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DOLPHIN, A., P. JENNER AND C. D. MARSDEN. Noradrenaline synthesis from L-DOPA in rodents and its relationship 
to motor activity. PHARMAC. BIOCHEM. BEHAV. 5(4) 431-439,  1976. - Evidence has been obtained for an increase in 
noradrenaline (NA) turnover after administration of L-DOPA to rodents. Normal mice, and those pre-treated with either 
reserpine or c~-methyl-p-tyrosine (AMPT) were given L-DOPA (200 mg/kg) plus MK 486 (a-methyldopahydrazine; 25 
mg/kg). In all cases L-DOPA produced a rise in cerebral dopamine (DA) levels. Cerebral NA levels were increased by 
L-DOPA in reserpinised and AMPT-treated mice. The same dose of L-DOPA produced no change in NA in normal mice, 
although pre-treatment with the monoamine oxidase inhibitor pargyline (200 mg/kg) resulted in a greater rise in NA 1 hr 
after L-DOPA compared to animals receiving pargyline alone. This evidence suggests that NA is synthesized from L-DOPA 
in all these situations. But whole brain 3-methoxy-4-hydroxyphenylglcol sulphate (MOPEG-SO4), a major metabolite of 
NA, measured after administration of the same dose of L-DOPA plus MK 486, was unaltered in normal and AMPT-treated 
rats, and was significantly decreased in reserpinised rats. However, an elevation of whole brain MOPEG-SO4 was found in 
reserpinised and AMPT-treated rats after a lower dose of L-DOPA (50 mg/kg). This discrepancy may be explained by high 
doses of L-DOPA causing inhibition of catechol-O-methyl transferase (COMT), which is suggested by the observation that the 
forebrain homovanillic acid (HVA): 3,4-dihydroxyphenylacetic acid (DOPAC) ratio was significantly lower after the high dose 
of L-DOPA than in untreated mice. Such an inhibition would prevent formation of MOPEG-SO4. Pretreatment with the 
dopamineq3-hydroxylase inhibitor FLA (63(bis-(1-methyl-4-monopiperazinyl-thiocarbonyl)disulphide) prevented the 
increase in NA and MOPEG-SO4 formation observed following L-DOPA induced motor activity in these groups of animals 
suggesting the involvement of NA in the production of such behaviour. 
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IT is cu r r en t l y  bel ieved t ha t  dopaminerg ic  neu ro t r ansmis -  
sion is of basic i m p o r t a n c e  in l o c o m o t o r  act ivi ty ,  bu t  t ha t  
n o r a d r e n a l i n e  (NA) plays  a role in the  fac i l i t a t ion  and  
mod i f i c a t i on  of  this  behav iou r  [ 2 , 3 8 ] .  When  L-DOPA is 
admin i s t e r ed  to p a t i e n t s  wi th  Pa rk inson ' s  disease, the  
t h e r a p e u t i c  bene f i t  is a t t r i b u t e d  to  the  f o r m a t i o n  of  
d o p a m i n e  (DA) in the  bra in  [ 2 1 ] .  Whe t he r  s ignif icant  
quan t i t i e s  of  NA are also syn thes i sed  is unce r t a in ,  and the  
role of  such NA as might  be fo rmed ,  in the  t he r apeu t i c  
response  in u n k n o w n .  

In p rev ious  papers  we have p rov ided  pha rmaco log ica l  
ev idence  t ha t  in r o d e n t s  NA recep to r  s t imu la t i on  enhances  
the  l o c o m o t o r  response  a t t r i b u t a b l e  to  DA f o r m a t i o n  f rom 
L-DOPA [ 1 6 ] .  We have e m p l o y e d  two  an imal  mode l s  used 
to evaluate  an t i -pa rk inson ian  drugs. The  mode l s  involve 
p r e - t r e a t m e n t  of  r oden t s  wi th  reserpine  to p r even t  s torage 
of  m o n o a m i n e s  [8] or wi th  e -me thy l -p - ty ros ine  to p reven t  
c a t e c h o l a m i n e  synthes i s  by  i nh ib i t i on  of  ty ros ine  h y d r o x y l -  
ase [ 3 4 ] .  Bo th  p r oduce  a m a r k e d  r e d u c t i o n  in l o c o m o t o r  

