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M o n o a m i n e  Oxidase  Inhibitors  Antagonize  the Accelerat ion of Brain D o p a m i n e  Synthes i s  
Induced by  Neurolept ic  D r u g s  in vivo: Impl ica t ions  for the T r e a t m e n t  of Tardive  Dysk ines ia  

HORNYKIEWICZ 1 has  cha rac t e r i zed  neuro lep t i c  (ant i-  
psychot ic )  d rugs  as agen t s  w h i c h  elicit  a ' s t r i a t a l  d o p a m i n e  
def ic iency s y n d r o m e '  b y  b lock ing  d o p a m i n e  (DA) 
recep tors  in  corpus  s t r i a t n m  a n d  l imbic  s y s t e m  (tri- 
f luoperazine)  or b y  dep le t ing  n e u r o n a l  s tores  of D A  
( t e t r abenaz ine ) .  B o t h  t ypes  of neu ro lep t i c s  induce  a 
c o m p e n s a t o r y  acce le ra t ion  of D A  synthesis2 .  This  
increase  in syn thes i s  r a t e  is shown  below to be  v e r y  
sens i t ive  in  v ivo  to m o n o a m i n e  oxidase  (MAO) inhib~tors,  
wh ich  can  comple t e ly  b lock  t he  c o m p e n s a t o r y  response.  

The  r a t e  of D A  syn thes i s  was a sce r t a ined  b y  m e a s u r i n g  
t he  a c c u m u l a t i o n  of dopa  2-a in  r a t  corpus  s t r i a t u m  
30 m i n  a f t e r  t he  a d m i n i s t r a t i o n  of 0.75 m m o l e / k g  i.p. of 
t he  a r o m a t i c  L-amino  acid  deca rboxy la se  inh ib i to r ,  
NSD-1024  ( 3 - h y d r o x y - O - b e n z y l h y d r o x y l a m i n e  hydro -  
chloride)  5. Sp rague -Dawley  male  r a t s  (Charles R i v e r  
Breed ing  Labora to r i e s ,  W i l m i n g t o n ,  Mass.), 180-230 g, 
in  g roups  of 5 rece ived  t he  va r ious  p r e t r e a t m e n t s  i n d i c a t e d  
in F igures  1-3 before  NSD-1024.  D o p a  a n d  D A  were 
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Fig. 1. Effect of pargyline on the enhanced dopa accumulation in rat 
corpus striatum induced by trifluoperazine or tetrabenazine. Rats 
in groups of 5 received the 2 i.p. treatments indicated in the figure, 
30 min apart, followed by NSD-1024, 0.75 mmole/kg (132 mg/kg) i.p., 
30 min after the second drug. Rats were sacrificed 30 min following 
administration of the decarboxylase inhibitor. Doses: pargyline 
(PA), 178 #mole/kg (34.8 mg/kg); trifluoperazine (TR), 4/~mole/kg 
(1.7 mg/kg) ; tetrabenazine (TE), 4/~mole/kg (1.3 mg/kg) ; water (0), 
5 ml/kg. Bars represent means • S.E. Corpus striatum of rats 
receiving only NSD-1024 (controls) contained 1.004 4- 0.057/~g/g 
dopa (N = 13). The dopa accumulation of all treatments differed 
from that of controls (p < 0.01 to < 0.001). Ill addition, in 1A: p < 
0.001 for PA + O vs. O + TR and O + TR vs. PA + TR; in 1B and 
1C: the 3 treatments in each group differed from each other (p < 
0.001); in 1D: p % 0.001 for TE + O vs. O + PA and TE + O vs. 
TE + PA. N is number of rats. 

i so la ted  f rom corpus  s t r i a t u m  via  A G 5 0 W X 4  Na  col- 
umns2,% pur i f ied  on  ac id -washed  W o e l m  a lumina ,  and  
d e t e r m i n e d  in t he  f ina l  0.1 N HC1 e luates  b y  t he  iodine 
o x i d a t i o n  m e t h o d  7 in a Techn icon  A u t o A n a l y z e r  s. Mono- 
a m i n e  oxidase  a c t i v i t y  was assayed  b y  t he  m e t h o d  of 
WUR~MAN a n d  AXELROD 9. All  drugs  were hydroch lo r ides  
excep t  t e t r abenaz ine .  

