
928  Specialia EXPERIENTIA 30/8 

w h i c h  w a s  c u t  t o  p e r m i t  o u t f l o w  of  p e r f u s a t e .  A r t e r i e s  
w e r e  p e r f u s e d  w i t h  a H a r v a r d  p e r i s t a l t i c  p u m p  a t  c o n s t a n t  
f l ow  r a t e  (2-8 m l / m i n )  ; p e r f u s i o n  p r e s s u r e  w a s  m o n i t o r e d  
( S t a t h a m  P 2 3 D c  p r e s s u r e  t r a n s d u c e r )  a n d  r e c o r d e d  o n  
p a p e r  ( S e r v o g o r  S). D r u g s  w e r e  d e l i v e r e d  b y  b o l u s  in jec -  
t i o n  (10 -100  V1) i n t o  a n  i n j e c t i o n  cu f f  in  t h e  p e r f u s i o n  l ine.  
I n j e c t i o n  of  a d r e n a l i n e  a n d  n o r a d r e n a l i n e  (10-5-10 -3 g) 
p r o d u c e d  a b i p h a s i c  r e s p o n s e  of  a n  i n i t i a l  v a s o c o n s t r i c t i o n  
fo l lowed  b y  a l o n g e r  p e r i o d  of  v a s o d i l a t i o n  ( F i g u r e  a ) ;  
i s o p r e n a l i n e  p r o d u c e d  o n l y  v a s o d i l a t i o n .  T h e  /~-blocker,  
p r o p r a n o l o l  h y d r o c h l o r i d e  p o t e n t i a t e d  t h e  c o n s t r i c t o r  
p h a s e  a n d  d i m i n i s h e d  t h e  d i l a t o r  p h a s e  ( F i g u r e  b). I so -  
p r e n a l i n e  g i v e n  a f t e r  p r o p r a n o l o l  h a d  n o  c o n s t r i c t o r  e f f e c t  
b u t  p r o d u c e d  a d i m i n i s h e d  d i l a t o r  r e s p o n s e .  P h e n t o l a m i n e  
m e s y l a t e  d i m i n i s h e d  t h e  e n h a n c e d  c o n s t r i c t o r  r e s p o n s e  
f o l l o w i n g  p r o p r a n o l o l .  Al l  a r t e r i e s  e x a m i n e d  w e r e  q u a l i t a -  
t i v e l y  s i m i l a r  in  r e s p o n s e .  S p o n t a n e o u s  a c t i v i t y  a n d  t h e  

f r e q u e n t  i n c r e a s e  in  t o n e  in  t h e s e  p r e p a r a t i o n s  h a s  t o  d a t e  
p r e c l u d e d  q u a n t i f y i n g  t h e  r e s p o n s e  to  c a t e c h o l a m i n e s .  

T h e s e  r e s u l t s  d e m o n s t r a t e  t h a t  c a t e c h o l a m i n e s  c a n  
m e d i a t e  i n h i b i t o r y  e f f e c t s  on  t h e  a o r t a  a n d  a f f e r e n t  
b r a n c h i a l  a r t e r i e s  s u p p l y i n g  b l o o d  to  t h e  gi l l s  of  t h e  
e l a s m o b r a n c h  f i s h  Squalus acanthias. 

Zusammenfassung. N a c h w e i s ,  d a s s  C a t e c h o l a m i n e  h e m -  
m e n d e  W i r k u n g e n  a u f  d ie  A o r t a  u n d  d ie  a f f e r e n t e n  
b r a n c h i a l e n  A r t e r i e n ,  w e l c h e  d ie  K i e m e n  de s  K n o r p e l -  
f i s c h e s  Squalus acanthias m i t  B l u t  v e r s o r g e n ,  v e r m i t t e l n .  
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Interact ion Between  6 - H y d r o x y d o p a m i n e  and Rhodops in  in v ivo in the Rat Retina 