act ivi ty  (akines ia)  which  may  be reversed by  specific DA 
recep to r  s t imu lan t s  [ 9 , 13 ] .  NA recep to r  s t imu la t ion  a lone 
has  l i t t le  ef fec t  on  m o t o r  act ivi ty  in the  reserpinised animal ,  
bu t  is able to enhance  the  response  to dopaminerg ic  
s t imu la t ion  [ 2,27 ].  

The use of  dopamine- t3-hydroxylase  inh ib i to r s  (DBHI)  to  
p reven t  the  f o r m a t i o n  of  NA f rom admin i s t e red  L-DOPA 
indica tes  t ha t  NA has  a f u n c t i o n a l  role in a u g m e n t i n g  
m o t o r  ac t iv i ty  p r o d u c e d  by  DA s t imu la t i on  [1, 26, 3 5 ] .  
A l t h o u g h  several DBHI have been  employed ,  FLA-63 
( b i s - [  1 - m e t h y l - 4 - h o m o p i p e r a z i n y l t h i o c a r b o n y l ]  d i su lphide)  
appears  to  be the  mos t  conven ien t ,  as it can be admin i s t e r ed  
in so lu t ion  and p roduces  an adequa t e  b lockade  of  DBH at a 
dose (25 mg/kg)  which  does  no t  p roduce  any  m a r k e d  
tox ic i ty  [ 3 8 ] .  

In the  p resen t  work we have a t t e m p t e d  to  clarify the  
e x t e n t  of  i nvo lvemen t  of  NA in the  m o t o r  ac t iv i ty  p roduced  
by L-DOPA in n o r m a l  animals  and  those  deple ted  of  
ca techo lamines .  The  t ime  course  of  L-DOPA induced  m o t o r  

A preliminary report of this work was presented to the British Pharmacological Society, Cambridge, September 1975. 
2 Reprint requests should be sent to C. D. Marsden. 
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activity has been compared with the levels of DA and NA 
after L-DOPA administration in the presence or absence of 
FLA-63. To determine the turnover of NA, changes in the 
level of the major metabolite of NA, 3-methoxy 4-hydroxy- 
phenylglycol sulphate (MOPEG-SO4) [32], after L-DOPA 
administration has been investigated. It has been suggested 
that MOPEG-SO4 levels reflect the turnover of extraneur- 
onally released and thus functionally active NA [6]. Our 
results indicate that NA synthesis occurs from administered 
L-DOPA in normal and amine-depleted rodents. This 
enhanced NA turnover is shown to be related in time to the 
locomotor response to L-DOPA. 

METHOD 

Animals 

Male 'Swiss S' or 'P' strain mice (20-25  g) or Wistar rats 
(200-250  g) (Animal Suppliers Limited) were used in all 
experiments. Drugs were administered, locomotor activity 
monitored and animals sacrificed for biochemical determin- 
ations according to the schedule shown in Fig. 1. 

Drugs 

All drugs were administered intraperitoneally. In some 
experiments, L-DOPA was administered to normal animals. 
In other experiments mice and rats were pre-treated with 
either reserpine (10 mg/kg; Halewood Chemicals Limited) 
18-24  hrs before administration of L-DOPA in behavioural 
experiments and 19 hr before L-DOPA in all biochemical 
experiments; or with AMPT (c~-methyl-p-tyrosine methyl 
ester HC1) (200 mg/kg; Sigma) dissolved in physiological 
saline, 3 hr before L-DOPA in all experiments. FLA-63 (25 
mg/kg; Labkemi, Sweden) dissolved in dilute HC1 which 
was subsequently adjusted to pH7 with NaOH, was adminis- 
tered 1 hr prior to L-DOPA. Control animals received the 
same volume of vetficle. L-DOPA (200 mg/kg; Roche 
Products Limited) together with the peripheral decarboxy- 
lase inhibitor MK 486 (c~-methyldopahydrazine) (25 mg/kg; 

MSD Limited) was administered in fine suspension in 1% 
methylcellulose in a volume of 0.5 ml. Control animals 
received the same volume of methylcellulose. In some 
experiments L-DOPA (50 mg/kg) alone was administered; 
in others pargyline (100 mg/kg; William Warner Limited) 
dissolved in saline was administered to normal animals 1 
hour prior to L-DOPA. 