A d m i n i s t r a t i o n  of 4 ~xmole/kg i .p.  of t r i f luoperaz ine  or 
t e t r a b e n a z i n e  fol lowed b y  t he  deca rboxy lase  i n h i b i t o r  
el ic i ted dopa  a c c u m u l a t i o n s  3 to  4 t imes  t h a t  found  in 
con t ro l  r a t s  rece iv ing  NSD-1024.  These  d a t a  agree w i t h  
the  acce le ra t ion  of D A syn thes i s  a sce r t a ined  b y  m e a s u r i n g  
t he  r a t e  of f o r m a t i o n  of D A  f rom 14C-tyrosinel~ or 
d e t e r m i n i n g  the  increase  in ty ros ine  h y d r o x y l a s e  a c t i v i t y  
of b r a i n  p r e p a r a t i o n s  11. Pa rgy l ine  (MAO inh ib i to r )  i tself  
r educed  dopa  accumula t i on ,  in  a g r e e m e n t  w i t h  t he  
dece le ra t ion  of D A  syn thes i s  r epo r t ed  previously~2, la. 
C o m b i n i n g  pa rgy l ine  w i t h  t r i f luoperaz ine  gave less dopa  
a c c u m u l a t i o n  t h a n  t h a t  shown  b y  con t ro l  r a t s  (Figure 1A), 
whereas  pa rgy l ine  + t e t r a b e n a z i n e  v i r t u a l l y  h a l t e d  dopa  
f o r m a t i o n  (Figure 1C). Reve r s ing  t he  p r e t r e a t m e n t s  to  
neuro lep t i c  + pa rgy l ine  st i l l  r esu l ted  in a p r o n o u n c e d  
decrease  in the  e n h a n c e d  dopa  a c c u m u l a t i o n  n o r m a l l y  
o b t a i n e d  (Figures 1B a n d  1D). A n t a g o n i s m  of t he  acceler- 
a t ed  syn thes i s  of DA elici ted b y  t he  neuro lep t i c  d rugs  
increased  w i t h  t he  pa rgy l ine  dose (Figures 1A, 1C, a n d  2). 
The  MAO i n h i b i t o r  p h e n i p r a z i n e  also b locked  t he  
acce le ra t ion  of D A  syn thes i s  (Figure 3); w h e n  c o m b i n e d  
w i t h  t e t r a b e n a z i n e ,  dopa  was h a r d l y  formed.  

The  increase  in D A  levels a f t e r  the  MAO inh ib i to r s  was 
cons i s t en t  w i t h  t he  decrease  in MAO a c t i v i t y  of b r a i n  
h o m o g e n a t e s  (Table).  The  decrease  in D A  c o n t e n t  was 
p r o n o u n c e d  a f t e r  t e t r a b e n a z i n e  a n d  s l ight  a f t e r  t r i t luo-  
pe raz ine  (Table) ~. The  e l eva ted  c o n c e n t r a t i o n  of D A  
elici ted b y  t he  MAO inh ib i to r s  is p r o b a b l y  respons ib le  
for  t he  m a r k e d  a n t a g o n i s m  of t he  acce le ra ted  D A  
syn thes i s  induced  b y  neuro lep t i c  drugs, because  D A  i tself  
i nh ib i t s  t y ros ine  h y d r o x y l a s e  ~2,~3. The  effect  on t e t r a -  
benaz ine  is g rea te r  t h a n  t h a t  on  t r i f luoperaz ine  (Figures 
1-3). More free D A  is p r o b a b l y  ava i l ab le  a f t e r  MAO 
i n h i b i t o r  + t e t r a b e n a z i n e ,  t h e r e b y  resu l t ing  in g rea t e r  
i nh ib i t i on  of t y ros ine  h y d r o x y l a s e  a n d  cu t  b a c k  in 
d o p a m i n e  synthes is .  
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Fig. 2. Effect of pargyline on the enhanced dopa accumulation in rat 
corpus striatum induced by trifluoperazine or tetrabenazine. Drugs 
were administered as described in Figure 1. Doses: pargyline (PA), 
100/~mole/kg (19.6 mg/kg) and 56/~mole/kg (11.0 mg/kg); trifluo- 
perazine (TR), 4/~mole/kg (1.7 mg/kg); tetrabenazine (TE), 4/~mole[ 
kg (1.3 mg/kg); water (O), 5 ml/kg. Bars represent means --  S.E. 
Corpus striatum of rats receiving only NSD-1024 (controls) contained 
0.784 =[_ 0.070 #g/g dopa (N ~ 5). The dopa accumulation of all 
treatments differed from that of controls (p < 0.02 to < 0.001), 
except for PA (56) + O and PA (56) + TE. In tile TR and TE groups 
the 3 treatments in each group differed from each other (p <~0.05 
to p < 0.001). 

