o t m ed ia ted  v ia  th e  same r e c e p to r s .  The v o l ta g e -  

dependency o f  th e  dopamine re sp o n se  was on ly  mimicked a t  a l l  c lo s e ly  

by t h a t  o f  octopam ine, which showed a s im i la r  IV r e la t io n s h i p ,  b u t in  

g e n e ra l w ith  s m a l le r  c u r r e n t  m agn itudes a t  a  g iven  p o te n t i a l  th a n  was 

th e  ca se  f o r  dopam ine. The resp o n se  to  n o ra d re n a l in e  showed a 

v o ltag e -d ep en d en cy  s im i la r  t o  t h a t  o f th e  dopamine re sp o n se  a t  

p o t e n t i a l s  more n e g a t iv e  th a n  RP (-60 mV). At more p o s i t i v e  

p o te n t i a l s ,  however, no in c re a s e  in  inw ard c u r r e n t  m agn itude was 

o bserved , th e  re sp o n se  r e v e r s in g  a t  around -50  mV, and th e n  

in c re a s in g  in  s i z e  a s  an outw ard  c u r r e n t .  A lthough th e s e  re sp o n se s  

were d i f f e r e n t ,  th e  c lo s e  m o lecu la r s i m i l a r i t y  o f dopam ine, 

n o ra d re n a l in e  and octopam ine ad m its  o f th e  p o s s i b i l i t y  t h a t  th e  th r e e  

a g o n i s ts  co u ld  a l l  be a c t in g  on r e c e p to r s  f o r  any one am ine, o r on a 

g e n e ra l is e d  amine r e c e p to r .

The re sp o n se  to  a c e ty lc h o l in e  showed none o f th e  same v o lta g e -  

dependency a t  any command p o te n t i a l ,  th e  IV r e l a t io n s h i p  in s te a d  

be ing  ap p ro x im a te ly  l i n e a r .  By e x t r a p o la t io n  o f th e  IV r e la t i o n s h i p ,  

i t  was p o s s ib le  to  d e te rm in e  t h a t  th e  resp o n se  re v e rs e d  a t  around -40  

mV, a v a lu e  in  ag reem ent w i th  th e  r e s u l t  o f P itm an & K erkut (1970). 

The d i f f e r e n c e s  in  re sp o n se  c h a r a c t e r i s t i c s  s t r o n g ly  su g g e s te d  t h a t  

a c e ty lc h o lin e  was o p e ra t in g  io n  ch an n e ls  which were d i s t i n c t  from  

th o se  o p e ra te d  by th e  am ines.
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The r e s u l t s  o f e x p e rim en ts  in  which re sp o n se s  to  dopam ine, 

n o ra d re n a l in e , octopam ine and a c e ty lc h o lin e  were su p p re s se d  on ly  by 

s p e c i f i c  a n ta g o n i s ts ,  and n o t by a n ta g o n is ts  o f  any o f th e  o th e r

a g o n i s t s ,  in d ic a te d  t h a t  dopamine was most l i k e l y  to  be a c t in g  on a 

s p e c i f i c  r e c e p to r  o r  r e c e p to r s ,  and no t on r e c e p to r s  f o r  o th e r

t r a n s m i t t e r  c a n d id a te s .

These r e s u l t s  a l s o  in d i c a te  t h a t  w h ile  dopamine i s  n o t a c t in g  a t

r e c e p to r s  f o r  n o ra d re n a l in e  and octopam ine, i t  i s  e q u a l ly  l i k e l y  t h a t  

r e c e p to r s  f o r  th e s e  t r a n s m i t t e r s  do e x i s t ,  s in c e  re sp o n se s  to  th e s e  

were on ly  a b o lis h e d  by a g e n ts  w ith  r e l a t i v e l y  good s p e c i f i c i t y  f o r  

th e s e  r e c e p to r s .  However, i t  i s  beyond th e  scope o f th e  p re s e n t  

.s tu d y  to  e v a lu a te  th e  c o n t r ib u t io n ,  i f  any, th e s e  r e c e p to r s  may be

making to  th e  fu n c t io n  o f neurone D3 In vivo.

I n te r e s t in g ly ,  m etoclopram ide, h e ld  to  be a  mammalian Da a n ta g o n is t  

o f good s p e c i f i c i t y  (K ebabian & C a ine, 1979), had no e f f e c t  on th e  

resp o n se  to  dopam ine in  t h i s  p re p a ra t io n . T h is  may be ta k e n  to

in d i c a te  t h a t  th e  dopamine re c e p to r  p re s e n t  h e re  has th e

c h a r a c t e r i s t i c s  o f  a r e c e p to r .  However, i t  h as  been shown th a t  

a g e n ts  which a l t e r  c y c l ic  AHP m etabolism  have no e f f e c t  on dopam ine 

rép o n ses  in  neurone D3 (F lem ing, 1986; P itm an & B aker, 1989). •> S in ce  

r e c e p to r s  a re  'c l a s s i c a l l y '  d e s c r ib e d  a s  b e in g  l in k e d  to  a d e n y la te  

c y c la s e , i t  may be t h a t  th e  dopamine r e c e p to r  p r e s e n t  h e re  does n o t 

conform  to  mammalian c l a s s i f i c a t i o n  schemes.

In c o n c lu s io n , th e  r e s u l t s  r e p o r te d  in  t h i s  s e c t i o n  I n d ic a te  t h a t  a  

s p e c i f i c  dopamine r e c e p to r  i s  p re s e n t on neurone D3, and th a t  . i t
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ap p ea rs  to  m ediate  th e  observed  v o lta g e -d e p e n d e n t e f f e c t s  o f  

dopam ine.

3 ,2 ,5  Summary

The dopam inerg ic  a n ta g o n i s t  SCH 23390 r e v e r s ib ly  su p p re sse d  th e

resp o n se  to  dopam ine in  t h i s  p re p a ra t io n , a t  a c o n c e n tr a t io n  o f 1 x

10"“^ M. However, a t  a c o n c e n tra t io n  o f 1 x 10"® M, i t  had no 

d e te c ta b le  e f f e c t  on re sp o n se s  to  n o ra d re n a l in e , octopam ine o r  

a c e ty lc h o lin e .

Ergotam ine, a n o ra d re n e rg ic  a n ta g o n is t ,  r e v e r s ib ly  su p p re sse d  th e

resp o n se  to  n o ra d re n a l in e  a t  a c o n c e n tra t io n  o f 1 x  10"® M, b u t had

no e f f e c t  on re sp o n se s  to  dopam ine, octopam ine o r a c e ty lc h o l in e ,  a t  a 

c o n c e n tra t io n  o f 1 .x 10"® M.

M etoclopram ide, a  s p e c i f i c  D% dopam inerg ic  a n ta g o n is t  in  mammalian 

system s, had no e f f e c t  on th e  re sp o n se  to  dopam ine, n o ra d re n a l in e  o r  

a c e ty lc h o l in e ,  a t  a  c o n c e n tra t io n  o f 1 x 10"® M, b u t r e v e r s ib ly  

su p p re sse d  th e  re sp o n se  to  octopam ine a t  1 x 10"® M,

a -b u n g a ro to x in  i r r e v e r s i b l y  b locked  th e  a c e ty lc h o l in e  re sp o n se  a t  1 x 

10"^ M, b u t a t  1 X 10"® M, had no e f f e c t  on re sp o n se s  to  dopam ine, 

n o ra d re n a l in e , o r  octopam ine.
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3 ,3  PMRMCOLOGICâL PROFILE OF THE PUTATIVE BÜPAHIHE RECEPTOR

3 , 3 . 1  In tr o d u c tio n

The h i s to r y  and developm ent o f  th e  e x ta n t  c l a s s i f i c a t i o n  schemas f o r  

mammalian dopam ine r e c e p to r s  have been s e t  ou t in  d e t a i l  in  th e  

G eneral In tro d u c t io n , Having e s ta b l i s h e d ,  w ith  re a so n a b le  c e r t a in t y ,  

t h a t  a dopamine r e c e p to r  i s  p re s e n t in  th e  p re p a ra t io n , th e  

exp er im en ts  r e p o r te d  h e re  were d es ig n ed  to  t e s t  th e  e f f e c t iv e n e s s  o f 

a range o f dopam inerg ic  a g e n ts  on th e  r e s t i n g  membrane p r o p e r t i e s  o f 

th e  c e l l ,  and on th e  re sp o n se  to  dopam ine, in  o rd e r  to  compare th e  

c h a r a c t e r i s t i c s  o f  th e  p u ta t iv e  dopamine r e c e p to r  p re s e n t  h e re  w ith  

th o se  found in  o th e r  p r e p a ra t io n s .

The most r e le v a n t  s tu d y  i s  t h a t  o f K ebabian & C a ine (1979) and th e s e  

ex p er im en ts  aimed s p e c i f i c a l l y  a t  a s s e s s in g  how w e ll, i f  a t  a l l ,  t h i s  

dopamine re c e p to r  f i t s  in to  t h e i r  scheme, which d iv id e s  dopamine 

r e c e p to r s  in to  two s u b - c la s s e s  -  Di and D^. T h e ir  c l a s s i f i c a t i o n

scheme i s  p a r t i a l l y  based  on th e  p resen ce  and n a tu re  o f th e  l in k  

between th e  r e c e p to r  and a d e n y la te  c y c la se . In th e  ca se  o f  Di 

r e c e p to r s ,  th e  r e l a t i o n s h i p  i s  e x c i ta to r y ,  w hereas in  th a t  o f D= 

re c e p to r s ,  th e  l i n k  i f  any i s  in h i b i to r y .  and D& r e c e p to r s ,  can

a ls o  be d i s t in g u i s h e d  a c c o rd in g  to  d i f f e r e n c e s  in  t h e i r  

pharm aco lo g ica l p r o f i l e .

I t  has a lre a d y  been d em o n stra ted  t h a t  dopam ine re sp o n se s  in  th e  

in s e c t  m otoneurone Da do n o t ap p ea r to  depend upon an in c re a s e  in
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i n t r a c e l l u l a r  c y c l i c  AMP, su g g e s tin g  th a t  th e  in s e c t  r e c e p to r  does 

no t resem ble th e  mammalian Di r e c e p to r .  In  t h i s  s tu d y , a range  o f 

a g o n is t  and a n ta g o n i s t  a g e n ts  have been used , which have p re v io u s ly  

been shown to  be e f f e c t i v e  in  d i s t in g u i s h in g  betw een mammalian Di and 

Dz re c e p to r s .  F u l l  chem ica l names and s t r u c t u r a l  fo rm ulae  a re  g iv e n  

in  Appendix 5.

3 ,3 ,1 .1  A go n is ts  A ctiv e  a t  Di R ecep to rs

The s u b s t i tu t e d  n a p h th a le n e , A-6,7-DTR (ADTN) i s  quo ted  in  th e  

l i t e r a t u r e  a s  b e in g  a  p o te n t dopam ine a g o n i s t ,  w ith  th e  a b i l i t y  to  

s t im u la te  d o p a m in e -se n s i t iv e  a d e n y la te  c y c la s e  (M ille r  e t  a l ,  1974). 

E qually , i t  has been shown t h a t  ÂDTM s t im u la te s  th e  DA> r e c e p to r  in  

th e  can in e  v a s c u la r  bed (Crumly e t  a l ,  1976). In  in v e r t e b r a t e  

system s, ADTN" mimics th e  e f f e c t  o f dopamine in  e l i c i t i n g  th e  fe e d in g  

motor program  in  Liimx  (W ieland & G e lp e r in , 1983), and  in  th e  

cockroach  Nauphoetm c ln erea ,  ADTM can  evoke b o th  e l e c t r i c a l  re sp o n se s  

from  th e  a c in a r  c e l l s  o f  th e  s a l i v a r y  g lan d , and s e c r e to r y  re sp o n se s  

from  in t a c t  g la n d s  (House & G lnsborg, 1982), Thus ADTN i s  

e s s e n t i a l l y  a Di a c t iv e  compound.

R ecen tly , compounds w ith  e n g in e e re d  dopam inerg ic  a c t i v i t y  have become 

a v a i la b le .  G e n e ra lly , th e s e  have f a r  g r e a t e r  s p e c i f i c i t y  th a n  

n a tu ra l ly -d e r iv e d  compounds such  a s  ADTN.

8K&F 82526 i s  a s y n th e t i c  benzazep ine  d e r iv a t iv e  w ith  Di a g o n i s t  

a c t i v i t y  developed  by Sm ith, K line & French. The s p e c i f i c  e f f e c t s  o f 

t h i s  drug  on d o p am in e -s tim u la ted  a d e n y la te  c y c la s e  (S e t 1er e t  a l ,
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1978) and on mammalian c e n t r a l  Di r e c e p to r s  (Hahn e t  a l ,  1983; 

C h ipk in & L a tra n y i,  1987), have been s tu d ie d .

T h is  compound h as  a l s o  been shown to  have s p e c i f i c  a c t i v i t y  on th e  

DAi r e c e p to r  (W einstock e t  a l ,  1980; G oldberg & K oh li, 1983), 

However, i t s  e f f e c t s  on p e r ip h e ra l  dopamine r e c e p to r s  in  dogs can  be 

re v e rs e d  c o m p e t i t iv e ly  by dopam inerg ic  a n ta g o n i s ts  such  a s  

m etoclopram ide and b u lb o cap n in e  (Hahn e t  a l ,  1982), s u g g e s t in g  some 

deg ree  o f a c t i v i t y  a t  Da r e c e p to r s .

8K&P 38393 i s  c lo s e ly  r e l a t e d  ch em ica lly  to  8K&F 82526. In m o llu sc s , 

i t  h as  been shown to  m imic th e  e f f e c t s  of dopamine in  in c re a s in g  th e  

e x c i t a b i l i t y  o f  grow th hormone p roduc ing  c e l l s  (GHC's) in  Lymnaea 

(S to o f, de V l ie g e r  & Ladder, 1985; S to o f , Verkman, Ladder & de 

V lie g e r , 1986), I t  has a l s o  been dem on stra ted  to  e l i c i t  th e  fe e d in g  

motor program  in  Umax maxlmus, s t im u la te d  in  v iv o  by dopamine 

(W ieland & G e lp e r in , 1983). Both th e se  a c t io n s  a re  c o n s i s te n t  w ith  

th e  a c t iv a t io n  o f  Di r e c e p to r s ,  s in c e  S to o f e t  a l  have shown t h a t  th e  

e x c i t a to r y  re sp o n se  o f GHC’ s  to  dopam ine i s  m ed ia ted  v ia  Di 

r e c e p to r s ,  and W ieland & G e lp e r in  dem on stra ted  t h a t  th e  a c t io n  o f 

dopam ine in  Liwax in d ic a te d  t h a t  Di r e c e p to r s  were in v o lv ed , a lth o u g h  

th e y  concluded  t h a t  th e s e  m ight have an a n ta g o n is t  p r o f i l e  d i f f e r e n t  

from  t h a t  o f mammalian r e c e p to r s .

3 ,3 .1 .2  A g o n is ts  A ctiv e  a t  Da R ecep to rs

The m orphine d e r iv a t iv e  apom orphine i s  produced from  m orphine by 

tre a tm e n t w ith  c o n c e n tra te d  h y d ro c h lo r ic  a c id , and h as  been  known to
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ch em is ts  and p h y s ic ia n s  s in c e  th e  l a t e  19th  c e n tu ry . I t  has been 

used a s  a benchmark dopam ine a g o n i s t  in  th e  c l a s s i f i c a t i o n  schem es o f

b o th  K ebab ian & Ca ine (1979) and G oldberg & K ohli (1983) -  ie  in  b o th

CNS and p e r ip h e ra l  t i s s u e s  -  and h as  been used  c l i n i c a l l y  a s  an 

em etic ,

Apomorphine i s  a  s p e c i f i c  Da (and DA#) a g o n i s t ,  and a lth o u g h  i t  h as  

some a g o n is t  a c t i v i t y  on Di (and DAi) r e c e p to r s ,  i t  has a very  la rg e

po tency  d i f f e r e n t i a l ,  b e in g  a f u l l ,  p o te n t a g o n i s t  a t  Dz r e c e p to r s ,

w h ile  b e in g  on ly  a  weak, p a r t i a l  a g o n i s t  a t  Di r e c e p to r s .  T h is  i s  

o n e .o f  th e  few p o in ts  on w h ich th e  c l a s s i f i c a t i o n  schem es of c e n t r a l  

dopam ine r e c e p to r s  (K ebab ian & C a ine) and p e r ip h e ra l  dopamine 

r e c e p to r s  (G oldberg & K oh li) a g re e ,

Apomorphine has been shown to  mimic th e  a c t io n s  o f dopam ine on 

v a r io u s  system s. K ebabian & Saavedra  (1976) showed t h a t  apom orph ine 

m imicked th e  e f f e c t s  o f dopamine in  th e  p i t u i t a r y  g lan d . Apomorphine 

has a l s o  been shown to  a c t  a s  a c o m p e tit iv e  a n ta g o n is t  o f  th e  

dopamine re sp o n se  in  th e  r a t  b ra in  (C o s ta l l  & N aylor, 1976). 

G oldberg & K ohli (1983) showed th a t  apom orphine m imicked th e  a c t io n s  

of dopam ine in  c a u s in g  a  r e d u c t io n  in  th e  r e le a s e  of n o ra d re n a l in e  

from  p o s tg a n g l io n ic  sy m p a th e tic  n e rv es ,

MacDonald & B erry  (1978) d em o n stra ted  t h a t  apom orph ine was u s e fu l  in  

d is t in g u i s h in g  betw een th e  re s p o n se s  produced by dopamine in  neu ro n es  

o f P la n o rb is  corneus. House & G lnsborg (1982) found ev id en ce  t h a t  

apom orphine c o u ld  mimic th e  e f f e c t s  o f dopamine in  e l i c i t i n g  

h y p e rp o la r is a t io n  and s e c r e t i o n  in  cockroach  s a l i v a r y  g la n d s.
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A nother m o rp h in e-d er iv ed  compound, brom ocryptine i s  more s o lu b le  th a n  

apom orph ine, more s t a b l e  in  s o lu t i o n  and has s im i la r  a g o n i s t  e f f e c t s  

on dopam ine r e c e p to r s .  I t  i s  used  c l i n i c a l l y  in  s im i la r  a p p l ic a t io n s  

to  apom orph ine.

E rgom etrine i s  one o f a c l a s s  o f compounds known a s  th e  dopam inerg ic  

e rg o ts ,  b e in g  e x t r a c te d  from  th e  Wheat . R ust fungus, o r  E rgo t 

CClavlceps purpurea).  The dopam inerg ic  e rg o ts  a re ,  a c c o rd in g  to  

Kebab ian & Caine (1979), a  u s e fu l  group o f compounds to  use f o r  

d i s t in g u i s h in g  betw een c l a s s e s  o f dopam ine re c e p to r .  They a re  p o te n t 

(nanom olar) a n ta g o n i s ts  o f  th e  Di r e c e p to r  (A scher, 1972; Sakharov & 

S a lâ n k i ,  1982; W ieland & G e lp e r in , 1983), bu t a r e  e q u a l ly  p o te n t 

a g o n i s t s  o f  th e  Da r e c e p to r ,  a llo w in g  a r e l a t i v e l y  c l e a r  d i s t i n c t i o n  

betw een th e  two.