Behavioural Pharmacology 

Locomotor activity of mice was measured using two 
Animex activity meters (LKB Farad) [37]. The animals 
were housed in batches of 3 in clear plexiglass cages which 
enabled behavioural observations to be made at intervals 
during the experiments without disturbance. Experiments 
were performed between 9.00 a.m. and 9.00 p.m. under 
standard laboratory conditions of lighting and temperature. 
Food and water were withdrawn during the test period. 
Activity was recorded as total counts/10 min interval (-+ 1 
S.E.M.), or as the total counts recorded for the duration of 
the experiment (± 1 S.E.M.). Animals were placed in the 
recording cages immediately after administration of AMPT 
or 1 hour before administration of FLA-63 in the case of 
untreated or reserpinised animals. Motor activity measure- 
ment was continued for 4 hr after administration of 
L-DOPA. 

Biochemical Experiments 

Mice were used for all determinations of cerebral NA, 
DA, homovanillic acid (HVA) and 3,4-dihydroxyphenyl- 
acetic acid (DOPAC). Rats were used for determination of 
MOPEG-SO4. Animals were killed by stunning and decapi- 
tation. For analysis of DA and NA, normal mice and 
AMPT-treated or reserpine-treated mice were sacrificed 1 hr 
prior to FLA-63 or saline treatment, 1 hr prior to L-DOPA 
or methylcellulose administration, and 1 hr and 4 hr after 
L-DOPA or methylcellulose administration. All experiments 
were performed on the same schedule, such that L-DOPA 

TIME OF SACRIFICE 
for catecholamines 
for MOPEG-SO 4 , HVA & DOPAC 
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I ~ I I I I I I I 
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FIG. 1. Time schedule for drug administration, motor activity recording, and sacrifice for the determination of catecholamines and their 
metabolites. 
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was admin i s t e r ed  at  12.00 a.m. Two whole  bra ins  were 
poo led  for  each  analysis  of  ca techo lamines .  Separa t ion  was 
p e r f o r m e d  by  the  m e t h o d  of  Atack  [3 ] .  DA was assayed 
accord ing  to  th is  m e t h o d ,  and  NA by  the  m e t h o d  of  
Wefl-Malherbe and  Bigelow [ 4 0 ] .  

Analys is  of  fo reb ra in  H V A  and  DOPAC was p e r f o r m e d  
in u n t r e a t e d  mice  and  2 hou r s  a f te r  a d m i n i s t r a t i o n  of  
L-DOPA to  n o r m a l  mice.  The  bra in  was dissected by  
removing  a cort ical  slice and  mak ing  a t ransverse  cut  
i m m e d i a t e l y  pos t e r io r  to  the  str iata.  The  an t e r i o r  p o r t i o n  
was t aken  as the  fo rebra in  sample.  Three  fo rebra ins  were 
poo led  for  each  analysis  of  H V A  and DOPAC. The  analysis  
was carr ied ou t  accord ing  to the  m e t h o d  of  M u r p h y  et  al. 
[ 3 0 ] .  Fo r  d e t e r m i n a t i o n  of  MOPEG-SO4,  ra ts  were sacri- 
ficed two  hour s  a f te r  a d m i n i s t r a t i o n  of  L-DOPA. Analys is  
of  MOPEG-SO4 was p e r f o r m e d  using single ra t  b ra ins  
accord ing  to  the  m e t h o d  of  Meek and  Neff  [ 2 9 ] .  