T a r d i v e  d y s k i n e s i a ,  a n e u r o l o g i c a l  d i s o r d e r  w h i c h  m a y  
a p p e a r  on  l o n g t e r m  n e u r o l e p t i c  t h e r a p y ,  is c o n s i d e r e d  to  
b e  c a u s e d  b y  t h e  s u p e r s e n s i t i z a t i o n  of  D A  r e c e p t o r s  
i n d u c e d  on  p r o l o n g e d  b l o c k a d e  w i t h  a n t i p s y c h o t i c  d r u g s  1~. 
T r e a t m e n t  15 h a s  c o n s i s t e d  of  c o u n t e r a c t i n g  t h i s  h y p e r -  
s e n s i t i v i t y  w i t h  t e t r a b e n a z i n e  (to d e p l e t e  DA)  or  ha lo -  
p e r i d o l  (to b l o c k  receptors)16.  T h e  p o t e n t i a l  of  a ' v i c ious  
c i rc le '  in  t h i s  s i t u a t i o n  h a s  b e e n  p o i n t e d  o u t  lh; s ince  
e t i o l ogy  a n d  t h e r a p y  b o t h  i n v o l v e  n e u r o l e p t i e  d rugs .  
M a r k e d  i m p r o v e m e n t  of d y s k i n e s i a  h a s  b e e n  o b s e r v e d  w i t h  
a d m i n i s t r a t i o n  of  a M A O  i n h i b i t o r  ( i soca rboxaz ide )  a long  
w i t h  c h l o r p r o m a z i n e  17. F u r t h e r  s t u d y  of  t l le  a n t i d y s k i n e t i c  
a c t i o n  of M A O  i n h i b i t o r s  h a s  b e e n  r e c o m m e n d e d ,  a l t h o u g h  
t h e  bene f i c i a l  e f fec t  h a s  n o t  b e e n  s a t i s f a c t o r i l y  e x p l a i n e d  ~5. 
M y  r e su l t s  s u g g e s t  t h a t  t i le  e f f i c acy  of  M A O  i n h i b i t i o n  in 
t a r d i v e  d y s k i n e s i a  m a y  be  d e r i v e d  f r o m  t h e  s u p p r e s s i o n  
of  t h e  i n c r e a s e d  D A  s y n t h e s i s  a s s o c i a t e d  w i t h  a n t i -  
p s y c h o t i c  d rugs .  E n h a n c e m e n t  of  c h l o r p r o m a z i n e ' s  
a n t i p s y c h o t i c  a c t i v i t y  a n d  p r e v e n t i o n  of i t s  e x t r a -  
p y r a m i d a l  e f fec t s  b y  t h e  c o a d m i n i s t r a t i o n  of  M A O  
i n h i b i t o r s  (pa rgy l ine ,  p h e n i p r a z i n e ,  t r a n y l c y p r o m i n e )  
h a v e  also b e e n  r e p o r t e d  ~s. Also  p e r t i n e n t  is t h e  p o t e n t i a -  
t i o n  of  t h e  t h e r a p e u t i c  e f f ec t s  of  t h i o r i d a z i n e  a n d  ch lo r -  
p r o m a z i n e  in  c h r o n i c  s c h i z o p h r e n i c  p a t i e n t s  b y  t h e  
t y r o s i n e  h y d r o x y l a s e  i n h i b i t o r ,  c~-methy l ty ros ine  xg, w h i c h  
w o u l d  b e  e x p e c t e d  to  b l o c k  t h e  a c c e l e r a t e d  s y n t h e s i s  of  
D A  e l i c i t ed  b y  t h e  t w o  p h e n o t t ! i a z i n e s .  