The compound LY 171555 (Hahn & MacDonald, 1984) i s  th e  ( - )  isom er o f 

th e  p a r t i a l  e rg o l in e  LY 141865. LY 141865 h as  been shown to  

d is c r im in a te  betw een th e  two p e r ip h e ra l  dopamine r e c e p to r s  in  th e  

c a rd io v a s c u la r  sy stem  (Hahn e t  a l ,  1983), and to  s t im u la te  

s e l e c t i v e ly  th e  Da c e n t r a l  r e c e p to r  (T su ru ta  e t  a l ,  1981). LY 171555 

has a ls o  been shown to  s e l e c t i v e l y  a c t iv a te  p re s y n a p t ic  dopamine 

r e c e p to r s  in  th e  p e r ip h e ry , exam ples o f th e  DAs r e c e p to r  (Lokhandwala 

& S teen b erg , 1984; Hahn & MacDonald, 1984).

In  Lymnaea, LY 141865 h as  been observed  to  h y p e rp o la r is e  GHC’ s , a 

s im i la r  e f f e c t  to  t h a t  e x h ib i te d  by dopamine, in  th e  same s tu d y  in  

which th e  Di a g o n i s t  8K&P 38393 was shown to  d e p o la r i s e  th e  c e l l s .  

I t  has been concluded  th a t  th e  two e f f e c t s  were m ed ia ted  by Da and Di
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r e c e p to r s  r e s p e c t iv e ly ,  s in c e  in  a d d i t io n , i n t r a c e l l u l a r  in j e c t i o n  o f 

c y c l ic  AMP mimicked th e  d e p o la r is in g  re sp o n se , co n f irm in g  th a t  i t  was 

m ediated  by Di r e c e p to r s ,  (S to o f, de V lie g e r & Lodder, 1985; S to o f , 

Werkman, Lodder & de V l ie g e r ,  1986).

3 ,3 ,1 .3  A n ta g o n is ts  A c tiv e  a t  Di & Da R ecep to rs

F lu phenaz ine , a  p h e n o th ia z in e  d e r iv a t iv e ,  i s  a b ro ad -sp ec tru m  

dopam inerg ic  a n ta g o n i s t ,  s u p p re s s in g  a c t i v i t y  a t  bo th  Di and Da 

r e c e p to r s .  I t  i s  a  n e u r o le p t i c  drug used  in  th e  tre a tm e n t o f v a r io u s  

n e u ro lo g ic a l  d i s o r d e r s  in  man, such  a s  s c h iz o p h re n ia . In

ex p er im en ta l s tu d i e s ,  i t  and o th e r  p h e n o th ia z in e  d e r iv a t iv e s  have 

been used  a s  c h a r a c t e r i s i n g  a n ta g o n i s ts  fo r  th e  Di r e c e p to r ,  bu t does 

n o t have good s e l e c t i v i t y  (L e ff & C reese, 1983). I t  has been used  a s  

an  a n ta g o n is t  o f d o p a m in e -s tim u la te d  s a l iv a r y  g la n d  a d e n y la te  c y c la s e  

a c t i v i t y  in  th e  t i c k  Amblyomm (Schmidt e t  a l ,  1981). However, 

f lu p h e n a z in e  does n o t have good s p e c i f i c i t y  f o r  e i t h e r  c l a s s  o f  

dopamine r e c e p to r ,

B utaclarao l, an i s o q u in o l in e  compound, i s  a  r e l a t i v e l y  r e c e n t ly  

in tro d u c e d  n e u r o le p t ic  d rug , which shows s e l e c t i v i t y  in  i t s  a c t i v i t y .  

The (+) isom er i s  a c t iv e  a s  a dopam inerg ic  a n ta g o n is t ,  showing 

c o m p e tit iv e  b in d in g  w ith  dopamine and o th e r  a n ta g o n i s ts  in  r a t  b r a in  

p re p a ra t io n s  (Seeman e t  a l ,  1 9 7 5 ) , .w h ile  th e  ( - )  isom er i s  in a c t iv e .  

I t  has n o t been shown to  have a  h igh  degree  o f s p e c i f i c i t y  fo r  e i t h e r  

o f th e  two c l a s s e s  o f dopamine re c e p to r .

138-



F lu p e n th ix o l i s  one o f  th e  th io x a n th e n e  group o f compounds, and i s  

found in  two o p t i c a l l y  a c t iv e  form s, c i s -  and t r a n s - f lu p e n th i x o l ,  

T ra n s - f lu p e n th ix o l has been found to  be in a c t iv e  in  dopam inerg ic  

system s, w hile  th e  c is - is o ra e r  i s  a c t iv e  a s  a  p a te n t  a n ta g o n is t  o f 

d o p a m in e -se n s itiv e  a d e n y la te  c y c la se  a c t i v i t y ,  and a l s o  o f th e  

dopam inerg ic  re sp o n se  in  th e  a n t e r i o r  p i t u i t a r y  (M ille r  e t  a l ,  1975). 

T h is  s u g g e s ts  t h a t  i t  does no t p o sse ss  a p a r t i c u l a r l y  good 

s e l e c t i v i t y  f o r  e i t h e r  c l a s s  o f dopamine r e c e p to r  (K ebab ian & C a ine,

1979).

3 .3 ,1 .4  A n ta g o n is ts  A c tiv e  a t  Di R ecep to rs

Compounds w ith  a c t i v i t y  s p e c i f i c  to  Di r e c e p to r s  have h i s t o r i c a l l y  

been hard  to  f in d ,  b u t w ith  developm ents in  chem ica l s y n th e s i s ,  

compounds have become a v a i l a b le  which do show good Di s p e c i f i c i t y .  

One such i s  SCH 23390, which was developed  by th e  S o b erin g  Corp a s  a 

p o te n t ia l  benzazep in e  a n t ip s y c h o t ic  drug. I t  was hoped th a t  t h i s  

compound m ight p ro v id e  tre a tm e n t by b lo c k in g  dopam inerg ic  

tra n s m is s io n  w i th in  th e  CMS w ith o u t th e  s i d e - e f f e c t s ,  such  a s  trem o r, 

r i g i d i t y ,  and ta r d i v e  d y s k in e s ia ,  s im i la r  to  P ark in so n ism .

E xperim ents perform ed by w orkers in  S o b er in g * s own l a b o r a to r i e s  

p rov ided  ev idence  th a t  SCH 23390 was a Di r e c e p to r  a n ta g o n is t  w ith  

very  good s p e c i f i c i t y  ( lo r i o  e t  a l ,  1983). T h e ir  r e s u l t s  showed t h a t  

w hile in j e c t i o n  in to  e x p e r im e n ta l an im als  o f e f f e c t i v e  d o ses  o f SCH 

23390 produced none o f  th e  a fo rem en tioned  s i d e - e f f e c t s ,  SCH 23390 

b locked d o p a m in e -se n s i t iv e  a d e n y la te  c y c la se  in  v i t r o  (an assessm en t 

o f Di a c t i v i t y )  a t  c o n c e n tra t io n s  some 2000 t im e s  low er th a n  th o se
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needed to  b lo c k  s p i r o p e r id o l  b in d in g  (an assessm en t o f Da a c t i v i t y ) . 

th u s  s u g g e s tin g  a  v e ry  h ig h  d eg ree  of Di s p e c i f i c i t y ,

SCH 23390 h as  been d em o n stra ted  to  a c t  a s  an a n ta g o n is t  o f  th e  Di 

r e c e p to r s  m e d ia tin g  th e  d e p o la r i s a t io n  of GHC's in  Lymiaea (S to o f, 

de V l ie g e r  & Lodder, 1985; S to o f, Werkman, Lodder & de V l ie g e r ,

1986)

3 ,3 .1 ,5  A n ta g o n is ts  A ctiv e  a t  Da R ecep to rs

Compounds a c t iv e  a t  th e  Da re c e p to r  in c lu d e  h a lo p e r id o l ,  a member o f 

th e  butyrophenone g roup  o f compounds, which was found to  a n ta g o n is e  

dopamine re sp o n s e s  in  s e v e ra l  mammalian t i s s u e s ,  in  which dopam ine- 

s e n s i t i v e  a d e n y la te  c y c la s e  a c t i v i t y  had been i d e n t i f i e d  (K ebabian, 

P e tz o ld  & G reengard , 1972; C lem ent-C orm ier e t  a l ,  1974), b u t a t

m icrom olar o r g r e a t e r  c o n c e n tra t io n s .

Sakharov & S a lâ n k i (1982) have shown th a t  h a lo p e r id o l  s u p p re s se s  th e  

e f f e c t  o f  dopamine in  t h e i r  o b se rv a tio n s  o f H e lix  pomatia, in  w hich 

th e y  n o ted  i t s  a b i l i t y  to  a l t e r  th e  c h a r a c t e r i s t i c s  o f th e  locom otory  

waves o f m uscle c o n t r a c t io n  in  th e  fo o t.  H a lo p e r id o l h a s  a l s o  been 

re p o r te d  to  be an a n ta g o n i s t  o f th e  e f f e c t s  o f dopamine in  th e  b r a in  

o f th e  honey bee, A p is  m e l l i f e r a .  Dopamine was shown to  su p p re s s  th e  

a b i l i t y  o f b ees  to  re sp o n d  to  a c o n d i t io n in g  s t im u lu s  by e x te n d in g  

i t s  p ro b o sc is , H a lo p e rid o l b locked  t h i s  s u p p re s s iv e  e f f e c t ,  r e ­

e s ta b l i s h in g  th e  c o n d i t io n in g  p ro c e ss  (M acm illan & M ercer, 1987),

-1 4 0 -



S p iro p e r id o l (a ls o  known a s  s p ip e ro n e ) ,  i s  b e s t  known from th e  

l i t e r a t u r e  a s  a l ig a n d  used  in  b in d in g  a s sa y s  o f dopamine r e c e p to r s  

(G orissen  & Laduron, 1979). I t  i s  u sed  a s  a c o m p e tit iv e  

r a d io la b e l le d  t r a c e r  in  th e  i s o l a t i o n  o f r e c e p to r s ,  and th e  

lo c a l i s a t i o n  o f r e c e p to r s  w i th in  p h y s io lo g ic a l  sy stem s (C reese e t  a l ,

1983). I t  i s  su p p o se d ly  s e l e c t i v e  In  i t s  b in d in g , which i s  more 

p o te n t to  th e  r e c e p to r  th a n  th e  D ,. I t  i s  a bu tyrophenone, 

r e l a t e d  to  h a lo p e r id o l ,  and i s  u sed  a s  a n e u ro le p t ic  drug .

The benzam ide m etoclopram ide h as  been shown to  b lo c k  some dopam ine 

r e c e p to r s  in  d i f f e r e n t  p r e p a r a t io n s  (Jen n er & Marsden, 1979), and i s  

used c l i n i c a l l y  a s  an  a n t ie m e tic .  In  th e  p re s e n t  s tu d y ,

m etoclopram ide h as  been shown to  be in e f f e c t i v e  in  b lo c k in g  dopam ine 

re sp o n ses  (see  S e c t io n  3 .2 .3 .2 ) .  I t  supp o sed ly  has g r e a te r  a c t i v i t y  

a t  Da r e c e p to r s  th a n  a t  Dt (K ebab ian & C a ine, 1979). Evans (1981, 

1984a) has shown th a t  w h ile  ch lo rp ro m azin e  p r e f e r e n t i a l l y  b lo c k s  

octoparaine i (OAi) r e c e p to r s ,  m etoclopram ide p r e f e r e n t i a l l y  b lo c k s  

Qctopaminea (OAa) r e c e p to r s .  M etoclopram ide i s  a l s o  c a p a b le  o f 

d is t in g u i s h in g  betw een OAsa and OAae r e c e p to r  s u b - ty p e s , s in c e  

m etoclopram ide i s  a much more p o te n t b lo c k e r  o f OAaa th a n  o f OAze 

re c e p to r s .

Another s u b s t i t u t e d  benzam ide, YM 09151-2 i s  an e x p e r im e n ta l compound 

found to  be a  p a te n t  dopam inerg ic  a n ta g o n is t  (S to o f & Kebabian,

1984), b u t i s  n o t used  c l i n i c a l l y .  I t  has been shown to  be a c t iv e  on 

th e  Da r e c e p to r ,  b u t n o t on th e  Di r e c e p to r ,  com peting fo r  Da b in d in g  

s i t e s  w ith  o th e r  benzam ides (Grewe e t  a l ,  1982). S to o f e t  a l  (1985)
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d em o n stra ted  i t s  a b i l i t y  to  b lo ck  th e  Da m ediated  h y p e r p o la r is a t io n  

o f GHC s  in  Lyimaea.

The benzam ide s u lp i r i d e  i s  a n o th e r  o f th e  dopam inerg ic  a g e n ts  t h a t  

has an  a c t iv e  and an in a c t iv e  isom er. The p o s i t iv e  isom er i s  

in a c t iv e ,  w h ile  ( - )  s u lp i r i d e  i s  an a c t iv e  a n ta g o n is t  o f th e  Da 

r e c e p to r .  (S to o f & K ebabian, 1984; K ebab ian & C a ine, 1979; 

G oldberg  & K ohli, 1983). S u lp ir id e  i s  used  c l i n i c a l l y  a s  an

a n t ie m e tic  and t r a n q u i l i s e r .  Both YM 09151-2 and s u lp i r i d e

a n ta g o n is e  th e  dopam ine-induced. Da m ed iated  e f f e c t s  on GHC’ s  in  

Lyjmaea (S to o f e t  a l ,  1985; 1988).

C hlorprom az ine i s  a  p h e n o th ia z in e , r e l a t e d  to  f lu p h e n a z in e , whose 

c l i n i c a l  a p p l ic a t io n s  a re  e s s e n t i a l l y  s im i la r ,  a s  a n e u r o le p t ic  and 

a n t ip s y c h o t ic  d rug . I t  has been used a s  a  c o m p e t i t iv e  l ig a n d  f o r  

dopam ine in  b io ch em ica l models o f th e  Da re c e p to r  in  r a t  b r a in  (L eff 

& C reese , 1983), C hlorprom az ine has been shown to  su p p re s s  th e  

h y p e rp o la r is in g  re sp o n se  to  dopam ine o f EB v i s c e r a l  neu rones in  

A p ly s ia  (A scher, 1972), and to  in t e r f e r e  w ith  th e  dopam inerg ic  

c o n tro l  o f locom otory motor program s in  H e lix  pomatla  (Sakharov & 

S a ld n k i ,  1982). In  a d d i t io n  i t  i s  r e p o r te d  to  be an a n ta g o n is t  of 

th e  e f f e c t s  o f octopam ine in  th e  lo c u s t  (Evans, 1980).
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3 , 3 . 2  R e s u lts

3 .3 .2 .1  A g o n is ts  A ctiv e  a t  Di R ecep to rs

ADTR was found to  be an e f f e c t i v e  a g o n is t ,  ap p ro x im ate ly  e q u ip o te n t 

w ith  dopamine in  t h i s  p r e p a r a t io n .  At a c o n c e n tra t io n  o f 1 x lO "’ M, 

p r e s s u re - a p p l ie d  ADTM produced  a  re c o g n is a b le  and re p e a ta b le  

d e p o la r i s a t io n  (6 e x p e r im e n ts ) . The d e p o la r i s a t io n  was n o t, however, 

a s s o c ia te d  w ith  a s  e a s i l y  d e te c ta b le  a f a l l  in  th e  in p u t r e s i s t a n c e  

o f th e  c e l l .  Under v o lta g e -d a m p , th e  vo ltag e-d ep en d en cy  o f th e  

re sp o n se  to  ADTH was s im i la r  to  t h a t  o f dopamine, show ing th e  

in c re a s e  in  inw ard  c u r r e n t  m agn itude a t  p o te n t i a l s  betw een -20  mV 

and 0 mV <6 e x p e r im e n ts ) . A ty p ic a l  v o ltag e -c lam p  re c o rd  (F ig u re  47) 

shows t h i s .  At a  c o n c e n tr a t io n  in  th e  p ic o s p r i tz in g  m ic ro e le c tro d e  

o f 1 X 10"* M, ADTM s t i l l  p roduced  r e s u l t s  v e ry  s im i la r  to  th o s e  

produced by dopamine a t  th e  same c o n c e n tra t io n .

F re s s u r e - a p p l ic a t io n  o f a s o lu t i o n  o f 1 x 10“ ^ M SK&F 82526 ( th e  most 

c o n c e n tra te d  o b ta in a b le  in  0 .1  M HCl, d i l u te d  w ith  s a l in e )  e l i c i t e d  

no resp o n se  (11 e x p e r im e n ts ) .  The i l l u s t r a t i o n  (F ig u re  48) shows 

t r a c e s  from  a ty p i c a l  c u r r e n t - d a m p  experim en t. There i s  no ev id en ce  

o f any d e p o la r i s a t io n  o r  change in  th e  in p u t r e s i s ta n c e  o f th e  ’c e l l .

3 .3 .2 .2  A g o n is ts  A c tiv e  a t  Ds R ece p to rs

Apomorphine was used  under p r e c i s e ly  th e  same ex p e rim en ta l c o n d i t io n s  

a s  was dopam ine, b o th  in  p r e s s u r e - e je c t io n  and b a th - a p p l ic a t io n  

ex p er im en ts , under b o th  c u r r e n t -  and v o ltag e -c lam p  (9 ex p er im en ts  f o r
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Figure 47 The voltags-depsndence of the voltage-clamp response to pressure-
applied ADTN, Data were obtained by the ‘short-pulse* method, in the 
presence and absence of ADTN, to yield a difference curve, Holding 
potential was -60 mV,

10mV

2 0

Figure 48 A typical current-damp record indicating that pressure-applied SK&F 
82S26 has no effect on the membrane potential or input resistance of 
the cell, Current pulses were applied through a second 
microelectrode, and the resting potential was -56 mV,
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each.), a t  a  c o n c e n t r a t i a n  o f 100 mît in  th e  p r e s s u r e - e j e c t lo n  m icro - 

p ip e t te ,  and 5 -  10 mîl in  th e  b a th - a p p l ic a t io n  s tu d ie s .  Under

c u rre n t-c la m p , th e  re sp o n se  o f neurone D3 i s  s im i la r  to  t h a t  e l i c i t e d  

by dopamine, in  t h a t  i t  i s  a  d e p o la r i s a t io n ,  a s s o c ia te d  w ith  a modest 

f a l l  in  in p u t r e s i s t a n c e .  The m agn itude o f th e  re sp o n se , however, i s  

n o t a s  g r e a t  a s  t h a t  o f a dopam ine re sp o n se .

Under v o lta g e -c la m p , th e  re sp o n se  to  p re s s u re -a p p l ie d  apom orphine i s  

seen  a s  an inw ard c u r r e n t  a t  p o t e n t i a l s  n ea r to  th e  norm al r e s t i n g  

p o te n t i a l  o f th e  c e l l .  At p o t e n t i a l s  bo th  p o s i t iv e  and n e g a t iv e  to  

th e  normal r e s t i n g  p o te n t i a l  o f th e  c e l l ,  th e  m agn itude o f th e  

c u r re n t  induced  by apom orphine v a r i e s  in  a very  s im i la r  manner to  

t h a t  o f th e  c u r r e n t  in d u ced  by dopamine. In  a ty p ic a l  v o ltag e -c lam p  

experim en t (F ig u re  4 9 ), th e  v a lu e s  o f Induced c u r r e n t  were -45  nA a t  

a command p o te n t i a l  o f -160  mV, - 0 ,5  nA a t  -60 mV, and +8 nA a t  +30 

mV.