Since  d o p a m i n e  h a s  b e e n  s u g g e s t e d  to  be  a n  i n h i b i t o r y  
n e u r o t r a n s m i t t e r  in  t h e  r e t i n a  1, ~ a n d  s i n c e  6 - h y d r o x y -  
d o p a m i n e  ( 6 - O H - D A )  h a s  b e e n  w i d e l y  u s e d  r e c e n t l y  t o  
s t u d y  t h e  f u n c t i o n s  of  a d r e n e r g i c  n e u r o n s 3 ,  i t  w a s  cons i -  
d e r e d  a p p r o p r i a t e  to  u s e  6 - O H - D A  t o  t e s t  t h e  f u n c t i o n a l  
e f f ec t s  o f  d o p a m i n e r g i c  r e t i n a l  n e u r o n s .  T h e  m e c h a n i s m  
of  a c t i o n  of  6 - O H - D A  in  i n d u c i n g  t h e  d e g e n e r a t i o n  oi  
a d r e n e r g i c  n e r v e  t e r m i n a l s  is s t i l l  u n c e r t a i n .  W A a N E R  4 
r e p o r t e d  t h a t  6 - O H - D A  u n c o u p l e s  p h o s p h o r y l a t i o n  f r o m  
e l e c t r o n  t r a n s p o r t  s i m i l a r  t o  t h e  c l a s s i c a l  u n c o u p l e r ,  
2 , 4 - d i n i t r o p h e n o l ,  a n d  s u g g e s t e d  t h a t  t h i s  p r o p e r t y  of  

6 - O H - D A  m a y  be  t h e  f i r s t  s t e p  in  i n i t i a t i n g  t h e  d e g e n e r a -  
t i on .  6 - O H - D A  is r e a d i l y  a u t o - o x i d i z e d  r e s u l t i n g  in  t h e  

1 j .  HAGGENDAL and T. MALMFORS, Acta physiol, scand. 54, 58 
(1965). 

2 S. G. I~RAMER, Invest. Ophthal. 10, 438 (1971). 
3 S. E. T. MALMFORS and H. THOENEN, ill 6-Hydroxydopamine and 

Catecholamine Neurons (American Elsevier, New York 1971). 
4 K. WAGNER, in 6-Hydroxydopamine and Cateeholamine Neurons 

(Eds. S. E. T. MALMFORS and H. THOENEN, American Elsevier, 
New York 1971}, p. 227. 

Effects of drugs on retinal sensitivities and rhodopsin contents 

Compound Dose (~xmole/eye) Sensitivity (N.D.No.) N Rhodopsin ~ (%) N 

Saline --  4.75 --- 0.08 18 100.0 • 7.1 16 

6-Hydroxydopamine �9 HBr 0.26 4.76 -4- 0.12 12 99.5 4- 15.5 4 
0.51 2.28 • 0.32 10 43.3 -t- 13.3 4 
1.0 b 0.43 --  0.16 19 13.8 i 3.8 4 

6-Hydroxydopamine �9 HBr 1.0 
+ Na2S~O 5 0.26 0.55 i 0.36 6 27.6 --  8.5 6 

0.51 2.65 -4- 0.41 3 72.5 4- 9.1 4 
1.0 b 3.45 • 0.32 6 85.4 • 8.2 6 

Na2S~O 5 0.26 4.47 4. 0.15 4 90.9 4. 1.8 3 
0.51 3.88 • 0.11 4 101.2 • 4.5 3 
1.0 b 3.24 • 0.16 6 100.3 • 11.0 4 