D o p a m i n e  is m e t a b o l i z e d  b y  t y p e s  A a n d  B M A O  
e n z y m e s ,  w h e r e a s  s e r o t o n i n  a n d  n o r e p i n e p h r i n e  a re  
p r e f e r r e d  s u b s t r a t e s  of t y p e  A M A O  ~~ S ince  se l ec t ive  
i n h i b i t i o n  of  t y p e  B M A O  p r e s u m a b l y  e l e v a t e s  o n l y  D A  
levels  in  b r a i n  2~ one  m i g h t  s p e c u l a t e  t h a t  D A - s p e c i f i c  
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Fig. 3. Effect of pheniprazine on the enhanced dopa accumulation in 
rat corpus striatum induced by trifluoperazine or tetrabenazine. 
Drugs were administered as described in Figure 1. Doses: pheni- 
prazine (PH), 32 /,mole/kg (6.0 mg/kg); trifluoperazine (TR), 4 
#mole/kg (1.7 mg/kg); tetrabenazine (TE), 4/~mole/kg (1.3 mg/kg); 
water (O), 5 ml/kg. Bars represent means :~ S.E. Corpus striatum of 
rats receiving only NSD-1024 (controls) contained 0.851 =E 0.042/~g/g 
dopa (N ~ 15). The dopa accumulation of all treatments differed 
from that of controls (p < 0.001), except for PH + TR. In the TR 
and TE groups the 3 treatments in each group differed from each 
other (p < 0.01 to < 0.001). 

Effect of drugs on dopamine content of rat corpus striatum and 
monoamine oxidase activity of whole rat brain homogenates 

Treatment DA content of MAO activity 
Drug Dose i.p. corpus striatum of whoie brain 

/~mole/kg (mg/kg) (% control) (% inhibition) 

Pargyline 178 (34.8) 121 =E 7" 95 :k 0 a 
100 (19.6) 117 ~ 5 b 61 ~ 1 a 

56 (11.0) 108 :~ 3 26 ~: 2 a 
32 (6.0) 132=t=8 ~ 9 0 + 1  a 
4 (1.7) 85 =E 5 ~ - -  
4 (1.3) 13 =E 1 a - -  

Pheniprazine 
Trifluoperazine 
Tetrabenazine 

Rats received drugs or water (control) 60 rain before sacrifice. Data 
entries are means ~: S.E. (5 rats per treatment). Corpus striatum of 
control rats contained 10.99 =E 0.33 #g/g dopamine. After similar 
treatments with pargyline, pheniprazine, or water (control) the MAO 
activity of each whole brain homogenate was determined in duplicate. 
Data entries are means ~= S.E. (3 rats per treatment). Differences 
from control mean values are indicated by p numbers. * p < 0.05. 
bp < 0.02. *p < 0.01. ap < 0.001. 

14 H. L. KLAW•NS, Am. J. Psychiat. 1,30, 82 (1973). 
15 12f. tiAZAMATSURI, C. CHIEN and J. O. COLE, Arch. gen. Psychiat. 

27, 491 (1972). 
16 I-I. t{AZAMATSURI, C. CHIEN and J. O. COLE, Am. J. Psychiat. 130, 

479 (1973). 
17 L. BuccI, Dis. nerv. Syst. 32, 324 (1971). 
AS L. BUCCI, Dis. nerv. Syst. 30, 843 (1969). 
19 A. CARLSSO~, T. PERSSON, B.-E. IROOS and J. WALINDER, J. 

neural Transmiss. 33, 83 (1972). 
S0 N. H. NEFF, H.-Y. T. YANG and J. A. FOE~TES, Adv. biochem. 

Pharmac. 72, 49 (1974). 
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NIAO inhibitors would be of therapeutic value for en- 
hancing antipsychotic activity and at tenuat ing or 
controlling side-effects which may originate from the 
excessive formation and turnover of DA induced by 
antipsychotic drugs. 

Zusammen/assung. Pargylin und Pheniprazin ver- 
mindern stark die Dopa-Anreicherung (erh6hte Dopamin- 
Synthesegeschwindigkeit) im corpus str iatum der Ratte 
nach Trifluoperazin und Tetrabenazin. Dopamin-spezi- 

fische MAO-Hemmer k6nnten deshalb therapeutischen 
Wert haben in der Kontrolle yon tardiver Dyskinesia, die 
m6glicherweise durch erh6hte klildung und Umsatz yon 
Dopamin unter dem Einfluss yon anti-psychotischen 
Drogen hervorgerufen wird. 