Apomorphine was tested at concentrations as dilute as 1 x lO""̂ ' M in 

the picQspritzer pipette, but the response obtained was extremely 

small, and a concentration of 1 x 1 0 -^ j,i failed to elicit any 

response,

In  th e  p re s e n t  s tu d y , b rom o cry p tin e a ls o  proved to  be a c lo se  mimic 

o f th e  e f f e c t s  o f  dopam ine. Under bo th  c u rre n t-c la m p  and v o l ta g e -  

clamp <7 e x p e r im e n ts ) , th e  re sp o n se  to  100 mil b rom ocryp tine was very  

s im i la r  to  th e  re sp o n se  to  dopam ine. Here a ls o ,  b rom ocryp tine was 

p re s s u re - a p p l ie d  a t  c o n c e n tr a t io n s  down to  1 x 10"® H, and th e
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Figure 49 Difference curve indicating the voltage-dependence of the voltage-
clamp response to pressure-applied apomorphine, Holding potential -60 
mV,
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resp o n se  was s l i g h t l y  s m a l le r  th a n  t h a t  to  apom orph ine a t  th e  same 

c o n c e n tra t io n .

Under c u rre n t-c la m p  c o n d i t io n s ,  th e  resp o n se  was a d e p o la r i s a t io n ,  

a s s o c ia te d  w ith  a  sm a ll f a l l  in  th e  in p u t r e s i s ta n c e  o f  th e  c e l l ,  A 

ty p ic a l  v o lta g e -c la m p  r e c o rd  (F ig u re  50) shows th a t  th e  induced  

c u r r e n t  had a  v e ry  s im i la r  v o ltag e -d ep en d e n cy  to  t h a t  o f  th e  re sp o n se  

t o  dopam ine. At a  oommand p o t e n t i a l  o f -160 mV, th e  Induced c u r r e n t  

m agn itude was -43  nA, At -6 0  mV, i t  was - 0 .5  nA, and a t  +30 mV, 

+12,5 nA.

In  th e s e  e x p e r im en ts  e rg o m e tr in e  proved  to  be a  mimic o f  th e  e f f e c t s  

o f  dopamine on th e  p r e p a r a t io n .  A pp lied  a t  a  c o n c e n tra t io n  o f 100 mM 

( in  th e  e j e c t i o n  p i p e t t e ) ,  th e  re sp o n se  was e a s i l y  r e p e a ta b le ,  b u t 

a g a in , a t  th e  low er c o n c e n tr a t io n  o f  1 x 10~® M, th e  re sp o n se  was 

much reduced  by com parison  w ith  apom orphine.

Under c u rre n t-c la m p  (6 e x p e r im e n ts ) , th e  d e p o la r i s in g  re sp o n se  was 

a s s o c ia te d  w ith  a  m odest f a l l  in  in p u t r e s i s t a n c e .  The m agn itude o f 

th e  re sp o n se  was s l i g h t l y  s m a l le r  th a n  th a t  e l i c i t e d  by dopamine. 

Under v o lta g e -c la m p  (6 e x p e r im e n ts ) , th e  re sp o n se , seen  a s  an inw ard 

c u r r e n t  a t  p o t e n t i a l s  a ro u n d  th e  norm al r e s t i n g  p o te n t i a l  o f th e  

c e l l ,  showed a  v e ry  s im i la r  v o ltag e -d ep en d en cy  to  th e  re sp o n se  to  

dopam ine. In  a  r e p r e s e n ta t i v e  experim en t (F ig u re  5 1 ), th e  c u r r e n t  

m agn itude a t  a  command p o t e n t i a l  o f -140 mV was -75  nA, At -60  mV, 

i t  was - 0 .5  nA, and a t  +30 mV, +12 nA.
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Figure SO Difference curve indicating the voltage-dependence of the voltage-
clamp response to pressure-applied bromocryptine, Holding potential 
was -60 mV,
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Figure 51 Difference curve indicating the voltage-dependence of the voltage-
clamp response to pressure-applied ergometrine, Holding potential -60 
mV,
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The s o l u b i l i t y  o f LY 171555 was a s  low a s  t h a t  o f SK&F 82526, and 

co n seq u en tly  a  c o n c e n tr a t io n  o f 1 x 10-*  H (o b ta in e d  by d is s o lv in g  in  

0 .1  M HCl, and d i l u t i n g  w i th  s a l i n e )  was used.

In  no c a se , under e i t h e r  c u rre n t-c la m p  o r  v o ltag e -c lam p , d id  

p r e s s u r e - a p p l ic a t io n  o f a  1 x 10" ^ M s o lu t i o n  produce any d e te c ta b le  

e f f e c t .  B a th -a p p l ic a t io n  o f  LY 171555 e q u a l ly  had no e f f e c t  (10 

ex p er im en ts  in  a l l ) .

3 .3 .2 .3  A n ta g o n is ts  A ctiv e  a t  Both Di & Dz R ece p to rs

Under b o th  c u r r e n t -  and v o lta g e -c la m p  c o n d i t io n s ,  f lu p h e n a z in e  

r e v e r s ib ly  su p p re s se d  th e  re sp o n se  to  dopam ine (9 ex p er im en ts  e a c h ) , 

Under c u rre n t-c la m p , th e  s i z e  and d u ra t io n  o f  th e  d e p o la r i s in g  

resp o n se  to  dopam ine was su p p re sse d . In  a  r e p r e s e n ta t iv e  v o l ta g e -  

clamp experim en t (F ig u re  5 2 ), th e  m agn itude o f  th e  dopam ine-induced 

c u r r e n ts  seen  ov er th e  f u l l  ran g e  o f membrane command p o te n t i a l s  was 

reduced, The v a lu e s  o b ta in e d  f o r  th e  c o n t ro l  ru n  were -25  nA a t  a  

command p o te n t i a l  o f -140  mV, - 0 ,5  nA a t  -6 0  mV, and +10 nA a t  +30 

raV. Exposure to  1 x 10~® M f lu p h e n a z in e  f o r  10 m inu tes reduced  th e  

induced c u r r e n t  m agn itudes to  -10  nA a t  -180  mV (-0 .7 5  nA a t  -150 

mV), =0 nA a t  -60  mV, and  +1 nA a t  +30 mV. T w en ty -fiv e  m inuses wash 

re tu rn e d  th e  re sp o n se  to  f u l l  m agn itude. Ho e f f e c t  was observed  on 

th e  r e s t i n g  c u r r e n t - v o l ta g e  r e l a t i o n s h i p  o f th e  c e l l .

Under c u rre n t-c la m p  c o n d i t io n s ,  exposure  to  1 x 10”^ H bu tac lam o l 

r e v e r s ib ly  su p p re sse d  th e  re sp o n se  to  dopam ine (5 ex p er im en ts , F ig u re  

53 ). In a ty p ic a l  v o lta g e -c la m p  experim en t (1 o f 7, F ig u re  5 4 ), th e
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Figure 52 The reversible suppressive effect of 1 x lO"® M fluphenazine on the 
voltage-clamp response to dopamine at a range of command potentials, 
Holding potential -60 mV,
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Figure 53 The suppressive effect of 1 x 10̂® M butaclamol on the current-clamp
response to dopamine, Resting potential was -59 mV,
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Figure 54 The suppressive effect of 1 x 10“̂ M butaclamol on the voltage-clamp
response to dopamine at at range of command potentials, Holding 
potential -60 mV,
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c o n tro l  c u r r e n t  m agn itudes o f  -30  nA a t  a command p o te n t i a l  o f -140 

mV, - 0 .5  nA a t  -60  mV, and +10 nA a t  +30 mV, were reduced  to  0 nA 

a c ro s s  th e  f u l l  ran g e  o f membrane command p o te n t i a l s  a f t e r  10 m inu tes 

exposure  to  1 x 10"^ M b u ta c lam o l. Follow ing 15 m inu tes wash, th e  

resp o n se  was r e s to r e d  to  v a lu e s  o f -28  nA a t  -140 raV, - 0 .5  nA a t  -60  

mV, and +8 nA a t  +30 mV, Bfo e f f e c t  was observed  on th e  r e s t i n g  

c u r r e n t - v o l ta g e  r e l a t i o n s h i p  o f th e  c e l l .

F lu p e n th ix o l was found to  be a c t iv e ,  under bo th  c u r r e n t -  and v o l ta g e -  

clamp c o n d i t io n s  (6 e x p e r im en ts  each  under v o lta g e -  and c u r r e n t -  

clamp, and 4 a d d i t io n a l  t e s t s  f o r  each  o f th e  low er c o n c e n tr a t io n s  

down to  1 X 10“ '^), a t  c o n c e n tr a t io n s  a s  d i l u t e  a s  1 x 10“ -’ M. A fte r  

in c u b a t io n  f o r  20 m in u tes , a t  a  c o n c e n tra t io n  o f 1 x 10“ -̂ M, i t  

r e v e r s ib ly  su p p re s se d  th e  re sp o n se  under c u rre n t-c la m p  (F ig u re  5 5 ). 

In a ty p ic a l  v o lta g e -c la m p  experim en t (F igu re  5 6 ), b e fo re  exposure  to

1 X 10“® M f lu p e n th ix o l ,  th e  c u r r e n t  m agn itudes were -35  nA a t  a

command p o te n t i a l  o f -150  mV, - 0 ,5  nA a t  -60  mV, and +11 nA a t  +30 

mV, F o llow ing  10 m inu tes ex posu re  to  1 x 10“ ® M f lu p e n th ix o l ,  th e s e  

v a lu e s  were red u ced  to  0 nA a t  a l l  command p o te n t i a l s .  A f te r  15 

m inu tes wash, th e  re sp o n se  c u r r e n t  m agn itudes r e tu rn e d  to  norm al, 

w ith  v a lu e s  o f -33  nA a t  -150  raV, - 0 .5  nA a t  -60  mV, and +10 nA a t

+30 mV. No e f f e c t  was seen  on th e  r e s t i n g  c u r r e n t - v o l ta g e

r e la t i o n s h i p  o f th e  c e l l .

3 .3 .2 .4  A n ta g o n is ts  A ctiv e  a t  Di R ecep to rs

As in d ic a te d  in  S e c t io n  3 .2 .3 ,1 ,  SCH 23390 proved to  be a p o te n t and 

s e le c t i v e  dopam inerg ic  a n ta g o n i s t .  Under c u rre n t-c la m p  c o n d i t io n s ,

-152 -



:DA 10mV DA

15s

DA

Normal Flupenthixol IpM  
20 m in.

lOmin.wash

Figure 55 The suppressive effect of 1 x 10"® M flupenthixol on the current-clamp 
response to dopamine, Current pulses were applied through a secon d 
microelectrode, and resting potential was -57 mV,
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Figure 56 The suppressive effect of 1 x 10"® M flupenthixol on the voltage-clamp
response to dopamine at range of command potentials, Holding 
potential -60 mV,
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a t  a c o n c e n trâ t  io n  o f 1 x 10~® H, SCH 23390 r e v e r s ib ly  suppressed th e  

re sp o n se  to  dopam ine, and washed o f f  co m p le te ly  a f t e r  10 t o  20 

m inu tes (F ig u re  3 4 ). At t h i s  c o n c e n tra t io n , th e  re sp o n se  was 

r e l i a b l y  and r e p e a ta b ly  a b o lis h e d . At c o n c e n tr a t io n s  p ro g re s s iv e ly  

more d i l u t e  th a n  t h i s ,  th e  e f f e c t  d im in ish ed , u n t i l  a t  1 x 10~® M, i t  

was v i r t u a l l y  u n d e te c ta b le .

Under v o lta g e -c la m p  c o n d i t io n s ,  th e  normal IV cu rve  due to  dopam ine 

was f l a t t e n e d  o u t c o m p le te ly  a t  a c o n c e n tra t io n  o f 1 x 10"^  M, 

in d i c a t in g  a  t o t a l  b lockade  o f th e  re sp o n se  even a t  r e l a t i v e l y  

n e g a t iv e  command p o t e n t i a l s ,  where th e  re sp o n se  c u r r e n t  would be 

e x p ec ted  to  be a t  i t s  l a r g e s t ,  In a  ty p ic a l  experim en t (F ig u re  3 5 ), 

b e fo re  th e  a p p l i c a t io n  o f SCH 23390, a t  a  command p o te n t i a l  o f  -160  

mV, th e  m agn itude o f  th e  in d u ced  c u r re n t  was -13  nA, - 0 .5  nA a t  -60  

mV, and +15 nA a t  +30 mV. A f te r  5 m inutes exposure  to  1 x 10“® M SCH 

23390, th e s e  v a lu e s  were red u ce d  to  0 nA a t  a l l  p o t e n t i a l s .  A f te r  10 

m inu tes wash, th e  re sp o n se  had been r e s to r e d ,  g iv in g  re sp o n se  c u r r e n t  

m agn itudes o f -1 0  nA a t  -160  mV, - 0 .5  nA a t  -60  mV, and +10 nA a t  +30 

mV, No e f f e c t  was seen  on th e  r e s t i n g  c u r r e n t - v o l ta g e  r e l a t i o n s h i p  

o f th e  c e l l .

SCH 23390 was t e s t e d ,  in  one experim ent o n ly , on th e  re sp o n se  o f  

neurone D3 to  apom orph ine, under v o ltag e -c lam p . In  t h i s  

ex p erim en t, a  c o n c e n tr a t io n  o f 1 x 10“® M SCH 23390, a f t e r  in c u b a t io n  

f o r  7 m in u tes , s i g n i f i c a n t l y  reduced  th e  re sp o n se  c u r r e n t s  under 

v o lta g e -c la m p  o v er th e  com plete  s ta n d a rd  range  o f  command p o te n t i a l s .  

A lthough t h i s  r e s u l t  i s  u n s u b s ta n t ia te d  s in c e  i t  i s  from  a s in g le
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ex perim en t, i t  i s  in d i c a t i v e  t h a t  th e  r e c e p to r  upon w hich apom orphine 

i s  hav ing  i t s  e f f e c t  i s  b e in g  b lo ck ed  by SCH 23390.

3 .3 .2 .5  A n ta g o n is ts  A ctiv e  a t  Da R ecep to rs

H a lo p e rid o l su p p re s se d  th e  re sp o n se  o f neurone D3 t o  dopam ine under 

bo th  c u r r e n t -  and v o lta g e -c la m p  c o n d i t io n s  <6 ex p e r im en ts  e a c h ) , The 

e f f e c t  was observ ed  a t  c o n c e n tr a t io n s  a s  low a s  1 x 10“® M. In  a 

ty p ic a l  v o lta g e -c la m p  ex p erim en t (F ig u re  5 7 ), th e  c o n tro l  v a lu e s  o f 

Induced  c u r r e n t  were -26  nA a t  a  command p o te n t i a l  o f  -160  mV, - 0 .5  

nA a t  -60  mV, and +15 nA a t  +30 mV. F o llow ing  15 m in u tes  exposu re  to  

1 X 10“® M h a lo p e r id o l ,  th e  re sp o n se  c u r r e n t  was red u ced  to  0 nA a t  

a l l  command p o te n t i a l s .  A f te r  20 m inu tes wash, th e  re sp o n se  was 

r e s to r e d ,  g iv in g  v a lu e s  o f  -1 7  nA a t  -160 mV, - 0 ,5  nA a t  -6 0  mV, and 

+10 nA a t  + 30 mV, Under c u rre n t-c la m p , th e  m agn itude o f th e  

d e p o la r is a t io n  was c o m p le te ly  su p p re s se d  by exp o su re  to  1 x 10~  ̂ M 

h a lo p e r id o l ,  and re c o v e re d  co m p le te ly  on w ash-ou t (F ig u re  58). No 

e f f e c t  was seen  on th e  r e s t i n g  c u r r e n t -v o l ta g e  r e l a t i o n s h i p  o f  th e  

c e l l .

Under b o th  c u rre n t-c la m p  and v o lta g e -c la m p  c o n d i t io n s ,  s p i r o p e r id o l  

produced an i r r e v e r s i b l e  b lo ck ad e  o f th e  re sp o n se  (7 ex p er im en ts  

e a c h ). In  a  r e p r e s e n ta t iv e  v o lta g e -c la m p  exp erim en t (F ig u re  5 9 ), th e  

c o n tro l  ru n  produced  v a lu e s  f o r  th e  induced  c u r r e n t  m agn itudes o f -25  

nA a t  a command p o te n t i a l  o f  -150  mV, - 0 .5  nA a t  -60  mV, and +14 nA 

a t  +30 mV, A f te r  15 m in u tes  exp o su re  to  1 x 10“ ® M s p i r o p e r id o l ,  th e  

re sp o n se  c u r r e n t  m agn itudes were red u ced  to  0 nA a t  a l l  command 

p o te n t i a l s .  Fo llow ing  45 m in u tes  wash, th e  re sp o n se  was s t i l l  0 nA,
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Figure 57 The suppressive effect,of \ x 10"̂ M haloperidol on the voltage-clamp
response to dopamine at range of command potentials, Holding 
potential -60 mV,

Control 15min 10 ^  10min wash' 
HAL

Figure 58 The suppressive effect of I x HQr* M haloperidol on the current-clamp 
response to dopamine, Current pulses were applied through a second 
microelectrode, and resting potential was -56 mV,
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Figure 69 The suppressive effect of 1 x 10"® M spiroperidol on the voltage-clamp 
response to dopamine at range of command potentialsi The effect was 
not reversible, Holding potential -60 mV,
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and showed no s i g n i f i c a n t  s ig n  o f reco v e ry . T h is  e f f e c t  was re p e a te d  

under c u rre n t-c la m p  c o n d i t io n s .  No e f f e c t  was seen  on th e  r e s t i n g  

c u r r e n t - v o l ta g e  r e l a t i o n s h i p  o f  th e  c e l l ,

H etoclopraraide , a t  c o n c e n tr a t io n s  in  e x c e ss  o f 10"^  M, and 

in c u b a t io n  tim e s  in  e x c e ss  o f 40 m inu tes, had no d e te c ta b le  e f f e c t  on 

e i t h e r  th e  d e p o la r is in g  re sp o n se  to  dopam ine under c u rre n t-c la m p , o r  

th e  dopam ine-induced  c u r r e n t s  seen  under v o lta g e -c la m p  a c ro s s  th e  

f u l l  range  o f  membrane command p o te n t i a l s  <9 ex p erim en ts  eac h ). A 

ty p ic a l  v o lta g e -c la m p  ex p erim en t (F ig u re  4 1 ), shows th a t  th e  

m agn itude o f  th e  in d u ced  c u r r e n t s  was n o t a f f e c te d  by exposure  f o r  up 

to  25 m inu tes to  1 x  10"^ M m etoclopram ide, lîo e f f e c t  was seen  on 

th e  r e s t i n g  c u r r e n t - v o l ta g e  r e l a t i o n s h i p  o f th e  c e l l .