2,4-DinitropbenoI ~ 2.0 3.90 4- 0.06 8 --  
4.0 3.85 4- 0.04 6 --  

0.5 M Tris-HC1 buffer, pH 9.5 --  4.12 4- 0.06 6 100.0 4- 4.7 6 

H202 4.0 3.47 4- 0.14 11 -- 

6-Aminodopamine �9 2HC1 0.26 2.00 4- 0.08 5 51.0 4- 2.6 5 
0.51 1.06 :L 0.12 5 35.8 ! 7.1 5 
1.0 0.11 4- 0.06 8 14.3 4- 2.1 7 

p-Quinone �9 HBr of 6-hydroxydopamine 1.0 0.75 • 0.32 6 27.5 q- 2.9 6 

p-Chloromereuribenzoate, Na o 1.0 0.18 4. 0.11 5 24.2 4- 7.8 5 

Light-adapted rats were anesthetized with ether, injected intravitreously with 10 [xl of solvents or drug solutions, and subsequently dark 
adapted for 4-6 h before the sensitivity and rhodopsin content were measured as described 1~ Sensitivity was expressed as the Kodak neutral 
density filter number (N.D.No.} plaeed in the st imulus light path. Rhodopsin content of dark-adapted, saline-injected control served as 100%. 

Mean ~ S.E. b Data from PobrG and GRAHAM 15, c In 0.5 M Tris-HC1 buffer, pH 9.5. 
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genera t ion  of a s imple p-qu inone  ~-r (2-[fl-aminoethyl~-5- 
hydroxy-p -benzoqu inone )  and  H20~s,9. SANER and  
THOEI~EI~0 suggested t h a t  the  cova len t  b ind ing  of the  
p-quinone  wi th  nucleophil ic  groups of biological macro-  
molecules would lead to a funct ional  i m p a i r m e n t  of the  
s t ruc tu re  involved.  HEIKKILA and COHEN s, 9, ~ proposed  
t h a t  the  cy to tox ic i ty  of H202 m a y  be responsible  for the  
degenera t ion .  Recent ly ,  6 -aminodopamine  (6-ADA) has 
been  d e m o n s t r a t e d  to  be as effect ive as 6 -OH-DA in 
chemical  sympathectomy12-14.  We prev ious ly  repor ted  1~ 
t h a t  6-OH-DA, when  admin i s t e red  in t r av i t r eous ly  to  
l i gh t - adap ted  rats,  unexpec t ed ly  p r even t ed  the  recovery  
of re t ina l  sens i t iv i ty  dur ing  subsequen t  da rk  adap ta t ion ,  
p robab ly  t h rough  its in te rac t ion  wi th  pho tochemica l  
mechanisms .  In  order  to  t e s t  the  hypo theses  re la t ing  to 
the  mode  of ac t ion  of 6-OH-DA, tile in te rac t ion  be tween  
6-OH-DA and  rhodops in  ill vivo in the  ra t  r e t ina  was 
fu r the r  examined  to include 2 ,4-dini t rophenol ,  H~O2, p- 
quinone,  6-ADA, NazS205 and  p-ch loromercur ibenzoa te .  

All expe r imen t s  were made  on ma tu re  male  l ight-  
a d a p t e d  albino ra ts  (280-350 g). The re t inal  sens i t iv i ty  
was de t e rmined  as tile m i n i m u m  light  s t imulus  necessary  
to evoke a response  wi th  a po ten t i a l  of 10 to 20 ~V in the  
b-wave  of the  E R G  ~6. Rhodops in  con t en t  was measured  by  
the  decrease in absorp t ion  at  500 n m  upon  to ta l  b leaching 
of a d ig i tonin  ex t r ac t  of re t inal  t issue ~s. The animal  t rea t -  
ment ,  m e a s u r e m e n t s  of re t ina l  sens i t iv i ty  and rhodops in  
con ten t  were essent ial ly  as descr ibed previous ly  ~5. For  
the  examina t ion  of chronic effects, some 6-OH-DA inject-  

ed ra t s  were allowed to recover  and the  sensi t iv i t ies  were 
s imilar ly  measured  af ter  1 to  4 weeks. Some eyeballs  
in jec ted  wi th  1 ~,mole of 6-OH-DA were r emoved  and  
histological  sect ions were p repared  essent ia l ly  as descr ibed 
by  RICHARDSON et al. ~7 for examina t i on  of possible  mor-  
phological  a l te ra t ions  of re t ina  a t  the  l ight  microscopic 
level. 