In all b iochemica l  analyses,  in te rna l  s t andards  of  DA 
( 3 - h y d r o x y t y r a m i n e ) ,  NA (DL-ar te reno l ) ,  HVA,  DOPAC 
(Ca lb iochem Limited) ,  and MOPEG-SO4 (RO 4 -2028 ;  
Roche  P roduc t s  L imi t ed )  were assayed s imu l t aneous ly  wi th  
the  samples  and  t issue levels of  the  ca t echo l amines  and  
the i r  m e t a b o l i t e s  were ca lcula ted  f rom these  w i t h o u t  
co r r ec t i on  for  recovery.  Mean recover ies  were for  DA, 73%; 
for  NA, 73%; for  HVA, 70%; for  DOPAC, 65% and for  
MOPEG-SO4,  85%. 

RESULTS 

L o c o m o t o r  A c t i v i t y  

L-DOPA (200  mg/kg)  plus MK 486  (25 mg/kg)  i nduced  
a m a r k e d  increase  in l o c o m o t o r  ac t iv i ty  in b o t h  n o r m a l  
mice  and  those  p re - t r ea ted  wi th  AMPT (200  mg/kg)  or 
reserpine  (10 mg/kg)  (Table  1). Peak m o t o r  ac t iv i ty  was 
r eached  by  the  end  of  the  first  hour ,  and  the  response  
lasted for  up to 4 hr. FLA-63  (25 mg/kg)  a t t e n u a t e d  the  

l o c o m o t o r  act ivi ty  p r o d u c e d  by  the  a d m i n i s t r a t i o n  of 
L-DOPA to  no rma l ,  AMPT- t rea ted  and reserpinised mice.  
The  decrease  in l o c o m o t o r  ac t iv i ty  p r o d u c e d  by  FLA-63  
occur red  to  the  greates t  e x t e n t  in the  3rd and  4 th  hr  af ter  
L-DOPA. 

E f f e c t  o f  L -DOPA on brain ca techo lamine  levels in normal  
m ice 

The resul ts  of  m e a s u r e m e n t s  of  whole  bra in  ca techola-  
mines  m a d e  one  h o u r  pr ior  to,  at  t he  t ime of, and  1 and  4 
hou r s  a f te r  L-DOPA (200  mg/kg)  + MK 486  (25 mg/kg)  
a d m i n i s t r a t i o n  are shown  in Fig. 2. The DA c o n c e n t r a t i o n  
was e levated 6-fold 1 h o u r  af ter  L-DOPA, c o m p a r e d  to 
con t ro l  animals  given 0.5 ml me thy lce l lu lose  ( p < 0 . 0 1 ) .  
Fou r  h o u r s  a f te r  L-DOPA, DA was still e levated 2.5-fold 
( p < 0 . 0 5 ) .  No change  in whole  bra in  NA was found  1 h o u r  
af te r  L-DOPA; 4 hou r s  a f te r  L-DOPA, NA had  fallen 
c o m p a r e d  to me thy lce l lu lose - t r ea ted  con t ro l s  (p< 0.05).  

P r e t r e a t m e n t  wi th  FLA-63  (25 mg/kg)  resul ted  in no  
change in DA levels e i ther  1 hr  or 4 hr  a f te r  admin i s t r a t i on  
of  L-DOPA c o m p a r e d  to an imals  given L-DOPA alone.  
P r e t r e a t m e n t  wi th  FLA-63 resul ted  in a fall in NA 1 h o u r  
af ter  the  a d m i n i s t r a t i o n  of  L-DOPA a lone  ( p < 0 . 0 1 ) .  This  
fall was m a i n t a i n e d  4 hours  a f te r  L-DOPA (p<  0.01 ). FLA-63 
a lone p r o d u c e d  no  change in DA levels compared  to con t ro l  
an imals  no t  given L-DOPA. Two hr  a f te r  admin i s t r a t ion ,  
FLA-63 p r o d u c e d  a 52% r e d u c t i o n  in NA compared  to  
n o r m a l  an imals  ( p < 0 . 0 1 )  and  an 83% r e d u c t i o n  ( p < 0 . 0 1 )  5 
hr  a f te r  admin i s t r a t ion .  Compared  to animals  t rea ted  wi th  
FLA-63  alone,  a d m i n i s t r a t i o n  of  L-DOPA plus  FLA-63  
caused a grea ter  fall in NA 1 h o u r  af te r  L-DOPA ( p < 0 . 0 1 )  
bu t  an equal  fall in NA 4 hou r s  a f te r  L-DOPA. 