Under b o th  c u r r e n t -  and v o ltag e -c lam p  c o n d i t io n s  YH 09151-2 

r e v e r s ib ly  su p p re s se d  th e  re sp o n se  to  dopam ine (8 ex p e r im en ts  e a c h ) . 

Under c u rre n t-c la m p , th e  s i z e  and d u ra t io n  o f th e  re sp o n se  was 

reduced  (F ig u re  6 0 ), In  a  r e p r e s e n ta t iv e  v o lta g e -c la m p  experim en t 

(F igu re  6 1 ), th e  m agn itude o f  th e  dopam ine-induced c u r r e n ts  was 

su p p re sse d  ov er th e  com plete  ran g e  o f command p o te n t i a l s .  P r io r  to  

th e  exposu re  o f th e  p r e p a r a t io n  to  YM 09151-2, th e  c u r r e n t  m agn itudes 

were -1 2 .5  nA a t  a  command p o te n t i a l  o f -160 mV, - 0 .5  nA a t  -60  mV, 

and +15 nA a t  +30 mV. F o llo w in g  5 m inu tes exposu re  to  1 x 10~® M YM 

09151-2, th e  v a lu e s  were red u ce d  to  0 nA a t  a l l  command p o te n t i a l s ,  

A fte r  10 m inu tes  wash, th e  re sp o n se  re tu rn e d , and th e  v a lu e s  were -1 0  

nA a t  -160  mV, - 0 .5  nA a t  -60  m¥, and +10 nA a t  +30 mV. No e f f e c t  

was seen  on th e  r e s t i n g  c u r r e n t - v o l ta g e  r e l a t i o n s h i p  o f  th e  c e l l .
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Figure 60 The suppressive effect of 1 x lO"® M YM 09151-2 on the current-clamp 
response to dopamine, Current pulses were applied to the cell through 
a second microelectrode, resting potential -58 mV,
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Figure 61 The suppressive effect of 1 x 10"® M YM 09151-2 on the voltage-clamp
response to dopamine at range of command potentials, 'Holding 
potential -60 mV,
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S u lp ir id e  and ch lo rp ro m az in e  have p re se n te d  som eth ing o f  a  problem  in  

t h i s  s tu d y  s in c e  i t  d id  n o t prove p o s s ib le  to  ach iev e  s t a b l e  

re c o rd in g s  f o r  lo n g  p e r io d s  o f tim e from  c e l l s  in  th e  p re sen ce  o f 

e i t h e r  a g e n t. In  sonfâ ex p er im en ts , th e  c e l l  d e p o la r is e d  s h o r t ly  

a f t e r  th e  in t r o d u c t io n  o f  s u lp i r i d e  to  th e  c i r c u l a t i o n .  In  o th e rs ,  

th e  c e l l  h y p e rp o la r is e d , and a t  th e  same tim e a  v e ry  marked f a l l  in  

in p u t r e s i s ta n c e  was seen , a s s o c ia te d  w ith  a  s u p p re s s io n  o f  th e  

re sp o n se . The c e l l  d id  n o t no rm ally  re c o v e r  from  th e se  e f f e c t s ,  even 

a f t e r  p ro lo n g ed  w ash ing ( f o r  exam ple, see  F ig u re  6 2 ), T h is  was t r u e  

o f a wide range o f c o n c e n tr a t io n s ,  from  1 x 10” ® M to  1 x 10“ ^ H. At 

no p o in t was a r e l i a b l e ,  r e v e r s ib l e  b lockade o f th e  re sp o n se  a ch iev ed  

w ith o u t d ra m a tic , and u s u a l ly  i r r e v e r s i b l e ,  s i d e - e f f e c t s .

I f  s u lp i r i d e  and ch lo rp ro m az in e  were hav ing  an  a n ta g o n is t  e f f e c t  on 

th e  re sp o n se  t o  dopam ine, th e n  th e y  may w e ll be a c h ie v in g  t h i s  end by 

e f f e c t iv e l y  s h o r t - c i r c u i t i n g  th e  membrane r e s i s ta n c e ,  by v i r t u e  o f 

in d i s c r im in a te  e f f e c t s  on th e  c e l l  nembrane. T h is  r e s u l t  must be 

seen  a s  u n u su a l, s in c e  nowhere in  th e  l i t e r a t u r e  i s  th e r e  any m ention 

o f e i t h e r  s u lp i r i d e  o r  ch lo rp ro m azin e  hav ing  any n o n -s p e c i f ic  e f f e c t s  

on th e  r e s t i n g  p r o p e r t i e s  o f  ex p e rim en ta l system s in  which th e y  have 

been a p p l ie d .

I t  i s  to  be co n c lu d ed  t h a t  bo th  s u lp i r i d e  and ch lo rp rom az ine  were 

hav ing  n o n - s p e c i f ic  e f f e c t s  whose n a tu re  i s  n o t e n t i r e l y  c le a r .  They 

were u n p re d ic ta b le ,  and o f te n  appeared  to  i r r e v e r s i b l y  damage th e  

p re p a ra t io n  a s  a whole (o th e r  c e l l s  im paled a f t e r  w ash -o ff had v e ry  

poor r e s t i n g  p o t e n t i a l s  ap p ro x im ate ly  -10  to  -20  mV; c f  norm al 

v a lu e s  o f -50  to  -6 0  mV). P re v io u s  ex p erim en ts  had shown th a t  th e s e
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Figure 62 The effect of 1 x 10”® M sulpiride on the current-clamp response to
dopamine and the input resistance of the cell, The effect was
irreversible, Current pulses were applied to the cell through a
second microelectrode. Resting potential before the application of 
sulpiride was -56 mV, and after 35 minutes wash it was -18 mV,
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e f f e c t s  were n o t th e  r e s u l t  o f th e  a c t io n s  o f th e  v e h ic le  in  which 

th e  d rug  was d is s o lv e d , and s u lp i r i d e ,  th e r e f o r e ,  d id  n o t prove to  be 

a  u s e fu l to o l  in  th e  p re s e n t  in v e s t ig a t io n .

3 , 3 . 3  D is c u s s io n

The ex p er im en ts  d e t a i l e d  in  s e c t i o n  3 ,2  in d ic a te d  t h a t  th e  a c t io n s  o f 

dopam ine in  t h i s  p r e p a r a t io n  were m ed ia ted  v ia  r e c e p to r s  

p h a rm a c o lo g ic a lly  d i s t i n c t  from  th o se  m ed ia tin g  re s p o n se s  to  

n o ra d re n a l in e , octopam ine and a c e ty lc h o l in e .  T h is , in  a d d i t io n  to  

th e  ev id en ce  p ro v id e d  by th e  d i f f e r e n c e s  betw een th e  c u r r e n t  v o lta g e  

cu rv es  f o r  th e  neurone in  th e  p re sen ce  o f th e s e  a g e n ts  s t r o n g ly  

su g g e s te d  t h a t  s p e c i f i c  ■dopamine r e c e p to r s  were p re s e n t  on t h i s  

neu rone .

The aim  o f th e  ex p e rim en ts  d e t a i l e d  in  t h i s  s e c t io n  was to  d e te rm in e  

a  p h arm aco lo g ica l p r o f i l e  f o r  t h i s  p u ta t iv e  dopamine r e c e p to r ,  and to  

a s c e r t a in  w hether o r n o t i t  co rresp o n d ed  to  e i t h e r  o f th e  two c l a s s e s  

<Di and Da) o f th e  mammalian c e n t r a l  r e c e p to r  c l a s s i f i c a t i o n  scheme 

o f K ebab ian & C a ine (1979),

In  a d d i t io n  to  p h a rm aco lo g ica l d i f f e r e n c e s ,  th e r e  a re  d i s t i n c t i o n s  

between th e  ways in  which th e  r e c e p to r  i s  lin k e d  to  a d e n y la te  c y c la s e  

in  th e se  two ty p e s . In  Di r e c e p to r s ,  a c t iv a t io n  c a u se s  s t im u la t io n  

o f  a d e n y la te  c y c la s e ,  and hence an  in c re a s e  in  th e  le v e l  of 

i n t r a c e l l u l a r  c y c l i c  AMP, A c tiv a tio n  o f  Da r e c e p to r s  e i t h e r  has no 

e f f e c t  o r  d e p re s s e s  a d e n y la te  c y c la s e  a c t i v i t y ,  c a u s in g  c y c l ic  AMP 

le v e ls  to  f a l l .
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A gents which a f f e c t  i n t r a c e l l u l a r  c y c l ic  AMP m etabo lism  have 

p re v io u s ly  been shown to  be in e f f e c t i v e  in  a l t e r i n g  e i t h e r  th e  

resp o n se  t o  dopam ine o r  th e  r e s t i n g  p r o p e r t i e s  o f th e  c e l l  membrane. 

P itm an & Baker (1989) have shown t h a t  n e i th e r  d ib u ty ry l  c y c l i c  AMP, 

th e  p h o sp h o d ie s te ra se  i n h i b i t o r  IBMX, nor th e  a d e n y la te  c y c la s e  

a c t iv a t o r  f o r s k o l in  had any e f f e c t  on th e  neurone. However, 

H athanson & G reengard  (1973; 1974) d em o n stra ted  t h a t  i n t r a c e l l u l a r

l e v e l s  o f c y c l i c  AÎ1P were e le v a te d  by octopam ine, and, t o  a  l e s s e r  

e x te n t ,  by dopamine in  cock roach  th o r a c ic  g a n g l io n  c e l l s .

These r e s u l t s  in d i c a te  t h a t  dopamine r e c e p to r s  in  d i f f e r e n t  

p r e p a ra t io n s  may d i f f e r  s u b s t a n t i a l l y .  In  t h i s  c a se ,

e le c t r o p h y s io lo g ic a l  ev id en ce  su g g e s ts  t h a t  th e r e  i s  no l in k a g e  to  

a d e n y la te  c y c la s e ,  w h ile  b iochem ical s tu d ie s  in d i c a te  th e  p re se n c e  o f  

a  d o p a m in e -se n s i t iv e  a d e n y la te  c y c la se . I t  i s  u n l ik e ly ,  th e r e f o r e ,  

th a t  th e  r e c e p to r  p re s e n t  h e re  i s  a ‘ c l a s s i c a l ’ Di r e c e p to r ,  and i t  

ap p ea rs  to  s h a re  a t  l e a s t  some c h a r a c t e r i s t i c s  w ith  th e  mammalian Dz 

re c e p to r .  The p h arm a co lo g ica l p r o f i l e  d e term ined  h e re  in d i c a te s  t h a t  

th e se  r e c e p to r s  do n o t conform  to  e i t h e r  ty p e .

The e f f e c t s  o f dopamine were m imicked by th e  morphine d e r i v a t iv e s  

apom orphine and b ro m o cry p tin e , th e  dopam inerg ic  e rg o t  e rg o in e tr in e , 

and th e  n ap h th a le n e  A-6,7,DTN. Under c u rre n t-c la m p , a l l  d e p o la r is e d  

th e  neurone. Under v o ltag e -c lam p , th e  v o ltag e -d ep en d e n cy  o f th e  

resp o n se  in  a l l  c a s e s  was s im i la r  to  t h a t  o f th e  dopamine re sp o n se . 

The same re g io n  o f n e g a t iv e - s lo p e  r e s i s ta n c e  was o b se rv ed  a t  

p o te n t i a l s  around  -20  mV, a s  was th e  d ram a tic  in c re a s e  in  inw ard  

c u r re n t  m agn itude a t  p o t e n t i a l s  more n e g a t iv e  th a n  -140  mV. The
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r e l a t i v e  p o te n c ie s  o f  th e s e  fo u r  a g o n i s ts  ap p ea rs  to  be ÂDTF > 

e rg o m e trin e  > apom orph ine > b rom ocryp tine . ADTN produced a  re sp o n se  

which under i d e n t i c a l  c o n d i t io n s  was e x p e r im e n ta lly  in d i s t in g u i s h a b le  

from  th e  re sp o n se  to  dopam ine.

C onversely  th e  s y n th e t i c  a g o n i s t s  8K&F 82526 <Di ) and LY 171555 (D&) 

co u ld  n o t be made to  p roduce a  resp o n se  a t  any c o n c e n tra t io n  t e s t e d .  

However, th e s e  two compounds were o n ly  so lu b le  in  s a l in e  to  a  l im i te d  

e x te n t  and th e r e f o r e  h ig h e r  c o n c e n tra t io n s  c o u ld  n o t be t e s t e d .  I t  

ap p ea rs  th e r e f o r e  t h a t  neurone D3 i s  d e p o la r is e d  by r e l a t i v e l y  non­

s p e c i f i c  d o pam inerg ic  a g o n i s t s ,  b u t u n a ffe c te d , a t  l e a s t  a t  th e  

c o n c e n tra t io n s  t e s t e d ,  by s p e c i f i c  a g e n ts  such  a s  SK&F 82526 and LY 

171555. T h is  e v id e n c e  s u g g e s ts  t h a t  th e  r e c e p to r  p re s e n t  h e re  does 

n o t conform  p r e c i s e ly  to  e i t h e r  ty p e  Di o r Da.

A lthough s p e c i f i c  a g o n i s t s  had no e f f e c t  on th e  in s e c t  p re p a ra t io n , 

re sp o n se s  t o  dopam ine c o u ld  be b locked  by a n ta g o n i s ts  s p e c i f i c  to  Di 

r e c e p to r s  (SCH 23390), a g e n ts  s p e c i f i c  to  Da r e c e p to r s  (h a lo p e r id o l ,  

s p i r o p e r id o l ,  YM 09151-2), and a g e n ts  show ing a low er d eg ree  o f 

s e l e c t i v i t y  ( f lu p e n th ix o l ,  bu tac lam o l and f lu p h e n a z in e ) ,

In  some r e s p e c t s ,  th e  r e c e p to r  p re s e n t  h e re  c o rre sp o n d s  to  th e  D% 

re c e p to r ,  in  t h a t  th e  m orph ines, e rg o m etr in e  and ADTN, a l l  a c t  a s  

f u l l  a g o n i s t s ,  and c y c l i c  AMP does n o t appear to  be in v o lv ed . At Di 

s i t e s  th e y  a c t  a s  p a r t i a l  a g o n i s t s  o r a n ta g o n is ts .  In  a d d i t io n .  Da 

a n ta g o n i s ts  b lo c k  th e  re sp o n se  to  dopam ine. However, s in c e  Di a g e n ts  

a ls o  do t h i s ,  th e  r e c e p to r  can n o t be s a id  to  conform  e n t i r e l y  to  

e i t h e r  ty p e , b u t p e rh ap s  t o  r e p re s e n t  a  t h i r d  s u b d iv is io n .
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At t h i s  p a in t  i t  i s  im p o rta n t to  d is c u s s  th e  o b serv ed  e f f e c t s  o f 

m etoclopram ide, s u lp i r i d e ,  and ch lo rp rom az ine. A ll o f  th e s e  a g e n ts  

a re  a c c e p te d  in  th e  l i t e r a t u r e  a s  Da a n ta g o n is ts ,  S u lp ir id e  i s  one 

o f th e  benchmark a n ta g o n i s t s  u sed  by K ebabian & C a ine (1979).

In t h i s  p re p a ra t io n , however, m etoclopram ide had no d e te c ta b le  e f f e c t  

on th e  re sp o n se  to  dopam ine. As has been shown in  s e c t io n  3 .3 ,  

m etoclopram ide was s u c c e s s f u l ly  used a s  an a g e n t d i s t in g u i s h in g  

between re sp o n se s  to  dopam ine and octopam ine. S in ce  th e  l i t e r a t u r e  

su g g e s ts  t h a t  m etoclopram ide i s  bo th  a  Da a n ta g o n i s t ,  and an 

a n ta g o n is t  o f octopam ine r e c e p to r s  (Evans, 1981; 1984a), t h i s

p ro v id e s  f u r th e r  s u p p o r tin g  ev id en ce  th a t  th e  r e c e p to r  p re s e n t  on 

neurone D3 does n o t co rre sp o n d  to  th e  Da r e c e p to r .

The p h arm aco lo g ica l ev id en ce  p re se n te d  h e re  m ight a llo w  two 

c o n c lu s io n s  to  be drawn. F i r s t l y  th a t  a  s in g le  c l a s s  o f dopam ine 

r e c e p to r  e x i s t s ,  b u t w ith  pharm aco log ica l p r o p e r t i e s  in te rm e d ia te  

between mammalian Di and Dz ty p e s ; second ly  t h a t  two p o p u la t io n s  of 

r e c e p to r s  e x i s t  to g e th e r  on neurone D3.

Two p ie c e s  o f ev id en ce  oppose th e  second c o n c lu s io n . In  th e  f i r s t  

p la c e , re sp o n se s  to  dopam ine a re  a b o l ish e d  c o m p le te ly  by a n ta g o n i s ts  

s p e c i f i c  f o r  b o th  Di and Da r e c e p to r s .  I f  b o th  ty p e s  were p re s e n t ,  

on ly  a p ro p o r t io n  o f th e  re sp o n se  would be e x p e c te d  to  be su p p re sse d . 

In  a d d i t io n , a g e n ts  w hich a l t e r  i n t r a c e l l u l a r  c y c l ic  AMP m etabo lism  

have been shown to  be in e f f e c t i v e  in  chang ing  any o f th e  

c h a r a c t e r i s t i c s  o f e i t h e r  th e  resp o n se  o r th e  r e s t i n g  p r o p e r t i e s  o f 

th e  c e l l  (Pitm an & B aker, 1989).
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The c o n c lu s io n  t h a t  dopam ine re c e p to r s  a re  p re s e n t  in  t h i s  

p r e p a ra t io n  which do n o t conform  to  ty p e s  Di o r Dz has  o n ly  r e c e n t ly  

re c e iv e d  in d i r e c t  su p p o r t from  ex p erim en ta l ev id en ce  o b ta in e d  from  

o th e r  p hy la . P re v io u s ly , most a u th o rs  had concluded  th a t  dopam ine 

r e c e p to r s  p r e s e n t  i n  t h e i r  p re p a ra t io n s  conform ed to  ' one o f th e s e  

ty p e s .

For exam ple, th e  r e c e p to r s  found to  m ed iate b o th  e x c i t a to r y  and 

in h i b i to r y  re s p o n s e s  in  grow th hormone p roduc ing  c e l l s  o f Lymnaea 

have been shown to  conform  to  th e  mammalian c l a s s i f i c a t i o n  scheme 

(S to o f e t  a l ,  1985; 1986). However, Gospe (1983) was more c a u t io u s ,

su g g e s tin g  t h a t  a lth o u g h  s i m i l a r i t i e s  between m ollu scan  and mammalian 

r e c e p to r s  d id  e x i s t ,  i n s u f f i c i e n t  ev idence had been c o l l e c t e d  a t  t h a t  

tim e to  conclude  w hether o r  n o t m ulluscan  r e c e p to r s  conform ed 

p r e c i s e ly  to  th e  mammalian system ,

More r e c e n t ly ,  Verkman, Lodder, de V lie g e r  & S to o f (1987) have shown 

t h a t  th e  Da r e c e p to r s  p r e s e n t  on grow th hormone p ro d u c in g  c e l l s  in  

Lymnaea show some d i f f e r e n c e s  in  pharm acology from  m m m alian Da 

r e c e p to r s .  B ok isch  & Walker (1988) have concluded  t h a t  r e c e p to r s  

m e d ia tin g  h y p e rp o la r is in g  re sp o n se s  in  H elix  n eu rones c o u ld  n o t be 

p la c e d  in to  th e  mammalian c l a s s i f i c a t i o n  scheme. L ikew ise , A ddesirk  

(1989) h as  shown t h a t  r e c e p to r s  on Lymnaea neu rones w hich m ed ia te  

b o th  h y p e rp o la r is in g  th e  b ip h a s ic  re sp o n ses  a l s o  canno t be in c lu d e d .