The resul ts  are summar ized  in the  Table.  6 -OH-DA 
decreased bo th  the  re t ina l  sens i t iv i ty  and rhodops in  
con ten t  and  the  effects were h ighly  dose-dependent .  The 

a R. N. ADAMS, R. ~'V[CCREERY, L. BLANK and M. I{AROLCZAK, Eur. 
J. Pharmac. 77, 287 (1972). 

6 p. A. WEHRLI, F. PIGOTT, U. FlSC~IE~ and A. KAISER, Helv. chim. 
Aeta 55, 3057 (1972). 

7 W. S. POWELL and R. A. HEACOCK, J. Pharm. Pharmac. 25, 193 
(1973). 

s R. HEIKKILA and G. CO~IEN, Molee. Pharmac. 8, 241 (1972). 
9 R. HEIKKILA and G. CO~EN, Experientia 28, 1197 (1972). 

i0 A. SANER and H. THOENEN, Molec. Pharmae. 7, 147 (1971). 
1i R. HEIKKILA and G. CO~EN, Science 172, 1257 (1972). 
12 C. L. BLANK, E. MURRILL and R. N. ADAMS, Brain Res. d5, 635 

(1972). 
13 R. ]~. HEIKKILA, C. MYTILINEOU, D. J. COTE and G. COHEN, 

J, Neuroehem. 27,111 {1973). 
14 G. JOHNSSON and C. SACHS, J. Neurochem. 21, 117 (1973). 
15 S. F. PONG and L. T. GRAHAM JR., Life Sei. 13, 15 (1973). 
16 j.  E. DOWLING, J. hen. Physiol. 46, 1287 (1963). 
17 t{. C. RICHARDSON, L. JARETT and E. H. FINKE, Stain Techn. 35, 

313 (1960). 

(a) (b) 

(c) (d) 

Photomicrographs of methylene blue-stained sections (4 p.m, • 760) of rat photoreceptors after intravitreal injection of saline (a); and of 
6-hydroxydopamine (1 /xmole/eye/10 pd), (b) ; 2 (e); alld 4 (d) days after injection. The sections were cut perpendicular to the retinal surface 
and prepared essentially as described by RICHARDSON et al.lL OS, outer segments; IS, inner segments; ONL, outer nuclear layer. 
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effect  was  long-las t ing,  since, a f t e r  t he  in jec t ion  of 6-OH- 
D A  for i to  4 weeks, t he  r e t i na l  s ens i t i v i t y  no t  on ly  d id  
no t  recover  b u t  decreased  even  more  (da ta  no t  shown).  
Na~S20 ~, an  a n t i o x i d a n t ,  p r e v e n t e d  t he  6 -OH-DA- induced  
effect  a n d  t he  p r e v e n t i v e  effect  was also dos e - dependen t  
and  q u a n t i t a t i v e .  Na2S20 5 i tself  h a d  no  effect  on  r hodop -  
sin c o n t e n t  and  decreased t he  sens i t i v i ty  on ly  s l ight ly .  
Since h igher  doses (up to 4 ,amoles) of 2, 4 -d in i t ropheno l  
and  H20  2 decreased t h e  s ens i t i v i t y  on ly  s l ight ly,  i t  appea r s  
ne i t he r  uncoup led  p h o s p h o r y l a t i o n  nor  t he  c y t o t o x i c i t y  
of H~O2 seem to be d i rec t ly  respons ib le  for t h e  effect  of 
6 -OH-DA.  On t he  o the r  hand ,  6 -ADA and  t he  p - q u i n o n e  
a p p e a r  to  be  as effect ive  as 6-OH-DA.  