/3. K. KoE 

Department o/ Pharmacology, P/izer Inc., 
Eastern Point Road, Groton 
(Connecticut 063z10, USA), 22 January 1975. 

Increased Vascular Permeability Induced in Synovialis of the Rat by Histamine, Serotonin 
and Bradykinin 

Histamine, serotonin and bradykinin evoke increased 
vascular permeability when injected into some but  not all 
mammalian tissues. In  the rat, histamine induces a 
permeability response in skin, subcutaneous tissue, 
skeletal muscle, pleura and peritoneum, but  not in 
testis, kidney or brain ~. No studies of the effect of 
histamine, serotonin or bradykinin on the vascular 
permeability of synovialis of the rat have been reported, 
although histamine is known to increase the vascular 
permeability of synovialis in the monkey 2 and rabbit  ~. 
Further, the relative increase in vascular permeability 
induced by the above substances has been studied 
mainly in the skin of various laboratory aninlals 4 and 
little is known ot their corresponding effects ill other 
tissues. 

This paper reports an investigation of the relative 
effects of histamine, serotonin and bradykinin on the 
vascular permeability of the synovial membrane in the 
stifle joint of the rat, a n d a n  electron microscopic study of 
synovial vessels rendered abnormally permeable by these 
substances. 

Materials and methods. Albino rats of both sexes (body 
weight 250-350 g) were used, being lightly anaesthetized 
with ether for all injections. Serial 10-fold dilutions of 
histamine acid phosphate (0.36-360 ~g histamine base/ml), 
serotonin creatinine sulphate (0.005-50 Vtg serotonin 
base/ml) and bradykinin (0.01-10 tzg/inl) were prepared in 
Tyrode solution, pH 7.3; 0.05 ml of each dilution of each 
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Fig. 1. Increased vascu la r  pe rmeab i l i t y  (assessed b y  carbon label l ing 
of synovia l  vessels) induced in  r a t ' s  synovia l i s  b y  serotonin (S), 
b r adyk in in  (B) and  h i s t amine  (H). The mean  score of the control- 
s t r a t u m  synovia le  was 0.25. 

substance was injected into both the left and right 
stifle joints of 5 rats. The stifle joints of a further 5 rats, 
injected with 0.05 ml Tyrode solution alone, served as 
controls. 

Increased vascular permeability induced in the syno- 
vialis was detected by injecting each animal i.v. with 
colloidal carbon (Gunther Wagner, Cll/1431a, Pelikan, 
Hanover), 0.1 ml/100 g body weight, just prior to injection 
of the joints with the above substances. Circulating 
colloidal carbon is removed from the blood by the reticule- 
endothelial system within 1 h, but  during that  period, 
carbon also collects in the walls of abnormally permeable 
blood vessels 5. 75 rain after the i.v. injection of colloidal 
carbon, each animal was killed and the stifle joints were 
opened to expose the synovialis. The synovial membranes 
were fixed in formaldehyde, 'cleared' in glycerol and 
examined with a dissecting microscope. The amount of 
carbon deposited in the walls of the Syllovial vessels 
(referred to as 'labelling' of the vessels) of each joint 
served as an index of the increased vascular permeability 
and was scored on an arbitrary scale 0 to 5. 16 of the 150 
joints in the series contained blood at dissection and 
were excluded from the results as haemorrhage into the 
joint cavity is known to increase the permeability of the 
synovial microvasculature 6. 

Synovial membranes were prepared for electron 
microscopy following intra-articular injection of 1.8 ~g 
histamine base, 0.25 [xg serotonin base and 0.5 [zg brady- 
kinin, respectively. The animals were killed 8 rain after 
giving i.v. colloidal carbon and injection of the joints 
with each substance: the synovial membranes were 
removed and fixed in combined aldehyde fixative 7 and 
osmium tetroxide. Epon embedded sections were stained 
with uranyl  acetate and lead citrate, and examined with a 
Philips 300 electron microscope. 

Results and discussion. Histamine, serotonin and 
bradykinin each increased the vascular permeability of 
synovialis in the range of doses tested (Figure 1). Hist- 
amine had least potency, the minimum dose required to 
induce labelling of synovial vessels being 0.018 ~g per 
joint. Maximal labelling of synovial vessels was obtained 
with a dose of 18 ~g histamine per joint. Serotonin had 

1 J.  V. HURLEY, Acute Inflammation (Churchill  Livingstone,  
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