I t  was n o t p o s s ib le  to  a s s e s s  th e  a c t io n s  o f s u lp i r i d e  and 

c h i  o r  prom azine on th e  re sp o n se  to  dopam ine, sonce b o th  produced non­

s p e c i f i c  e f f e c t s  on th e  r e s t i n g  p r o p e r t i e s  o f th e  c e l l .  In  b o th
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c a s e s , m assive d e p o la r i s a t i o n  o r  h y p e rp o la r is a t io n , accom pan ied by a  

s u b s t a n t i a l  f a l l  in  in p u t r e s i s t a n c e  o ccu rred . T h is  su g g e s te d  an 

o v e r a l l  s h o r t - c i r c u i t i n g  o f  membrane conductance. These e f f e c t s  do 

n o t ap p ea r to  have been r e p o r te d  in  th e  l i t e r a t u r e .

The manner in  w h ich th e s e  a g e n ts  produce t h e i r  e f f e c t s  i s  u n c le a r ,  

a lth o u g h  s e v e r a l  p o s s i b i l i t i e s  e x i s t .  They co u ld  be d i r e c t l y  

a f f e c t in g  th e  membrane i t s e l f ,  a l t e r i n g  th e  l i p i d  phase and th u s  

chang ing  membrane r e s i s t a n c e .  They co u ld  be a l t e r i n g  th e  s e l e c t i v i t y  

o f  io n o p h o res  in  th e  c e l l  membrane, o r  a f f e c t in g  one o f th e  membrane- 

based  io n  exchange o r  io n  t r a n s p o r t  system s. However, th e re  i s  no 

ev idence  to  su g g e s t w h ich i f  any o f  th e se  i s  th e  ca se .

There i s  now ev id en ce  t o  s u g g e s t,  th e r e f o r e ,  t h a t  m ollu scan  dopam ine 

r e c e p to r s  a r e  n o t a s  s im i la r  to  mammalian r e c e p to r s  a s  has been 

p re v io u s ly  th o u g h t. I f  t h i s  i s  th e  ca se  in  m o llu scs , i t  m ight 

e q u a l ly  w e ll be t r u e  in  in s e c t s .  The dopam ine r e c e p to r s  c h a r a c te r i s e d  

h e re  c l e a r ly  do n o t conform  to  e i t h e r  ty p e  Di o r  D&. I t  w i l l  be 

i n t e r e s t in g  to  se e  w hether f u r th e r  ty p e s  a re  i d e n t i f i e d  in  th e  in s e c t  

CNS in  th e  f u tu r e .

3 .3 .4  Summary '

A range o f a g o n i s t  a g e n ts ,  s p e c i f i c  to  Di o r  Da r e c e p to r s  was t e s t e d  

on neurone D3. Of th e s e ,  th e  Di a g o n is t  ADTH was a  p o te n t mimic o f 

th e  e f f e c t s  o f dopam ine, w h ile  th e  Di a g en t 8K&F 82526 had no 

ap p a re n t e f f e c t .  The Da a g o n i s t s  apom orphine, b rom ocryptine and
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e rg o m a trln e  a l l  produced  e x c i t a to r y  e f f e c t s  s im i la r  to  dopam ine, b u t 

LY 171555 had no e f f e c t .

A n ta g o n is ts  were a l s o  t e s t e d ,  on th e  resp o n se  to  dopam ine, which 

e i t h e r  had no r e p o r te d  s p e c i f i c i t y  f o r  e i t h e r  c l a s s  o f r e c e p to r ,  such  

a s  f lu p h e n a z in e , bu tac lam ol and f lu p e n th ix o l ;  s p e c i f i c i t y  f o r  Di 

r e c e p to r s ,  such  a s  SCH 23390; o r f o r  Da r e c e p to r s ,  such  a s  

h a lo p e r id o l ,  s p i r o p e r id o l ,  m etoclopram ide, YM 09151-2, s u l p i r i d e  and 

ch lo rp ro m az in e . There was no c o n s is te n c y  in  th e  e f f e c t s  shown by 

th e s e  a g e n ts ,

The r e s u l t s  o f  th e s e  ex p er im en ts  a re  summarised in  T ab le s  3 and 4,

TABLE 3

Summary o f  P harm aco log ica l P r o f i l e  -  A g o n is ts

DRUG TARGET RECEPTOR PRESENT STUDY

DOPAMINE (10-=%)* Di /Da: ++

SK & F 82526 (10-=%)* Di —

ADTN (10-=%)* Di ++

APOMORPHINE (10-=%)* Da ++ '
BROMOCRYPTINE ( 10-=%)* Da ++
ERGOMETRINE (10-=%)* Da ++
LY 174555 ( 10-®%)* Da —

++ = FULL AGONIST — = NO EFFECT
= USED FOR PRESSURE-APPLICATION
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TABLE 4

Summary o f P harm aco lo g ica l P r o f i l e  -  A n ta g o n is ts

DRUG TARGET RECEPTOR PRESENT J

FLUPHENAZINE Di /Da +
(+)BUTACLAMOL (10-^M) D i/Da +
FLUPENTHIXOL <10” ®M) Di /Da +

SCH 23390 (10-®M) Di +

HALOPERIDOL (10-®M) Da +
SPIROPERIDOL ( 10-sM) Da ++
METOCLOPRAMIDE (10-4%) Da -

YM 09151-2 ( 10-®M) Da +
s-SULPIRIDE (V a ria b le ) Da +?
CHLORPROMAZINE (V a ria b le ) Da +?

+ = REVERSIBLE BLOCK ++ = IRREVERSIBLE BLOCK 
— -  NO EFFECT +? = UNCERTAIN EFFECT
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SECTION 4  -  CONCLUSIONS

The resp o n se  o f th e  neurone Da to  dopam ine (Flem ing, 1986; P itm an & 

Baker, 1988) has been c h a r a c te r i s e d  in  te rm s o f i t s  pharm acology. 

The re sp o n se  i s  a  d e p o la r i s a t io n ,  and th e re  may be an involvem ent o f 

sodium, po tassium , o r  c h lo r id e  io n s  in  th e  m e d ia tio n  o f th e  re sp o n se , 

a l th o u g h t t h i s  i s  n o t c l e a r .  Calcium  p la y s  an im p o rta n t r o le ,  b u t 

w hether a s  a  ch arg e  c a r r i e r  o r  a s  a t r i g g e r  f o r  o th e r  m em brane-based 

e v e n ts  i s  u n c le a r .

The r e s u l t s  p re s e n te d  h e re  show th a t  dopam ine d e p o la r i s e s  a 

MDtoneurone in  th e  in s e c t  CNS, b u t a t  th e  same tim e  i t  does n o t 

appear to  be a c t in g  a s  a  p rim ary  e x c i ta to r y  t r a n s m i t t e r .  The 

vo ltag e-d ep en d en cy  o f  th e  re sp o n se , c a u s in g  an  in c re a s e  in  th e

m agn itude o f th e  re sp o n se  c u r r e n t  a t  p o t e n t i a l s  p o s i t i v e  to  th e

r e s t in g  p o te n t i a l  o f th e  c e l l ,  m ight a llo w  dopamine to  e x e r t  a

p r im a r ily  m odulato ry  r o le  in  th e  cockroach  CNS.

The pharm aco lo g ica l p r o f i l e ,  ta k e n  in  c o n ju n c t io n  w ith  th e  d if f e r e n c e  

in  c u r r e n t  v o lta g e  c u rv e s  f o r  dopam ine, n o ra d re n a l in e , octopam ine, 

and a c e ty lc h o lin e  in d i c a t e s  t h a t  dopamine i s  a c t in g  a t  s p e c i f i c  

r e c e p to r s  and n o t a t  r e c e p to r s  f o r  th e s e  o th e r  t r a n s m i t t e r s .  The 

dopamine r e c e p to r  p re s e n t  h e re  does no t however conform  to  th e

c l a s s i f i c a t i o n  scheme f o r  v e r te b r a te  c e n t r a l  dopam ine r e c e p to r s  o f 

K ebabian & Caine (1979), T h is  may r e f l e c t  e v o lu t io n a ry  changes in  

th e  dopam ine r e c e p to r ,  s in c e  h y p e rp o la r is in g  and b ip h a s ic  re sp o n se s
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t a  dopamine in  some m o llu scs  a l s o  seem to  be m ed ia ted  by r e c e p to r s  

which do n o t conform  to  t h i s  scheme (B okisch & W alker, 1988; 

A udesirk , 1989).

There i s  s t i l l  do u b t, however, a s  to  w hether th e  dopamine re sp o n se s  

re c o rd e d  in  neurone Ds a re  m ed ia ted  by a  s in g le  c l a s s  o f r e c e p to r  o r  

th ro u g h  a  m ixed r e c e p to r  p o p u la tio n . U n ita ry  c u re n t re c o rd in g s  may 

d em o n stra te  c o n c lu s iv e ly  w hether o r  n o t a s in g le  c l a s s  o f r e c e p to r  i s  

in v o lv ed .

F u r th e r  r e s e a r c h  i s  s t i l l  n e c e ssa ry  in  o rd e r  to  I d e n t i f y  c o n c lu s iv e ly  

th e  io n i c  c u r r e n t s  u n d e r ly in g  th e  resp o n se  to  dopam ine, and to  

a s c e r t a in  w hether dopam ine does indeed  m odulate th e  a c t i v i t y  o f  th e  

common in h i b i to r y  m otoneurone. Da,
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APPENDIX 1

SALINE SOLUTIONS

S a lin e  c o n s t i t u t i o n s  were b ased  upon th o se  u sed  by Yamasaki 

N arahash i (1959), and m o d if ied  by Pitm an (1975).

Normal s a l i n e  s o lu t i o n  had th e  fo llo w in g  com pos ition :

NaCl IM 5 3 .5 ml

KOI IK 3. 1 ml

CaClsa IK 9. 0 ml

pH 7 ,2

T h is  s o lu t io n  was c o n t in u o u s ly  c i r c u l a t e d  by b u b b lin g  w ith  oxygen, 

which a llow ed  f o r  p ro lo n g ed  s u r v iv a l  o f th e  p re p a ra t io n  in  th e  b a th .

S a l in e  s o lu t i o n s  f o r  i o n - s u b s t i t u t i o n  ex p er im en ts  were made up a s  

fo llo w s:

Sodium -free s a l in e

by eq u im o lar s u b s t i t u t i o n  w i th  TRIS-HCl

TRIS-HCl IK 248 ,8 ml
KOI IK 3. 1 ml

CaClz IK 9. 0 ml
pH 7 ,2

The c o n c e n tr a t io n  o f TRIS-HCl was in c re a s e d  to  2 48 .8  mH t o  com pensate 

f o r  th e  low er d eg ree  o f d i s s o c i a t i o n  o f TRIS compared to  NaCl.
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31nil[ /£■■*■ s a l i n e

by eq u im o la r  s u b s t i t u t i o n  o f  Na+ w ith  K"

NaCl 4M 46.6 ml

KCl IM 31. 0 ml

CaCl-^ IM 9, 0 ml

TES b u f fe r 2 ,292 g l -

pH 7 .2

C alc ium -free  s a l in e

The p ro p o r t io n  o f NaCl was in c re a s e d  to  com pensate f o r  th e  lo s s  o f 

io n ic  s t r e n g th  r e s u l t in g  from  th e  removal o f Ga®’*'

NaCl ,,4M 5 5 .5  ml

KOI IM 3 ,1  ml

TRIS-HCl IM 1 .0  ml

o r

TES b u f fe r  IM 10,0 ml

pH 7 .2

4?mN c h lo r id e  s a l in e

NaCl was re p la c e d  w ith  N a - is e th io n a te ,  in  an equ im o lar f a s h io n

NaCl 4M 6 .5  ml

ICCl IM 3 .1  ml

CaCle IM 9 .0  ml

N a - is e th io n a te  27 .8  g

TES b u f f e r  2 .292  g
pH 7 .2
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36mH c a l c i u m  s a l i n e

NaCl was re p la c e d  by CaClz

NaCl 4M 49 .7  ml

KCl IM 3 ,1  ml

CaCls IM 36 .0  ml

TES b u f f e r  2 .292  g

pH 7 .2

C h lo r id e - f r e e  s a l i n e

The c h lo r id e  a n io n  was re p la c e d  by a c e ta te  in  a l l  s a l t s

NaAc IM 214 .0  ml

KAc IM 3 .1  ..ml

Ca(A c)s IM 9 .0  ml

TRIS-Ac IM 10.0  ml

pH 7 .2
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APFBSDIX 2

M L cHEHicaum.

- A-6,7-DTN

* DOPAMINE

" ’ SK&F 38393 

+ ’ SK&F 82526

= APOMORPHINE 

= BROMOCRYPTINE

4- 2 LY 1715SS

CHLORPROMAZINE

FLUPHENAZINE

(+)BUTACLAMQL

’ cis-(Z)-FLUPENTHIXOL

1 SCH 23390

 ̂ HALOPERIDOL

2 METOCLOPRAMIDE 

2 SPIPERONE

SULPIRIDE

YM-091S1-2

5,7-dihydroxy-I,2,3,4-tetrahydro-naphthalene

3-hydroxy Tyramine

2,3,4,S-tetrahydro“7,8-dihydroxy-l-phenyl'’lH-3-bsnzazepins

S-chIoro-2,3,4,5-tetrahydro?,8-dihydroxy-1 -(4-hydroxy phenyl) 
-lH-3-benzazepine

apomorphine

2-bromo-«-ergocryptlne

(-) 4,4a,5,6,7,8,8a,9-octahydro-5-n-propy1-2H-pyrazolo-3,4- 
g-quincline

2-chloro-10-(3-dimethylaminopropyl)-phenothiazine

1-(2-hydroxysthyl)-4-C3-(trifluoromethyl-lO-phenothiazinyl) 
-propyll-piperazine

lH-benzo-C6,7,]-cyclohepta-Cl,2,3-de3-pyrido-C2,l-a]- 
isoquinoIin-3-ol,3-Cî ,]-dimethylethyl)“2,3-4,4a,8,9, 13b, 
14-octahydro,HCl(3-<x| 4a-ot; 13b-g)

cis-(Z)-2-trifluoromethyl-9-{3-[4-(hydroxyethyl)-l- 
piperazinyU-propylidenel-thioxanthene

7-chloro-2,3,4,5-tetrahydro-3-methyl-5-phenyl-lH"3-
benzazepine

4'-fluoro-4-(4-hydroxy-4-p-chlorophenyl pipsridino)- 
butyrophenone

4-amino-5"Chloro-N-(2-diethylafiUnoethyl)-2-methoxybenzamide

= SPIROPERIDOL 8-C3-(p-fluorobenzoyDpropyU-l-phenyl- 
1,3,8-triazaspiro-C4,51decan-4-one ,

N-l-Cethylpyrrolidin-2-yl-methyl3-2-m6lhoxy-5-sulpharooyl
benzamide

N-Cl-benzyl-2-methylpyrrolidin-3-y13-S-chloro-2-methoxy- 
4-methyl-am i no-benzam i de

= Di/Da agonists,  ̂ = Di agonists, = Û2 agonists

“ - Oi/Dz antagonists, “ ' = Di antagonists, “  ̂= D& antagonists
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APPENDIX 3

Dapaiaine

F re e ly  s o lu b le  in  aqueous media. At p h y s io lo g ic a l  pH < 7 .2 ), i t

b eg in s  t o  decompose w i th in  a few m inu tes, d a rk en in g  th e  s o lu t io n .

T h is  may be overcome by d is s o lv in g  in  a 1% s o lu t io n  ( in  e i t h e r  s a l i n e  

o r  w a te r, depend ing  on a p p l ic a t io n )  o f sod ium  m e ta b is u lp h ite  o r  

a s c o rb a te . T h is  le n g th e n s  th e  u sa b le  l i f e  to  s e v e ra l  h o u rs .

Octopamine

See Dopamine

A c e ty lc h o lin e

Very s o lu b le .  H ygroscop ic in  s o l i d  form. S t a b i l i t y  good, keeps in  

s o lu t i o n  f o r  s e v e r a l  h ou rs .

y-Amino B u ty r ic  A cid  (GABA)

F re e ly  s o lu b le .  Needs no s t a b i l i z a t i o n .  Keeps w e ll f o r  s e v e ra l

hours.
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ApoBorphine

Very in s o lu b le .  W ill d is s o lv e  s p a r in g ly  (max. cone. 10~®M) in  

s a l in e .  D is so lv e s  b e t t e r  in  HCl, b u t i f  to o  c o n c e n tra te d , w i l l  come 

out o f s o lu t io n  when pH i s  a l t e r e d  to  p h y s io lo g ic a l  l e v e l s .  Very 

u n s ta b le . S o lu t io n  tu r n s  g re e n  a f t e r  a few m inu tes a s  Apomorphine

o x id iz e s . Must be used  im m ediate ly . îfeiy need to  be so n ic a te d ,

B rom ocryptine

S im ila r  to  Apomorphine, though  s l i g h t l y  more s o lu b le .  Same p ro c e s s  

and p re c a u t io n s  a p p ly . May need to  be s o n ic a te d ,

SKM 82526

s p a r in g ly  s o lu b le  a t  low pH, w i l l  rem ain  in  s o lu t i o n  a t  r e l a t i v e l y  

low c o n c e n tr a t io n s  (= 10“®M) a t  pH 7 .2 ,

LY 171555

S p a r in g ly  s o lu b le  in  s a l i n e  a t  pH 7 .2 . Max. conc. lo -^ #  

C hlorprom az ine

F re e ly  s o lu b le  in  s a l i n e  a t  pH 7 .2 .
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F luphenaz ine 

F re e ly  s o lu b le .

S p iro p e r id o l  (= S p ip e ro n e )

S p a r in g ly  s o lu b le ,  n eeds long  s p e l l  on th e  s t i r r e r !

C+>“B utaclam ol 

S o lu b le  a t  max, conc, 

c i s -Z -F lu p e n th ix o l  

F re e ly  s o lu b le .

H a lo p e rid o l

V ir tu a l ly  in s o lu b le  in  s a l i n e  a t  pH 7 .2 . D is so lv e  i n  HCl f i r s t ,  

S o n ic a te  i f  p o s s ib le .  N e u tra l iz e  b e fo re  use . (no te  added a f t e r

p ro longed  u s e ; -  d is s o lv e  in  HCl, m ix /g r in d  w ith  g la s s  ro d , add 

s a l in e ,  s p in  f o r  up to  1 h r  u n t i l  d is s o lv e d . Works f o r  a  s to c k

c o n c e n tra t io n  o f 5 x 1 M. )

M etoclopram ide

F re e ly  s o lu b le .
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s - S u lp i r i d e

S o lu b le . Max. Conc. lO""*}!