I t  has  been  long specu la ted  t h a t  a c o n f o r m a t i o n  change  
in t he  p h o t o r e c e p t o r  p r o t e i n  (opsin) r e su l t ing  f rom l igh t  
s t i m u l a t i o n  exposes new ac t ive  groups  such  as sulf- 
h y d r y l  ~s, amino  ~9 a n d  p r o t o n - b i n d i n g  groups  ~~ I t  is 
t h o u g h t  t h a t  t he  r egene ra t i on  of r h o d o p s i n  invo lves  t he  
cova len t  b i n d i n g  of 11-cis r e t ina l  to  the  e-amino group of 
a lys ine  res idue  in t he  ops in  21, ~s or t h r o u g h  some fo rm of a 
s u b s t i t u t e d  a ld imine  l inkage  to t he  lys ine  amino  a n d  a 
cys te ine  su l fhydry l  groupag, p-Quinone,  t he  p r i m a r y  a n d  
p r inc ipa l  o x i d a t i o n  p r o d u c t  of 6 - O H - D A  5-7 could undergo  
cova len t  b i n d i n g  w i t h  these  exposed free su l fhydry l  a n d / o r  
a m i n o  groups  of ops in  in t he  l i g h t - a d a p t e d  re t ina ,  and  t h u s  
p r e v e n t  t i le r egene ra t i on  of r h o d o p s i n  a n d  c o n c o m i t a n t l y  
t he  r ecovery  of r e t i na l  sens i t iv i ty .  In t e re s t ing ly ,  p-chloro-  
mercu r ibenzoa te ,  a su l fhydry l -b lock ing  agent ,  was  s imi la r  
to  6 -OH-DA in i ts  effect  on re t ina l  s ens i t i v i t y  a n d  rhodop-  
sin con ten t .  

The  i n t e r a c t i o n  be t w een  6 - O H - D A  and  r h o d o p s i n  was 
f u r t h e r  s u p p o r t e d  b y  h is to logica l  f i nd ings .  In  all  t h e  
sa l ine- in jec ted  cont ro l s  (Figure  a), t h e  ou te r  and  inne r  
segments  of pho to r e cep t o r s  were c lear ly  seen. I n  t h e  6-OH- 
D A  (1 vmole) t r e a t e d  re t ina ,  t he  ou te r  s egmen t s  were 
d a m a g e d  severe ly  (Figure  d) a n d  pa r t i a l l y  (Figure c) 4 
and  2 days,  respect ively ,  a f te r  in jec t ion .  1 day  a f te r  
in jec t ion ,  on ly  p a r t  of t he  ou te r  s egmen t s  can  be seen to  
be  d isorganized  (Figure  b), a l t h o u g h  f u n c t i o n a l l y  t he  
sens i t i v i ty  was a l r eady  d imin i shed .  The  res t  of t he  r e t i n a  
seemed n o t  to  be affected.  

Thus ,  t he  i n t r a v i t r e a l  a d m i n i s t r a t i o n  of 6 - O H - DA to  
l i g h t - a d a p t e d  ra t s  was  found  to  p r e v e n t  t he  r ecove ry  of 

r e t i na l  s ens i t i v i ty  a n d  r h o d o p s i n  d u r i n g  t h e  s u b s e q u e n t  
d a r k  a d a p t a t i o n  p r o b a b l y  t h r o u g h  the  cova l en t  b i n d i n g  
of i ts  ox ida t i on  p r o d u c t  to  t he  nuc leophi l ic  groups  of 
opsin.  The  effect  was dose -dependen t ,  long- las t ing ,  block- 
ed b y  an t i ox idan t s ,  a n d  non-specif ic  to  ca t echo lamine rg ic  
neurons .  Therefore ,  6 -OH-DA a t  doses c o m p a r a b l e  to  
t h a t  employed  in th i s  s t u d y  should  riot be  used to  inves t i -  
ga te  t he  func t i on  of r e t i na l  dopamine .  The  i n t e r ac t i on  of 
6 -OH-DA w i t h  r h o d o p s i n  should  be cons idered  in t h e  
i n t e r p r e t a t i o n  of resu l t s  ob t a ined  even  a t  lower doses. 