A d m i n i s t r a t i o n  of  the  MAO inh ib i t o r  pargyl ine  (100  
mg/kg)  1 h o u r  before  L-DOPA (200  mg/kg)  + MK 486 (25 
mg/kg)  resul ted  in an increase in whole  bra in  NA 1 h o u r  

T A B L E  1 

THE EFFECT OF FLA-63 (25 mg/kg) ON THE MOTOR ACTIVITY PRODUCED BY L-DOPA (200 mg/kg) PLUS MK 486 (25 mg/kg) IN NORMAL 
AMPT-TREATED AND RESERPINISED MICE 

Animex Counts FLA-63 
25 mg/kg 1 hr 

Pretreatment prior to Hours Before L-DOPA Hours After L-DOPA 
L-DOPA - 2  - 1 + 1 +2 +3 +4 

Total Counts 
In 4 hr After 

L-DOPA 

NONE - 3800 ± 510 1377 ± 178 3872 ± 736 8547 ± 370 7305 ± 975 3769 ± 1000 23482 ± 1823 
NONE + 6023 ± 1265 1814 ± 181 4894 ± 652 7638 ± 1219 2597 ± 761t 1137 ± 227* 15355 ± 1274t 
AMPT 
(200mg/kg) - 1111 ± 386 589 ± 75 2443 ± 712 8117 ± 828 7247 ± 1061 3289 ± 647 21157 ± 2976 
AMPT 
(200mg/kg) + 428 ± 52 1277 ± 312" 2948 ± 438 5472 ± 879* 2744 ± 434t 518 ± 60t 11621 ± 1575" 
RESERPINE 
(10 mg/kg) - - 45 ± 9 3688 ± 559 6950 ± 681 5318 ± 444 1944 ± 535 18230 ± 1423 
RESERPINE 
(10mg/kg) + - 298 ± 605 2864 ± 571 5628 ± 991 1554 ± 3485 200 ± 177t 10073 ± 1333t 

Male 'Swiss S' or 'P '  mice (20-25g) were given reserpine (10 mg/kg) 18-24h prior to L-DOPA or AMPT (200 mg/kg) 3h prior to L-DOPA. 
Either FLA-63 (25 mg/kg) or 0.9% saline was administered lh prior to L-DOPA (200 mg/kg) plus MK 486 (25 mg/kg). In the 2 hr before and the 
4 hr after L-DOPA administration motor activity was measured in batches of 3 mice in Animex activity meters. The number of groups tested 
were 6 for the unpretreated groups, 5 for the AMPT-treated groups and 10 for the reserpine-treated groups. The results are expressed as total 
counts/hour and total counts/4 hr after L-DOPA _+ 1 S.E.M. Significant differences between FLA-63 treated and saline treated groups are 
indicated by superscripts. 

*p <0.05. 
+p <0.01. 
Sp <0.001. 
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FIG. 2. The effect of pretreatment with FLA-63 (25 mg/kg) on 
whole brain NA and DA levels after administration of L-DOPA (200 
mg/kg) plus MK 486 (25 mg/kg) to normal mice. FLA-63 (25 
mg/kg) or 0.9% saline was administered to normal Swiss S or P 
strain male mice (20-25 g). One hour later the animals were treated 
with L-DOPA (200 mg/kg) plus MK 486 (25 mg/kg) suspended in 
I% methlcellulose or with 1% methylcellulose alone. Whole brain 
NA and DA levels were measured at the time of FLA-63 
administration, at the time of L-DOPA administration, and 1 and 4 
hr after L-DOPA administration. Referring to the letters beneath the 
histogram, O indicates the whole brain NA or DA level at the time of 
FLA-63 administration, C indicates the level in saline plus methyl- 
cellulose treated mice, 17 the level in FLA-63 plus methylcellulose- 
treated mice, D the level in saline plus L-DOPA treated mice and F+D 
the level in FLA-63 plus L-DOPA treated mice. Each value is the 
mean of the number of determinations given at the base of each 
column, and the vertical bars represent + lS.E.M. The statistical 
significances of the differences between the results are calculated 

using Student's t test and quoted in the text. 