YM 09151-2

S o lu b le . I4ax. Conc.

Ergotam ine

S o lu b le  In  s a l in e  a t  conc. o f 10~4

A ll o th e r  a g e n ts  were e a s i l y  s o lu b le  in  normal s a l i n e  a t  pH 7 .2 .
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APPENDIX 4

C ir c u i t  d iag ram s o f  re c o rd in g  a p p a ra tu s ,

0 2 6  pF

i / p #

circuit 
ground IK 

10 turn

#  on

earth

Currsnt'Voltage convertor (Current Monitor),
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APPEÎ3DIX 5

Chemical s t r u c t u r e s  o f  dopam inerg ic  a g e n ts , and n e u ro tr a n s m i t te r s .

DOPAMINE

H H

C — r ~

. 1 1 1
H H

NORADRENALINE

OCTOPAMINE

OH H

HO- /  \

OH H
I 1
c—c N SEROTONIN

H H

HISTAMINE

H
I
C-

rc- ■N

HO

H
1c-
I

H

-c N.
y 'H

I

N 's ^ N  H H
^ H

H

ACETYLCHOLINE H - C -
I

H

1

C- 0
1

-c-
I

H

H-
H

H

y '

C - H  
H

C ~ N

H
H '

1 8 2 - r
C
I

H

H



SK&F82526

A~6,7-DTN
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APOMORPHINE

HO

H -C
I

H

■H

BROMOCRYPTINE

C H lE H j) ^

C H 2 C H ( C H ^ )

N
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H '

H

I
C-

H H 0
1 I II
C ~ N ~ C

H

H — '  C —H

H

f/?WMF77?/AF

LY 171555

N

N
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/V
V

N — C -H
I

H -C -H
I

OH
FLUPHENAZINE

FLUPENTHIXOL

H
1

H
1

H
11

c -
1

- c -
1

- c
1 1

H. H

H H

■C

I
H

C

1
H

■OH
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SCH 23390

NCH3

HALOPERIDOL

F

0  H H H

I I I
H H H

■OH

N

a
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SPIROPERIDOL

H H H

METOCLOPRAMIDE

0

C
I

H

Ç0NHCH2N(C2Ĥ )2

OEM3

CH
3

0

YM 09151 -2

C

a

0  H

-1 8 8 “



SULPIRIDE

0 H H

C— N —  C

CH2 CH^
S O 2 N H 2

CRGOTAMINC

CHLORPROMAZINE

CH^CH^CH2N(CHj )2

NHC
'■NH

CH-

~189*



REFERENCES

Adams, P R, Brown, D A & C o n s ta n t! , A (1982). P harm aco lo g ica l 

i n h i b i t i o n  o f M c u r r e n t ,

J P h ysio l 332, 223-262

A scher, P (1972), I n h ib i to r y  and e x c i ta to r y  e f f e c t s  o f  dopamine on
Aplygj a .

n eu rones.

J P h ysio l bond 225, 173-209

A udes irk , T E (1989), C h a ra c te r iz a t io n  o f p re -  and p o s t - s y n a p t ic  

dopamine r e c e p to r s  in  Lymnaea 

Comp Biocem P h ys io l 93C, 115-119

A xelrod, J & S aaved ra , J  M (1977), Octopam ine.

N ature (Land) 265, 501-504

B a ines, R A, T y re r , H M & Mason, J C (1989), The in n e rv a t io n  o f 

lo c u s t  s a l i v a r y  g la n d s . I In n e rv a t io n  and a n a ly s is  o f t r a n s m i t t e r s ,

J Comp P h ysio l A 165, 395-405

B aines, R A & T y re r , M M (1989). The in n e rv a t io n  o f lo c u s t  s a l i v a r y

g la n d s . I I  P h y s io lo g y  o f e x c i t a t io n  and m odulation ,

J Comp P h ysio l A 165, 407-413

Baker, J R & P itm an , R M (1989). L o c a l iz a t io n  o f b io g e n ic  am ine- 

c o n ta in in g  n eu ro n es  in  th e  v e n t r a l  nerve co rd  o f th e  cgck roach  

(Pe r l  p.I.aneta-aiB^r.i.gana.).
Comp Biochem P h y s io l 920, 237-243

B a ra s i ,  S & R o b e rts , M H T (1977). Responses o f m otoneurones to
e l e c t r o p h o r e t i c a l l y  a p p l ie d  dopamine,

Br J Pharmac 60, 29-34

-1 9 0 -



B ax ter. D A & Byrne, J  H <1909), S e ro to n e rg ic  m odu lation  o f two !
p o tass iu m  c u r r e n t s  in  th e  p le u r a l  s e n so ry  neurons o f A p ly s ia . j

J N'europhysiol 62 (3 ) 665-679 j

i
Benson, J A (1988) B ic u c u l l in e  b lo c k s  th e  re sp o n se  to  a c e ty lc h o lin e  

and n ic o t in e  bu t n o t to  m uscarine o r  GABA in  i s o l a t e d  in s e c t  n eu ro n a l |

som ata. !

Brain Research  458, 65-71 j

B errid g e , M J & I rv in e ,  R F (1984). I n o s i to l  t r i s p h o p h a te ,  a  novel 

second m essenger in  c e l l u l a r  s ig n a l  t r a n s d u c t io n .

Nature 312, 315-321

B erry, M 8 & C o t t r e l l ,  G A (1975). E x c i ta to ry ,  in h i b i to r y  and 

b ip h a s ic  s y n a p t ic  p o t e n t i a l s  m ed iated  by an i d e n t i f i e d  dopam ine- 

c o n ta in in g  neurone,

J P h ysio l (Land) 244, 589-612

B lashko, H (1973), C atecho lam ine b io s y n th e s i s ,

B r it i s h  M edical B u lle t in  29 (2 ) , 105-109

Bodnaryk, R P (1979). B a sa l, dopam ine- and o c to p a m in e -s t im u la te d  

a d e n y la te  c y c la se  a c t i v i t y  in  th e  b r a in  o f th e  moth, Mamestra 

c o n f lg u r a ta . d u r in g  i t s  m etam orphosis.

J Neurochem 33, 275-282

Bokisch, A J & W alker, R J (1988), Q u a n t i ta t iv e  a n ta g o n is t  s tu d ie s  

on dopam ine in h i b i to r y  re sp o n se s  o f H elix  a s p e rs a  c e n t r a l  neurones. 

Comp Biochem P h ysio l 89C, 121-126

B ow ser-R iley , F & House, C R (1976), The a c t io n s  o f some p u ta t iv e  

n e u ro tr a n m i t te r s  on th e  cock ro ach  s a l i v a r y  g land ,

/  Bxp B io l 64, 665-676

—191—



B ow ser-R iley , F, House, C R & Sm ith, R K (1978). C om p e titiv e  
an tagon ism  by phen to lam ine o f re sp o n se s  to  b io g e n ic  am ines and th e  

t r a n s m i t t e r  a t  a  n e u ro g la n d u la r  ju n c t io n .

J P h ysio l 279, 473-489

B reer, H & S a t t e l l e ,  D B (1987). M olecular p r o p e r t i e s  and fu n c t io n s

o f in s e c t  a c e ty lc h o l in e  r e c e p to r s .

J In se c t P h ysio l  3 3 (1 1 ), 771-790

Brown, D A & Adams P R (1980). M uscarin ic  s u p p re s s io n  o f  a  novel

v o l t a g e - s e n s i t i v e  K'*' c u r r e n t  in  a  v e r te b r a te  neurone.

Nature (Land) 283, 673-676

Brown, D A, C o n s ta n t i ,  A & Adams, P R (1981). Slow c h o l in e r g ic  and

p e p t id e r g ic  tr a n s m is s io n  in  sy m p a th e tic  g a n g l ia .

Fedn Proc Fedn Am S acs Bxp B io l 40, 2625-2630

B yerly , L, Meech, R & Moody, ¥  J r  (1984), R ap id ly  a c t i v a t in g

hydrogen io n  c u r r e n t s  in  p e rfu se d  neurones o f  th e  s n a i l ,  Lymnaea

J P h ysio l (Land) 351, 199-216

C arlso n , A D (1968), E f f e c ts  o f  d rugs on lum inescence in  l a r v a l
f i r e f l i e s

J  Bxp B io l 49, 195-199

Caron, M G, B eau lieu , M, Raymond, V, Gagne, B, D rou in, J ,  L efk o w itz ,

R J & L a b rie , F (1978), D opam inergic r e c e p to r s  in  th e  a n t e r i o r  

p i t u i t a r y  g lan d ,

J  B io l Chem 2 5 3 (7 ), 2244-2253

C arr, C E & F o u r tn e r , C R (1980), P harm aco log ica l a n a ly s i s  o f a 

m onosynaptic r e f l e x  in  th e  cockroach  P e r lp la n e ta  a m er ic an a .

J Bxp B io l 86 , 259-273

-1 9 2 -



Casey, F J ,  G raz lan o , K P, F re lssm u th , M & G ilman, A G (1988), Hole 
o f G p r o te in s  i n  transm em brane s i g n a l l in g .

Cold S prin g  Harbor Symposia on Q u a n tita t iv e  B io lo g y  53, 203-208

Del C a s t i l l o ,  J & K atz, B (1955), On th e  l o c a l i z a t i o n  o f

a c e ty lc h o l in e  r e c e p to r s .

J P h ysio l 128, 157-181

C a t t e r a l l ,  W A (1985), The e l e c t r o p la x  sod ium  channel re v e a le d .

TINS Feb 1985, 39-41

C h ipkin, R E & L a tra n y i ,  M B (1987), S im i la r i ty  o f c lo z a p in e  and SCH 

23390 in  r e s e r p in i z e d  r a t s  s u g g e s ts  a  common mechanism o f a c t io n .

Bur J Pharmacol 136, 371-375

C laasen , D E & Kammer, A E (1986). E f f e c ts  o f octopam ine, dopam ine, 

and s e ro to n in  on p ro d u c t io n  o f  f l i g h t  motor o u tp u t by th o r a c ic

g a n g l ia  o f  Manduc&

J N eurobiol 1 7 (1 ) , 1-14

C lem en t-C orn ie r, Y C, K ebabian, J  V, P e tz o ld , G L, & G reengard , P 

(1974). D o p am in e -se n s i tiv e  a d e n y la te  c y c la se  in  mammalian b ra in ; a 

p o s s ib le  s i t e  o f  a c t io n  o f  a n t ip s y c h o t ic  d rugs.

Proc Nat Acad S c i (USA) 7 1 (4 ) , 1113-1117

Cohen, P, Holmes, C F B & T s u k i ta n i ,  Y (1990). Okadaic a c id : a  new 

probe f o r  th e  s tu d y  o f c e l l u l a r  r e g u la t io n .

TIBS 15, 98-102

Cohen, P, C o t t r e l l ,  G A & H ill-V en n in g , C (1989). The p r o te in

p h o sphatase  i n h i b i t o r  o k ad a ic  a c id  p o te n t i a t e s  th e  5-HT induced  

s u p p re s s io n  o f a K c u r r e n t  in  th e  C l-neu rone  o f  H elix  a s p e r s a .

J P h ysio l 415, 33?

C o s ta l l ,  B & N ay lo r, R J  (1976). Apomorphine a s  an a n ta g o n is t  o f th e  

dopamine re sp o n se  from  th e  n u c le u s  accumbens.

J Pharm Pharmac 28, 592-595

-1 9 3 -



C o t t r e l l ,  G A <1982), V o ltag e -d ep en d en t a c t io n s  on endogenous and 
exogenous s e r o to n in  on i d e n t i f i e d  neurones.

Comp Biochem P h ysio l 720, 271-279

C o t t r e l l ,  G A (1988), Slow s y n a p t ic  re sp o n se s  m ed ia ted  by th e  H elix  

g ia n t  s e ro to n in -n e u ro n e s  on i d e n t i f i e d  fo llo w e r  neu ro n es.

Comp Biochem P h ysio l 910, 165-169

C o t t r e l l ,  G A (1989). The p r o te in  p h o sp h a tase  in h i b i t o r  o k ad a ic  a c id  

p o te n t i a t e s  th e  5-HT Induced  s u p p re s s io n  o f a K c u r r e n t  in  th e  Cl 

neurone o f H elix  a s p e r s a .

J P h ysio l 415, 33P

C reese , I ,  S ib le y , D R, Hamblin, M ¥ & L e ff , 8  E (1983). The 

c l a s s i f i c a t i o n  o f dopam ine r e c e p to r s ;  r e l a t i o n s h i p  to  r a d io l ig a n d  
b in d in g ,

Ann Rev -N evrosci 6 , 43-71

Crumly, H J  J r ,  P in d e r , R M, H inshaw, W B & G oldberg , L I (1976). 

D opam ine-like r e n a l  and m e se n te r ic  v a s o d i la t io n  cau sed  by 

apom orphine, 6-p ro p y l-n o rap o m o rp h in e  and 2 -am in o -6 ,7 -d ih y d ro x y -

1 ,2 ,3 ,4 - te t r a -h y d ro n a p h th a le n e ,

Nature Land 259, 585-586

Daoud M A R & Usherwood, P N R (1978). D e s e n s i t i z a t io n  and 

p o te n t i a t io n  d u r in g  g lu ta m a te  a p p l i c a t io n  to  lo c u s t  s k e l e t a l  m uscle. 

Comp Biochem P h ysio l 59C, 105-110

Dray, A, H anley, M R, P innock, R D & Sandberg, B E B (1983). A 

com parison o f th e  r e le a s e  o f su b s ta n c e  P and some s y n th e t i c  an a lo g u es  

from  m ic ro p ip e t te s  by m ic ro io n to p h o re s is  o r p re s s u re .
Neuropharmacol 22, 859-864

-194-



Dudel, J ,  P a rn as , I & P arn as , H (1963). N e u ro tra n sm i t te r  r e le a s e  and 

i t s  f a c i l i t a t i o n  in  c r a y f i s h  m uscle. VI R elease d e te rm in ed  by b o th  

i n t r a c e l l u l a r  c a lc iu m  c o n c e n tra t io n  and d e p o la r iz a t io n  o f th e  n erv e  

te rm in a l.

P fliig e rs  A rcb iv  399, 1-10

Duggan, A ¥ (1985). Pharm acology o f descend ing  c o n tro l  system s.

P h il Trans R Soc Land B 308, 375-391

Dymond, G R & Evans, P D (1979). B iogen ic  am ines in  th e  n erv o u s 

system  o f th e  co ck ro ach  P_erlplaneta_ am ericana : a s s o c i a t io n  o f 

octopam ine w ith  mushroom b o d ie s  and d o rs a l  u n p a ire d  median (BUM) 

neurones.

In se c t biochem  9, 535-545

E l ia s ,  ÏÏ S & Evans, P D (1983). H istam ine in  th e  in s e c t  n ervous

system : d i s t r i b u t i o n ,  s y n th e s i s  and m etabolism .

J Neurochem 4 1 (2 ) , 562-568

Evans, P D (1978a). Octopam ine d i s t r i b u t i o n  in  th e  in s e c t  nerv o u s 

system .

J Neurochem 30, 1009-1013

Evans, P D (1978b). O ctopam ine; a h i g h - a f f i n i t y  up take mechanism in

th e  n ervous sy stem  o f th e  cockroach .

J Neurochem 30, 1015-1022

Evans, P D (1980). B iogen ic  am ines in  th e  in s e c t  nervous system .

Adv In se c t P h ys io l  15, 317-473

Evans, P D (1981). M u lt ip le  r e c e p to r  ty p e s  f o r  octopam ine in  th e
lo c u s t .

J P h ysio l Land 318, 99-122

Evans, P D (1982). P r o p e r t i e s  o f  m odulatory  octopam ine r e c e p to r s  in  

th e  lo c u s t .

In  Neuropharmacology o f  I n s e c ts  CIBA Syi^oslum  88 , 48-61

-195-



F le c k e n s te in , A <1988). The ca lc iu m  channe l o f th e  h e a r t ,  

Ann NY Acad S ci 522, 1-15



Evans, P D <1984a). à  m odulato ry  o c to p am in e rg ic  neurone in c re a s e s
c y c l ic  n u c le o t id e  l e v e l s  in  lo c u s t  s k e l e t a l  m uscle.

J P h ysio l 348, 307-324

Evans, P D (1984b), The r o le  o f  c y c l ic  n u c le o t id e s  and ca lc iu m  in

th e  m ed ia tio n  o f th e  m odu lato ry  e f f e c t s  o f octopam ine on lo c u s t  

s k e le t a l  m uscle.

J P h ysio l 348, 325-340

Evans, P D & O’ Shea, M (1977). An o c to p am in e rg ic  neurone m odulates 

neurom uscular t r a n s m is s io n  in  th e  lo c u s t .

Nature Lond 270, 257-259

F alck , B (1962), O b se rv a tio n s  on th e  p o s s i b i l i t i e s  f o r  th e  c e l l u l a r  

lo c a l i z a t i o n  o f monoam ines w i th  a  f lu o re s c e n c e  method.

Acta P h ysio l Scand 5 6 (su p l9 7 ) , 1-25

F lanagan , T (1986). S e ro to n in -c o n ta in in g , c a te c h o la m in e -c o n ta in in g

and d o p am in e -seq u es te r in g  n eu ro n es  in  th e  v e n t r a l  nerve  co rd  o f th e  

hem ip teran  R h o d n lu s p ro l lx u s .

J In se c t P h ysio l 3 2 (1 ) , 17-26

Flem ing, J  S (1986). An e le c t r o p h y s io lo g ic a l  s tu d y  o f p u ta t iv e  

n e u ro tr a n s m i t te r s  and h is to c h e m ic a l l o c a l i s a t i o n  o f b io g e n ic  am ines 

in  th e  c e n t r a l  n ervous sy stem  o f  th e  cockroach  P e r ip la n e ta  am er ican a . 

PhD t h e s i s ,  U n iv e r s i ty  o f  S t Andrews

Flem ing, J  R & P itm an, R I>I (1982). H is to ch em ica l l o c a l i z a t i o n  of 

b io g e n ic  am ines in  cock roach  n eu rones,

J P h ysio l 334, 98-99P

F r o n ta l i ,  K (1968), H is to ch em ica l lo c a l i z a t i o n  o f ca tech o lam in e s  J.n 

th e  b ra in  o f norm al and d r u g - t r e a te d  cock roaches,

J In sec t P h ys io l 14, 881-886

196-



Goodman, C S à H e i t l e r ,  W J (1979), E l e c t r i c a l  p r o p e r t i e s  o f in s e c t  

neurones w ith  s p ik in g  and n o n -sp ik in g  som ata; norm al, axo tom ised  and 

c o l c h i c in e - t r e a t e d  neurones.

J Bxp B io l 83, 95-121



F r o n ta l i ,  N & H aggendal, J  (1969). N o rad ren a lin e  and dopam ine 

c o n te n t in  th e  b r a in  o f th e  cockroach  P e r ip la n e ta  a m er ic an a .