Rdsumd. Nous  avons  observ6 que  1 ' in jec t ion de Ia 
6 - h y d r o x y d o p a m i n e  clans l ' h u m e u r  v i t r6e  des r a t s  adap t6s  

la  lumi~re  b l o q u a i t  le r 6 t ab l i s s emen t  de la sensibi l i t6  
r6 t ina le  p e n d a n t  I ' a d a p t a t i o n  ~ l ' obscur i t6  subs6quen te  au  
t r a i t e m e n t .  I1 est  poss ible  que  ce t te  o b s e r v a t i o n  soi t  une  
cons6quence  de la r6ac t ion  du  p r o d u i t  de l ' o x y d a t i o n  de 
la 6 - h y d r o x y d o p a m i n e  avee  les groupes  nuc l6ophi l iques  
de la rhodops ine .  
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Tolerance Development to the Antinociceptive Actions of Morphine, Amphetamine,  
Physost igmine  and 2-Aminoindane in the Mouse 

There  h a v e  been  m a n y  a t t e m p t s  to  exp la in  the  ac t ions  
of t he  na rco t i c  analgesics  in t e r m s  of se lect ive  in te r fe rence  
w i t h  cen t r a l  chemica l  t r a n s m i s s i o n  1, 2. However ,  r ecen t ly  
severa l  a u t h o r s  who  h a d  p rev ious ly  sugges ted  t h a t  
m o r p h i n e  se lect ively  in ter feres  w i t h  one t r a n s m i t t e r  
s y s t e m  h a v e  a d v a n c e d  e x p e r i m e n t a l  work  sugges t ing  a 
far  less specific m e c h a n i s m  of act ionS,  ~. Th i s  p o i n t  
has  been  h igh l i gh t ed  b y  XUHAR, PXRT a n d  SNVDER 5 who  
were u n a b l e  to  d e m o n s t r a t e  a n y  obvious  co r re la t ion  
be tween  t he  d i s t r i b u t i o n  of op ia te  recep tors  in  m o n k e y  
b r a i n  w i t h  t h a t  of k n o w n  n e u r o t r a n s m i t t e r s ,  a n d  a rgued  
aga ins t  an  exclus ive  in te r fe rence  w i t h  t he  a c t i v i t y  of 
cholinergic,  se ro ton inerg ic  or no rad rene rg ic  neurones .  

I n  a d d i t i o n  to  t he  na rco t i c  analgesics,  a large n u m b e r  of 
o the r  c o m p o u n d s  possess an t i noc i cep t i ve  a c t i v i t y  in- 
c lud ing  s y m p a t h o m i m e t i c s  (e.g. a m p h e t a m i n e )  and  
cho l inomime t i c s  (e.g. p h y s o s t i g m i n e  a n d  oxot remor ine) .  
Our  i n t e r e s t  ha s  been  in t r y i n g  to d e t e r m i n e  w h e t h e r  
t he re  is a n y  co r re la t ion  be t w een  t he  cha rac te r i s t i c s  of 
na rco t i c  analgesic  a c t i v i t y  a n d  those  of o the r  agen t s  

wh ich  m i g h t  ind ica te  some s imi l a r i t y  in  m e c h a n i s m  of 
ac t ion .  

W h i l s t  t he  a n t a g o n i s m  of t he  ac t ions  of m o r p h i n e  a n d  
i ts  pha rmaco log ica l  ana logues  b y  t he  na rco t i c  an t agon i s t s  
sepa ra tes  t h e m  f rom o the r  a n t i n o c i c e p t i v e  agen ts  in- 
d i ca t ing  a n  ac t ion  a t  a specific cen t ra l  receptor ,  t he re  is 
ev idence  w h i c h  connec t s  t he  a n t i n o c i c e p t i v e  ac t ion  of 
m o r p h i n e  w i t h  t h a t  of t he  s y m p a t h o m i m e t i c s .  
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