after  L-DOPA which was greater than that  af ter  pargyline 
given in combina t ion  with methylcel lulose  ( p < 0 . 0 5 ) ( F i g .  
3). The cerebral DA level in mice pre t rea ted  with pargyline,  
1 hour  af ter  L-DOPA adminis t ra t ion,  was elevated 13-fold 
to 20,970 _+ 5975 ng/g compared  to animals given pargyline 
alone (p<0.001) .  

Ef fec t  o f  L-DOPA on brain catecholamine levels in AMPT-  
treated mice 

The results of whole brain ca techolamine  measurements  
made prior to, at the t ime of, and 1 and 4 hours  af ter  
L-DOPA (200 mg/kg) + MK 486 (25 mg/kg) adminis t ra t ion  
are shown in Fig. 4. A rise in DA was found  1 hour  after 
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FIG. 3. The effect of pretreatment with pargyline (200 mg/kg) on 
the NA and DA levels after administration of L-DOPA (200 mg/kg) 
plus MK 486 (25 mg/kg) to normal mice. Paigyline (100 mg/kg) 
dissolved in 0.9% saline was administered to normal mice l hr 
before treatment with L-DOPA (200 mg/kg) plus MK 486 (25 
mg/kg) or 1%, methylcellulose. NA and DA levels were determined 
at the time of pargyline administration, at the time of adminis- 
tration of L-DOPA or its vehicle and 1 and 4 hr later. Referring to 
the letters below the histogram: O indicates the NA or DA level in 
control animals; C indicates the levels in animals treated with vehicle 
alone: P the level in animals treated with pargyline plus methyl- 
cellulose, D the level in animals treated with saline plus L-DOPA, 
and P+D the level in animals treated with pargyline plus L-DOPA. 
The vertical bars represent + 1S.E.M. Each value is the mean of the 
number of determinations given at the base of each column. The 
statistical significances of the variations in catecholamines are quoted 

in the text. 

L-DOPA, compared  to AMPT-treated animals given 
methylcel lulose  (p<0 .05) .  Four  hours  after L-DOPA, the 
DA level was lower, but still elevated compared  to controls  
(p<0.05) .  A rise in whole brain NA was found 1 hr after 
L-DOPA adminis t ra t ion,  compared  to animals treated with 
methylcel lulose  (p<0.05) .  The level was res tored to 90% of  
that  found in normal  un t rea ted  animals. Four  hours  after 
L-DOPA adminis t ra t ion the NA level had decreased, but 
was still elevated compared  to methylce l lu lose- t rea ted  
animals (p<0.05) .  Adminis t ra t ion  of FLA-63 (25 mg/kg)  to 
AMPT treated animals (1 hour  prior to L-DOPA) resulted in 
no change in DA levels, 1 hour  and 4 hours af ter  L-DOPA 
adminis t ra t ion.  FLA-63 prevented the rise in NA found 1 
hour  af ter  L-DOPA (p<0 .05)  and 4 hours af ter  L-DOPA 
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FIG. 4. The effect of pretreatment with FLA-63 (25 mg/kg) on 
whole brain NA and DA levels after administration of L-DOPA (200 
mg/kg) plus MK 486 (25 mg/kg) to AMPT-treated mice. Drugs were 
administered and the histogram bars are identified as stated in the 
legend to Fig. 2 except that mice were pretreated with AMPT (200 
rng/kg) dissolved in saline 2 hr before administration of FLA-63 or 

saline. 