Brain Res 14, 540-542

Gahery, Y & B o is te l ,  J  (1965). S tudy o f some p h arm a co lo g ica l 

su b s ta n c e s  w hich m odify th e  e l e c t r i c a l  a c t i v i t y  o f th e  s i x t h  

abdom inal g a n g l io n  o f th e  cockroach , E e r ip la n e ta  am er ican a .

In  The P h ys io lo g y  o f  th e  In se c t C en tral Nervous System, E d i te d  by J 

E T reherne & J ¥ L Beament, 73-78, Academic P re s s , London & New York.

G eren cser, G A, ¥ h i t e ,  J  F, Gradmann, D & B an ting , S L (1988). I s  

th e re  a  Cl~ pump ?

Am J P h ysio l 255, R677-R692

G ersth e im er, F P, M ühlheisen, M, N ehring, D & Kraye, V A ¥ (1987). A 

Cl'^îHCOs“ exchang ing  an io n  c a r r i e r  in  v a s c u la r  sm ooth m uscle o f 

r a b b i t .  • ‘ .

P fliig e rs  Arch 409, 60-66

G iffo rd , A N (1989). C a tech o lam in erg ic  n e u ro tra n sm is s io n  in  th e  

in s e c t  c e n t r a l  n e rv o u s system .

PhD t h e s i s .  U n iv e r s i ty  o f S t Andrews

G oldberg, L I & K o h li, J  D (1983), P e r ip h e ra l  dopamine r e c e p to r s :  a

c l a s s i f i c a t i o n  scheme based  on po tency  s e r i e s  and s p e c i f i c  

antagon ism ,

TIPS Feb 1963, 64-66

G oldberg, L I ,  S o n n e v i l le ,  P F & McNay, J L (1968), An in v e s t i g a t io n  

of th e  s t r u c t u r a l  re q u ire m e n ts  f o r  d o p am ine-like  r e n a l  v a s o d i l a t io n ;  

p h en y le th y la m in e s  and apom orph ine,

J Pharmacol Exp Ther 163, 188-197

G oldberg, L I , Volkman, P H & K ohli, J D (1978). A com parison o f  th e  

v a s c u la r  dopam ine r e c e p to r  w ith  o th e r  dopamine r e c e p to r s .

Ann Rev Pharmacol Toxicol 18, 57-79

-1 9 7 -



G o rissen , H & Laduron, P (1979), S o lu b i l i s a t io n  o f h i g h - a f f i n i t y  

dopamine r e c e p to r s .

N ature 279, 72-74

Gospe, S M (1983). S tu d ie s  o f dopamine pharm acology in  m o llu scs .

L ife  S ci 33, 1945-1957

Grewe, C ¥, F rey , E A, C ote, T E & Kebabian, J  ¥ (1982). YM 09151-2 

C c is -N -  ( l - b e n z y l-2 -m e th y lp y r ro l id in -3 -y l  ) -5 -c h lo ro -2 -m e th o x y -4 -  

m ethylam inobenzam ide]: a  p o te n t a n ta g o n is t  f o r  a  p e r ip h e r a l  D-2

dopamine r e c e p to r .

Eur J Pharmacol 81, 149-152

Haas, M (1989). P r o p e r t i e s  and d i v e r s i ty  o f  (Na-K-Cl) c o t r a n s p o r t .

Ann Rev P h ysio l 51, 443-457

Hahn, R A & MacDonald, B R (1984), P rim ate  c a rd io v a s c u la r  re sp o n se s  

m ed ia ted  by dopamine r e c e p to r s :  e f f e c t s  o f N ,N -d i-P ropyldopam ine and

LY 171555,
J Pharmacol Exp Ther 2 2 9 (1 ), 132-138

Hahn, R A, MacDonald, B R & } la r t in , M A (1983). A n t ih y p e rte n s iv e  

a c t i v i t y  o f LY 141865, a  s e l e c t i v e  p re s y n a p t ic  dopamine r e c e p to r  

a g o n is t .

J Pharmacol Bxp Ther 224, 206-214

Hahn, R A, W arde ll, J  R J r ,  S arau , H M & R id ley , P T (1982). 

C h a r a c te r iz a t io n  o f th e  p e r ip h e r a l  and c e n t r a l  e f f e c t s  o f  SK&F 82526, 

a novel dopam ine r e c e p to r  a g o n i s t .

J Pharmacol Exp Ther 223, 305-313

Hagiw ara, 8  & Naka K-I (1964). The i n i t i a t i o n  o f s p ik e  p o te n t i a l  in  

b a rn a c le  m uscle f i b e r s  under low i n t r a c e l l u l a r  Ca*^.

J Gen P h ysio l 48, 141-162

-1 9 8 -



H ard ie, E C <1987). I s  h is ta m in e  a n e u ro tr a n s m i t te r  in  in s e c t
p h o to re c e p to rs  ?

J Comp P h ysio l A 161, 201-213

H arr is -W a rr ic k , R M & Flaram, R E <1986). Chem ical m odu la tion  o f  a 

sm all c e n t r a l  p a t t e r n  g e n e ra to r  c i r c u i t .

TINS S ep t 1986, 432-437

Harrow, I D, David, J A & S a t t e l l e ,  D B (1982). A c e ty lc h o lin e

r e c e p to r s  o f i d e n t i f i e d  in s e c t  neu ro n es .

In Neuropharmacology o f  I n s e c ts  CIBA Symposium 88 , 12-31

Harrow, I D, Hue, B, P e lh a te ,  M & S a t t e l l e ,  D B (1979). a -

B ungaro tox in  b lo c k s  e x c i t a t o r y  p o s t- s y n a p t ic  p o t e n t i a l s  in  an

i d e n t i f i e d  in s e c t  in te rn e u ro n e .

/  P h ysio l 295, 63P-64P

H i r ip i ,  L & S-R osza, K (1973). F lu o r im e tr ic  d e te rm in a t io n  o f 5-HT 

and ca tech o lam in e s  in  th e  CHS and h e a r t  o f L ocust a  m ig ra to r!  a 

migrator io ides .
J In se c t P h ys io l 19, 1481-1485

Hodgkin, A L & Horow icz, P (1959). The in f lu e n c e  o f p o ta ss iu m  and

c h lo r id e  io n s  on th e  membrane p o te n t i a l  o f s in g le  m uscle f i b r e s .

J P h ysio l 148, 127-160

Hodgkin, A L & Huxley, A F (1953). Movements o f r a d io a c t iv e  

p o tass iu m  and membrane c u r r e n t  in  g ia n t  axon,

J p h y s io l  121, 403-414

Hodgkin, A L & K atz, B (1949), The e f f e c t  o f sod ium  io n s  on th e

e l e c t r i c a l  a c t i v i t y  o f  th e  g ia n t  axon o f th e  sq u id .

/  P h ysio l 108, 37-77

House, C R (1973). An e le c t r o p h y s io lo g ic a l  s tu d y  o f n e u ro g la n d u la r  

tra n s m is s io n  in  th e  i s o l a t e d  s a l i v a r y  g la n d s  o f th e  cockroach .

J Bxp P h ysio l  58, 29-43

— 199—



House, C R & G inaborg, B L (1982), P ro p e r t ie s  o f dopamine r e c e p to r s  

a t  a N eu ro g lan d u la r synapse .

In  Neuropbarmacology o f  I n s e c ts  CIBA Symposium 88 , 32-47

Hoyle, G (1975). E vidence t h a t  d o r s a l  u n p a ire d  median (DUM) n eu ro n es 

a re  o c to p am in e rg ic .

J Exp Zool 193, 425-431

Hoyle, G & B arker, D L (1975). S y n th e s is  o f octopam ine by in s e c t  

d o rs a l  u n p a ire d  m edian n eu rones,

J Bxp Zool 193, 433-439

l i e s ,  J  F (1976). O rg a n iz a tio n  o f raotoneurones in  th e  p ro th o ra c ic  

g a n g l io n  o f  th e  cock roach  P e r ip la n e ta  am ericana (L ).

P h il Trans R Soc Lond B 276, 205-219

lo r i o ,  L C, B a rn e t t ,  A, L e i tz ,  F H, Houser, V P & Korduba, C A

(1983). SCH 23390, a  p o t e n t i a l  benzazep ine a n t ip s y c h o t ic  w ith  un ique

in t e r a c t i o n s  on dopam inerg ic  sy stem s,

J Pharmacol Bxp Ther 2 2 6 (2 ), 462-468

Iv e rse n , L L (1975). Dopamine r e c e p to r s  in  th e  b ra in .

S cien ce  186, 1084-1089

Je n n e r, P & M arsden, 0 D (1979). The s u b s t i t u t e d  benzam ides -  a

novel c l a s s  o f dopam ine a n ta g o n i s ts .

L ife  S c i 25, 479-486

J u e l ,  C (1981). P re s y n a p t ic  fu n c t io n  in  H elix  pom atla  i s  chapged by 

p h o s p h o d ie s te ra se  in h i b i t o r s ,  c y c l ic  n u c le o t id e  d e r iv a t iv e s ,  and 

n e u ro tr a n s m i t te r  in duced  cAKP.

Comp Biochem P h ys io l 68C, 21-27

J u e l ,  C (1982). E v idence f o r  th e  e x i s te n c e  o f  dopam inerg ic

a u to re c e p to r s  in  H e lix  p o m a tla .

Comp Biochem P h ys io l 73C, 157-160

-2 0 0 -



J u e l ,  C <1983), P re -  and p o s ts y n a p t ic  e f f e c t s  o f dopamine 

a n ta g o n i s ts  on dopam inerg ic  s y n a p t ic  tra n s m is s io n  in  H e lix  pom atla . 

Comp Biochem P h ysio l 76C, 203-208

J u e l ,  C <1984). Mechanism o f lo n g - la s t in g  s y n a p t ic  in h i b i t i o n  o f a 

s i l e n t  neuron  o f H e lix  p o m a tla .

Comp Biochem P h ysio l 79AC3), 425-430

K arobatli, M & L e i t ic h ,  B (1974). A n tip sy c h o tic  d ru g s  and dopam ine- 

s t im u la te d  a d e n y la te  c y c la s e  p re p a re d  from co rp u s  s t r i a tu m  of r a t  

b ra in .

Proc Nat Acad S ci USA 7 1 (7 ) , 2915-2918

K ebab ian, J ¥ & C a ine, D B (1979). M u ltip le  r e c e p to r s  f o r  dopamine. 

Nature 277, 93-96

Kebab ian, J ¥, P e tz o ld , G L & G reengard, P (1972). Dopam ine- 

s e n s i t i v e  a d e n y la te  c y c la se  in  c a u d a te  n u c leu s  o f r a t  b ra in , and i t s  

s i m i l a r i t y  to  th e  "dopamine r e c e p to r " ,

Proc Nat Acad S ci USA 6 9 (8 ) , 2145-214

K ebab ian, J  ¥ & S aavedra , J  H (1976). D o p am in e-sen s itiv e  a d e n y la te  

c y c la s e  o c c u rs  in  a re g io n  o f s u b s ta n t i a  n ig ra  c o n ta in in g  

dopam inerg ic  neurones.

Science  193, 683-685

K erkut, G A, P itm an, R M & W alker, R J (1969a). S e n s i t i v i t y  o f 

neurones o f th e  in s e c t  c e n t r a l  nervous system  to  io n to p h o r e t i c a l ly  

a p p lie d  a c e ty lc h o l in e  o r  GABA.

N ature 222, 1075-1076

K erkut, G A, P itm an, R M & W alker, R J (1969b). lo n to p h o re t ic  

a p p l ic a t io n  o f a c e ty lc h o l in e  and GABA onto  in s e c t  c e n t r a l  neurones. 

Comp Biochem P h ysio l 31, 611-633

!01-



King, ¥  M & C a rp e n te r , D 0 (1989), V oltage-clam p c h a r a c t e r i s a t i o n  of 

CI~ conductance g a te d  by GABA and i_-glutam ate in  s in g le  neurons o f 

Aplysia.
J N europhysiol 6 1 (5 ) , 892-899

K laassen , L W & Kammer, A E (1985). Octopam ine enhances 

neurom uscular t r a n s m is s io n  in  d ev e lo p in g  and a d u l t  m oths, î»Ianduoa. 

Sfîxiâ..
/  N eurobiol 16 (3 ) , 227-243

K laassen , L W, Kammer, A E & F i tc h ,  G K (1986), E f f e c ts  o f 

octopam ine on m in ia tu re  e x c i ta to r y  ju n c t io n  p o t e n t i a l s  from  

d ev e lo p in g  and a d u l t  moth m uscle.

J N eurobiol 17 (4 ), 291-302

K le in , M & K andel, E R (1978). P re sy n a p tic  m odu la tio n  o f v o l ta g e -  

dependent Ca^+ c u r r e n t ;  mechanism f o r  b e h a v io ra l s e n s i t i z a t i o n  in  

Aplysi.ĝ QgJLA f .ornloa..
Proc Nat Acad S c i USA 7 5 (7 ) , 3512-3516

K le in , M & K andel, E R (1980). Mechanism o f  c a lc iu m  c u r r e n t  

m odulation  u n d e r ly in g  p re s y n a p t ic  f a c i l i t a t i o n  and b e h a v io u ra l 

s e n s i t i z a t i o n  in  A p ly s ia .

Proc Nat Acad S ci USA 7 7 (1 1 ), 6912-6916

Klemm, N (1976). H is to c h e m is try  o f p u ta t iv e  t r a n s m i t t e r  s u b s ta n c e s  

in  th e  in s e c t  b ra in .

P rogress  in  N eurobio logy  7, 99-169

Klemm, M & A xelsson , S (1973). D e te rm in a tio n  o f dopam ine,

n o ra d re n a l in e  and 5-HT in  th e  c e r e b ra l  g a n g l io n  o f th e  d e s e r t  lo c u s t  

S c h is to c e rc a  g r e g a r ia  F orsk . ( in s e c ta ,  o r th o p te r a ) .

Brain Res 57, 289-298

Klemm, M & B jo rk lu n d , A (1971). I d e n t i f i c a t i o n  o f dopam ine and

n o ra d re n a l in e  in  th e  nervous s t r u c t u r e  o f th e  In s e c t  b ra in .

Brain Res 26, 459-464

-2 0 2 -



Konlngs, P N M, V u ll in g s , H Q B, Van Gemart, ¥ M J B, De Leauw, R, 
D iederen , J  H B & Ja n se n , ¥  F (1989), O ctopam lne-b lnd ing  s i t e s  in  

th e  b r a in  o f L o cu sta  m ig r a to r ia ,

J In se c t P h ys io l 3 5 (6 ) , 519-524

Langer, S 2 (1974). P re s y n a p t ic  r e g u la t io n  o f ca tech o lam in e  r e le a s e .  

Biochem Pharamacol 23, 1793-1800

Langer, S 2 (1981), P re s y n a p t ic  r e g u la t io n  o f th e  r e le a s e  o f

ca tech o lam in e s

Pharmacol JRev 3 2 (4 ) , 337-362

L e ff , 8 E & C reese , I (1983). Dopamine r e c e p to r s  r e -e x p la in e d ,

TIPS Nov 1983, 463-467

L in d v a ll ,  0, B jo rk lu n d , A & Svensson, L-Â (1974). F luo ropho re  

fo rm a tio n  from , c a te c h o la m in e s  and r e l a t e d  compounds i n  th e  g ly o x y lic  

a c id  f lu o re s c e n c e  h is to c h e m ic a l method.

H isto ch em is try  39, 197-227

L i s t ,  S, T i t e l e r ,  M & Seeman, P (1980). H ig h - a f f in i ty  ®H-dopamine 

r e c e p to r s  (Da s i t e s )  in  human and r a t  b ra in .

Biocem Pharmacol 29, 1621-1622

Lokhandwala, M F & S te e n b e rg , M L (1984). S e le c t iv e  a c t iv a t io n  by 

LY-141865 and apom orph ine o f p re s y n a p t ic  dopamine r e c e p to r s  in  th e  

r a t  k idney  and  in f lu e n c e  o f s t im u la t io n  p a ram e te rs  in  th e  a c t io n  o f 

dopam ine.

J Pharmacol Exp Ther 2 2 8 (1 ), 161 -167

McBurney, R N & N eering , I R (1987). N euronal ca lc iu m  h o m eo stas is . 

TINS 1 0 (4 ), 164-169

MacDonald, J  F & B erry , M 8 (1978). F u r th e r  i d e n t i f i c a t i o n  o f

m u lt ip le  re s p o n s e s  m ed ia ted  by dopamine in  th e  CMS o f  P la n o rb is  

c o rn e u s .
Can J P h ysio l Pharmacol 56, 7-18

-2 0 3 -



M acm illan, C S & M ercer, A R (1987). An in v e s t ig a t io n  o f  th e  r o le  o f 

dopam ine in  th e  a n te n n a l lo b e s  o f th e  honeybee. Apis m e l l i f e r a .

J Comp P h ysio l A 160, 359-366

M artin , R J ,  B a i le y , B A & Downer, R G H (1984), A n a ly sis  of 

octopam ine, dopam ine, 5 -h y d ro x y try p tam in e  and try p to p h a n  in  th e  b r a in  

and nerve c o rd  o f th e  am er ican  cockroach .

In  N eurobio logy o f  th e  Trace Amines, 91-96, Humana, Mew York.

Maxwell, G D, T a i t ,  J  F & H ild eb ran d , J G (1978). R eg ional s y n th e s i s  

o f n e u ro tr a n s m i t te r  c a n d id a te s  in  th e  CMS of th e  moth Manduca s e x t a . 

Comp Biochem P h ysio l  61C, 109-119

Mayer, M L, W estbrook, G L & G u th rie , P B (1984), V o ltag e-d ep en d en t 

b lo ck  by Mg==̂  o f MMDA re s p o n s e s  in  s p in a l  co rd  n eu rones.

Nature 309, 261-263

Meech, R W & Thomas, R C (1987). V o ltag e-d ep en d en t i n t r a c e l l u l a r  pH 

in  H elix  a s p e rs a  neu rones.

J P h ysio l 390, 433-452

M i l le r ,  R, Horn, A & Iv e rs e n , L (1974). E f f e c ts  o f d o p am in e-lik e  

d rugs on r a t  s t r i a t a l  ad en y l c y c la s e  have im p lic a t io n s  f o r  CMS 
dopam ine r e c e p to r  topog raphy .

N ature 250, 238-241

M ille r , R, Horn, A & Iv e rs e n , L (1975). E f f e c t  o f b u tac lam o l on 

d o p a m in e -se n s itiv e  a d e n y la te  c y c la se  in  th e  r a t  s t r ia tu m .

J Pharm Pharmac 27, 212-213 '

Moss, J I & M il le r ,  T A (1988), A p h arm aco lo g ica l s tu d y  o f th e  

h y p e rn eu ra l m uscle o f P e r ip la n e ta  am er ic an a .

J In sec t P h ysio l  3 4 (1 1 ), 997-1003

Mathanson, J A (1979). Octopam ine r e c e p to r s ,  ad en o s in e  3 * ,5 ‘ -  

monophosphate, and n e u ra l c o n t ro l  o f f i r e f l y  f la s h in g .

S cience  203, 65-68

-2 0 4 -



M athanson, J A & G reengard , P (1973). O c to p a m ln e -se n s it iv e  a d e n y la te  

c y c la se ; ev id en ce  f o r  a  b io lo g ic a l  r o le  o f octopam ine in  n e rv o u s 

t i s s u e .

S cien ce  180, 308-310

M athanson, J  A & G reengard , P (1974). S e r o to n in - s e n s i t iv e  a d e n y la te

c y c la s e  in  n e u ra l t i s s u e  and i t s  s im i l a r i t y  to  th e  s e r o to n in

re c e p to r ;  a  p o s s ib le  s i t e  o f  a c t io n  o f ly s e r g ic  a c id  d ie th y la m id e . 

Proc Nat Acad S c i USA 7 1 (3 ) , 797-801

Movak, L, B re g e s to v sk l, P, A scher, P, H erbet, A & P ro c h ia n tz ,  A

(1984). g a te s  g lu ta m a te -a c t iv a te d  ch an n e ls  in  mouse c e n t r a l

n e u ro n e s .

Nature 307, 462-465

O 'D onnell, M J  & S ingh , B (1988). C y c lic  AMP m odu lates  e l e c t r i c a l  

e x c i t a b i l i t y  o f in s e c t  o o cy te s  (Rhodnlus p r o l ix u s ) .

J In se c t P h ysio l 3 4 (6 ) , 499-506

O rchard , I (1982). Octopamine in  in s e c ts ;  n e u ro tr a n s m i t te r ,

neurohorm one, and neurom odu lato r.

Can J Zool 60, 659-669 '

O rchard , I (1989), S e ro to n e rg ic  neurohaem al t i s s u e  in  R hodnlus 

p r o l i x u s ; s y n th e s i s ,  r e le a s e  and up take o f s e ro to n in ,

J In se c t P h ys io l  3 5 (1 2 ), 943-947

O rchard , I & Lange, A B (1985). Ev idence f o r  o c to p am in e rg ic  

m odu la tion  o f an in s e c t  v i s c e r a l  muscle.

J N eurobiol 1 6 (3 ), 171-181

O rchard , I ,  Lange, A B & B a r r e t t ,  F M (1988). S e ro to n e rg ic  su p p ly  to  

th e  ep id e rm is  o f Rhodnlus p r o l i x u s : ev idence f o r  s e r o to n in  a s  th e

p l a s t i c i s i n g  f a c to r .

J In se c t P h ys io l  3 4 (9 ) , 873-879

-205-



O rr, G L, G ole, J  W D, Hotman, H J & Downer, R G H (1987). 

P harm aco log ica l c h a r a c t e r i s a t i o n  o f th e  d o p a m in e -se n s itiv e  a d e n y la te  

c y c la se  in  cock roach  b ra in ;  ev id en ce  fo r  a d i s t i n c t  dopam ine 

r e c e p to r .

Li f e  S ci 41, 2705-2715

Osborne, M (1977). A denosine 3*, 5 ’ -m onophosphate in  s n a i l  H e lix

pom atia nervous system ; a n a ly s i s  o f dopamine r e c e p to r s .

E x p erlen tla  33, 917-919

Oyama, Y, A kaike, M, Kuraofca, S & M ishi, K (1986), D if fe re n c e s  in  

th e  a c t io n s  o f o rg a n ic  and in o rg a n ic  Ca^^ a n ta g o n i s ts  on th e  

in a c t iv a t io n  o f  th e  Ca^+ ch an n e l in  a  m olluscan  neurone.

Comp Biochem P h ys io l  83C (2), 353-357

Pearson , K G & Bergman, S J  (1969). Common in h i b i to r y  m otoneurones 

in  in s e c ts .

J Exp B io l 50, 445-471

P ellm ar, T C & C a rp e n te r , D 0 (1979). V o ltage-d ep en d en t c a lc iu m

c u r re n t  induced  by s e ro to n in .

Nature 277, 483-484

P ellm ar, T C & C a rp e n te r , D 0 (1980). S e ro to n in  in d u ces  a v o l ta g e -  

s e n s i t i v e  ca lc iu m  c u r r e n t  in  n eu rones o f A p lysla  c a l 1fo rn L ca .

J N europhysiol 4 4 (3 ) , 423-439

P ellm ar, T C & W ilson, ¥  A (1977), U nconventional s e ro to n e rg ic  

e x c i ta t io n  in  A p ly s ia ,

Nature 269, 76-78

Pitm an, R M (1975). The io n i c  dependence o f a c t io n  p o te n t i a l s  

induced by c o lc h ic in e  in  an in s e c t  m otoneurone c e l l  body.

J P h ysio l 247, 511-520

—206—



Pitm an, R M (1979). I n t r a c e l l u l a r  c i t r a t e  o r e x t e r n a l ly  a p p l ie d  

te traethylainm on ium  io n s  p roduce ca lc ium -d ep en d en t a c t io n  p o te n t i a l s  

in  an in s e c t  m otoneurone c e l l  body.

/  P h ysio l 291, 327-337

P itm an, R M (1984). The v e r s a t i l e  synapse.

J Exp B io l 112, 199-224

P itm an, R H (1985). Nervous system .

In  Comprehensive In se c t P h ysio logy , B io ch em istry  and Pharmacology, 

e d i te d  by G A K erkut and L I G i lb e r t ,  5 -54 , Psrgamon, O xford.

P itm an, R K & B aker, J R (1989). Dopamine re sp o n se s  re c o rd e d  from  a 

common in h i b i to r y  m otoneurone o f th e  cock roach  (P e r ip la n e ta  

aiperi.csm).

Camp Biochem P h ysio l 92C, 245-251

P itm an, R M & D av is, J  P L (1988). P harm aco log ica l d i f f e r e n t i a t i o n  

of re sp o n se s  to  dopam ine, octopam ine and n o ra d re n a l in e  re c o rd e d  from  

a  cockroach  m otoneurone.

P e s t le  S ci 24, 311-323

P itm an, R M & K erku t, G A (1970). Comparison o f th e  a c t io n s  o f 

io n to p h o r e t i c a l ly  a p p l ie d  a c e ty lc h o lin e  and gamma am in o b u ty ric  a c id  

w ith  th e  EPSP and IPSP in  cock roach  c e n t r a l  neu rons.

Comp Gen P h ysio l 1, 221-230

Pow ell, B & C o t t r e l l ,  G A (1974). Dopamine in  an  i d e n t i f i e d  Neuron

of P lano rh ia  QQr-ng.us..
J Neurochem 22, 605-606

Purves, R D (1984). N icro e lecro d e  methods f a r  in t r a c e l lu la r  

reco rd in g  and io n o p h o res is , B io lo g ic a l  T echn iques S e r ie s ,  Academic 

P re s s , London.

-2 0 7 -



R o sen th a l, ¥, H esch e le r, J ,  T rau tw e in , ¥  & S c h u ltz , G (1988).

R ecep to r- and G p ro te in -m e d ia te d  m o d u la tio n s o f  v o lta g e -d e p e n d e n t 
ca lc ium  ch an n e ls .

Cold S p rin g  Harbor Symposia on Q u a n tita t iv e  B io lo g y  53, 247-255



E a i te r i ,  M, C ervon i, A M S  Del Carmine, R (1978), Do p re s y n a p t ic  
a u to re c e p to r s  c o n t ro l  dopam ine r e le a s e  ?

Nature 274, 706-707

R obertson , H A (1986). Octopam ine, dopam ine and n o ra d re n a l in e

c o n te n t o f  th e  b r a in  o f  th e  lo c u s t ,  S c h is to c e rc a  g r e g a r i a ,

E x p erie n tia  32, 552-554

Sakharov, D A S  S a lâ n k i ,  J  (1982). E f fe c ts  o f  dopamine a n ta g o n i s ts  

on s n a i l  locom otion .

E x p erien tia  38, 1090-1091

S asak i, K & S a to , M (1987). A s in g le  G TP-b ind ing p r o te in  r e g u la te s  

K +-channels co u p led  w ith  dopamine, h is ta m in e  and a c e ty lc h o l in e  

r e c e p to r s .

N ature 325, 259-262

S a t t e l l e ,  D B (1985). A c e ty lc h o lin e  r e c e p to r s  o f in s e c t s .

Comparative I n se c t P h y s io lo g y , B ioch em istry  and Pharmacology, 215- 

295, E d i to r s  G A K erkut & L I G i lb e r t ,  Pergamon, Oxford,

S a t t e l l e ,  D B, Sun, Y A & Wu, C F (1986). N euronal a c e ty lc h o l in e  

re c e p to r ;  p a tch -c lam p  re c o rd in g  o f s in g le  channe l p r o p e r t i e s  From

d is s o c ia te d  in s e c t  n eu ro n es .

IRCS Med S ci 14, 65-66

Schm idt, S P, E ssenberg , R C & S auer, J  R (1981). Ev idence f o r  a Di 
dopamine r e c e p to r  in  th e  s a l i v a r y  g la n d s  o f Amblyomma am erlcanum (L ) . 

J Cycl Nucl Res 7 (6 ) ,  375-384

S c h o f ie ld , P K & T reh e rn e , J  E (1986). Octopam ine s e n s i t i v i t y  o f

th e  b lo o d -b ra in  b a r r i e r  o f an in s e c t ,

/  Exp B io l 123, 423-439

-2 0 8 -



Seeinaii, P, Chau-Wong, ît, Tedesco, J  & Wong, K (1975), B ra in
re c e p to r s  f o r  a n t ip s y c h o t ic  d ru g s  and dopam ine: d i r e c t  b in d in g

assa y s .

Proc Nat Acad S c i USA 7 2 (1 1 ), 4376-4380

S e k e r is , C E & K arlson , P (1966). B io s y n th e s is  o f  c a tech o lam in e s  in  

in s e c t s .

Pharmacol Rev 18, 89-94

S e t l e r ,  P E, S arau , H M, Z e rk le , C L & S aunders , H L (1978), The

c e n t r a l  e f f e c t s  o f a  novel dopam ine a g o n is t ,

Eur J Pharmacol 50, 419-430

Som bati, 8 & Hoyle, G (1984). G en e ra tio n  o f s p e c i f i c  b e h a v io u rs  in  a 

lo c u s t  by lo c a l  r e le a s e  in to  th e  n e u ro p i le  o f th e  n a tu r a l

neurom odualor octopam ine.

J  N eurobiol 1 5 (6 ) ,.4 8 1 -5 0 6

S te in e r ,  F A & F i e r i ,  L (1969). C om parative m ic ro e le c tro p h o re t ic  

s tu d ie s  o f in v e r te b r a te  and v e r te b r a te  neu rones.

In  Mechanisms o f  s y n a p tic  tra n sm iss io n , 191-199, E d i to r s  IC A kert & P 

G Waser, E ls e v ie r ,  Amsterdam.

S tev en s, C F (1985), AChR s t r u c t u r e ;  a  new tw i s t  in  th e  s to ry .

TINS 8 (1 ) ,  1-2

S tone, T W (1985), M icro io n to p h o res is  and p r e s su re  e je c t io n ,
IBRO handbook s e r i e s  : m ethods In  th e  n e u ro s c ie n c e s , volume 8, 

IBRO/Wiley, London.

S to o f , J  C, de V l ie g e r , Th A & Lodder, J  C (1985). Opposing r o le s  

fo r  Di and Da dopam ine r e c e p to r s  in  r e g u la t in g  th e  e x c i t a b i l i t y  o f 

growth horm one-produc ing c e l l s  in  th e  s n a i l  Lymnaea. s t a g n a l i s .

Bur J Pharmacol 106, 431-435

-209-



s to o f ,  J C & K ebabian, J  W (1984). Two dopam ine r e c e p to r s :  

b io c h e m is try , p h y s io lo g y  and pharm acology.

Li f e  S ci 35, 2281-2296

S to o f, J  C, Workman, T R, Lodder, J  C & de V lie g e r , Th A (1986). 

Growth hormone p ro d u c in g  c e l l s  in  Lymnaea. s ta g n a i i s  a s  a model sy stem  

fo r  mammalian dopam ine r e c e p to r s .

TIPS J a n  86, 7-9

T ay lo r, C W (1986). C alcium  r e g u la t io n  in  in s e c t s .

Adv I n se c t P h ysio l 19, 155-186

Thomas, M V (1984). V o ltage-c lam p  a n a ly s is  o f a ca lc iu m  m ed iated

p o ta ss iu m  conductance  In  cock roach  (P e r ip la n e ta  am er ican a) c e n t r a l

n e u ro n e s .

J  P h ysio l 350, 159-178

Thomas, R C (1969). Membrane c u r re n t  and i n t r a c e l l u l a r  sod ium  

changes in  a  s n a i l  neurone d u r in g  e x tru s io n  o f in j e c te d  sodium.

J P h ysio l 201, 495-514

Thomas, R C (1972). E le c tro g e n ic  sodium pump in  n erve  and m uscle 

c e l l s .
P h ysio l Rev 52, 563-594

Thompson, 8 H (1977). Three p h a rm a co lo g ic a lly  d i s t i n c t  p o ta ss iu m

c h an n e ls  in  m o llu scan  neurones.

J  P h ysio l 265, 465-488

T reherne , J E & P ichon , Y (1972). The in s e c t  b lo o d -b ra in  b a r r i e r .

Adv In se c t P h ysio l 9, 257-313

T sien , R W, L ipscombe, D, Madison, D V, B ley, K R & Fox, A P (1988). 

M u ltip le  ty p e s  o f  n e u ro n a l ca lc iu m  ch an n e ls  and t h e i r  s e l e c t i v e  

m odulation .

TINS 1 1 (1 0 ), 431-438

-2 1 0 -



T su ru ta , K, Frey, E A, Grewe, C ¥, Cote, T E, Eskay, R L & K ebabian, 
J ¥ (1981). E v idence t h a t  LY 141865 s p e c i f i c a l l y  s t im u la te s  th e  Da> 

dopamine r e c e p to r .

Nature 292, 463-465

Twarog, B M & R oeder, K D (1957). P harm aco log ica l o b s e rv a tio n s  on 

th e  desh ea th ed  l a s t  abdom inal g a n g l io n  o f th e  cock roach .

Ann Ent Soc Amer 50, 231-237

Usherwood, P K R (1978). Amino a c id s  and s y n a p t ic  t r a n s m is s io .

Adv Camp P h ysio l Biochem  7, 227-309

Usherwood, P N R, M ach ili, P & L eaf G (1968). L -G lutam ate a t  in s e c t  

e x c i ta to r y  nerve-m usc le  sy n ap ses .

Nature 219, 1169-1172

Uzzan, A & Dudai, Y (1982), A m inergic re sp o n se s  in  D ro so p h ila  

m e lan o g as te r; re sp o n s iv e n e s s  o f a d e n y la te  c y c la s e  to  p u ta t iv e  

n e u r o tr a n s m i t te r s .

/  Neurochem 3 8 (6 ), 1542-1550

Vaughan, P T F & Meuhoff, V (1976), The m etabo lism  o f ty r o s in e ,  

tyram ine and L -3 ,4 -d ih y d ro x y p h en y la lam in e  by c e r e b r a l  g a n g l ia  o f th e  

lo c u s t  S c h is to c e rc a  gr e g a r i a .

Brain Fes 117, 175-180

de V lie g e r , Th A, Lodder, J  C, S to o f , J  C & Verkman, T R (1986). 

Dopamine r e c e p to r  s t im u la t io n  in d u ces a p o ta ss iu m  dependent 

h y p e rp o la r is in g  re sp o n se  in  grow th hormone p ro d u c in g  n eu ro en d o c r in e  

c e l l s  o f  th e  g a s tro p o d  m o llu sc  Lymnaea s ta g n a i i s .

Comp Biochem P h ysio l 83C (2), 429-433

Walsh, J  P & Byrne, J  H (1989), M odulation o f a S te a d y -S ta te  C a?^- 
a c t iv a te d ,  K  ̂ c u r r e n t  in  t a i l  sen so ry  neurons o f A p ly s ia ; r o le  o f 

s e ro to n in  and cAMP.

J N europhysiol 6 1 (1 ) , 32-44

-2 1 1 -



W eight, F F & V otava J <1970), Slow s y n a p t ic  ev id en ce  in  sy m p a th e tic  
g a n g lio n  c e l l s ;  ev id en ce  f o r  s y n a p t ic  in a c t i v a t io n  o f p o ta ss iu m  

co n d u c tan ce .

Science  170, 755-758

V e instock , J , W ilson, J  W, Ladd, D L, Brush, C K, P f e i f f e r ,  F R, Kuo, 

G Y, Holden, K G, Yim, N C F, Hahn, R A, W ardell, J R J n r ,  T ob ia , A 

J , S e t l e r ,  P E, S arau , H M & R id ley , P T (1980). S e p a ra t io n  o f 

p o te n t c e n t r a l  and r e n a l  dopam ine a g o n is t  a c t i v i t y  o f s u b s t i t u t e d  6 - 

c h lo ro - 2 ,3 , 4 , 5 - te t r a h y d r o - 7 , 8 -d ih y d ro x y l-1 -p h e n y l- lH -3 -b en zaz ep in es .

/  Med Chem 23, 973-975

Werkman, T R, L adder, J  C, de V l ie g e r , T A & S to o f , J  C (1987),

F u r th e r  p h a rm a co lo g ica l c h a r a c te r i z a t i o n  o f a  D a - l ik e  dopamine

r e c e p to r  on grow th  hormone p ro d u c in g  c e l l s  in  Lymnaea s ta g na i i s .

Eur J Pharmacol 139, 155-161

W ieland, 8 J  & G e lp e r in , A (1983). Dopamine e l i c i t s  fe e d in g  m otor 

program  in  Limax maximus.

J N eurosci 3 (9 ) ,  1735-1745

W ilson ¥ A & W achtel, H (1974). N egative r e s i s ta n c e  c h a r a c t e r i s t i c  

e s s e n t i a l  f o r  th e  m aintenance o f slow  o s c i l l a t i o n  in  b u r s t in g

neurons.

S cience  186, 932-934

W ilson, ¥ A & W achtel, H (1978). P ro longed in h i b i t i o n  in  b u r s t

f i r i n g  neu rons; s y n a p t ic  in a c t i v a t io n  o f th e  slow  re g e n e ra t iv e  

inw ard c u r r e n t .

S cience  202, 772-775

Wood, D W (1957). The e f f e c t  o f io n s  upon neurom uscu lar t r a n s m is s io n  

in  a  h e rb iv o ro u s  in s e c t .

J P h ysio l 138, 119-139

-2 1 2 -



¥oodring , J P, McBride, L A & F ie ld s ,  P (1989), The r o le  o f 

octopam lne in  h a n d l in g -  and e x e rc is e - in d u c e d  hyperg lycaem ia and 

h y p erlip aem ia  in  Achet a  dgiBasAi c uë.»
J In se c t P h ysio l 3 5 (8 ) , 613-617

Yamasaki, T & H arah ash i, T (1959), The e f f e c t  o f p o ta ss iu m  and 

sodium io n s  on th e  r e s t i n g  and a c t io n  p o te n t i a l s  o f th e  cockroach  

g ia n t  axon,

J In se c t P h ysio l 3 , 146-158

Zucker, R 8 & Lando,' L (1986). Mechanism o f t r a n s m i t t e r  r e le a s e :  

v o lta g e  h y p o th e s is  and c a lc iu m  h y p o th e s is .

S cience  231, 574-579

-213-