(p<0.01) .  Adminis t ra t ion  of FLA-63 (25 mg/kg) alone did 
not  alter the levels of  DA or NA found after AMPT 
t rea tment .  

E f f e c t  o f  L -DOPA on brain ca techo lamine  levels in reserpi- 
nised mice  

The results of  whole brain ca techolamine  measurements  
made prior  to, at the t ime of  and 1 and 4 hr after L-DOPA 
(200 mg/kg)  and MK 486 (25 mg/kg) adminis t ra t ion are 
shown in Fig. 5. A rise in DA was found 1 hr af ter  L-DOPA 
(200 mg/kg) + MK 486 (25 mg/kg)  adminis t ra t ion to 
reserpine-treated animals compared  to controls  given me- 
thylcel lulose (p<0.01) .  Four  hours after  L-DOPA, the DA 
level was still elevated (p<0.05) .  A rise in whole brain NA 
was found 1 hr af ter  L-DOPA compared  to methylcel lulose-  
t reated animals (p<0.05) ,  a l though no difference be tween  
NA levels in L-DOPA and methylce l lu lose  t reated animals 
was found 4 hr af ter  L-DOPA. Adminis t ra t ion  of FLA-63 
(25 mg/kg) to reserpine-treated animals prevented the rise 
in NA found 1 hour  after L-DOPA but  had no effect  on the 
NA level found 4 hr after L-DOPA. FLA-63 produced  an 
increase in DA levels 1 hr af ter  L-DOPA (p<0 .05)  com- 
pared to unt rea ted  animals. Pre t rea tment  with FLA-63 (25 
mg/kg) 1 hour  before  L-DOPA (50 mg/kg) had no effect  on 
after  L-DOPA. FLA-63 (25 mg/kg) alone did not  alter the 
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FIG. 5. The effect of pretreatment with FLA-63 (25 mg/kg) on 
whole brain NA ~nd DA levels after administration of L-DOPA (200 
mg/kg) plus MK 486 (25 mg/kg) to reserpinised mice. Drugs were 
administered and the histogram bars are identified as stated in the 
legend to Fig. 2 except that the mice were pretreated with reserpine 

(10 mg/kg) 18 hr before administration of FLA-63 or saline. 

level of  DA found after reserpine t rea tment  1, 2 or 5 hr 
after its administrat ion,  a l though it p roduced  a fall in NA 
(p<0 .05)  5 hr af ter  its adminis t ra t ion compared  to animals 
given reserpine plus saline. 

The e f f e c t  o f  L -DOPA on M O P E G - S 0 4  levels in normal  rats 

Whole brain MOPEG-SO4 concent ra t ion  was unal tered 2 
hr after L-DOPA (200 mg/kg) + MK 486 (25 mg/kg) 
compared to unt rea ted  animals (Table 2). Trea tment  with 
FLA-63 (25 mg/kg) prior  to L-DOPA + MK 486 resulted in 
a decrease in MOPEG-SO4 compared  to the levels found in 
untreated animals (p<0 ,001)  and when compared to animals 
treated with L-DOPA (200 mg/kg) + MK 486 (25 mg/kg) 
alone (p<0.01) .  Two hours after adminis t ra t ion of  a lower 
dose of  L-DOPA (50 mg/kg) in the absence of  the 
decarboxylase inhibitor ,  MOPEG-SO4 was unal tered com- 
pared to unt rea ted  animals. Pre t rea tment  with FLA-63 (25 
mg/kg) 1 hour  before L-DOPA (50 mg/kg) alone, or animals 
MOPEG-SO4 compared  to control  unt rea ted  animals or 
those receiving L-DOPA (50 mg/kg) alone, or animals 
t reated with FLA-63 alone. FLA-63 (25 mg/kg) alone 
caused a fall in MOPEG-SO4 compared to unt rea ted  
animals (p < 0.01 ). 

The e f f e c t  o f  L -DOPA on M O P E G - S 0 4  levels in AMPT-  
trea ted rats 

Whole brain MOPEG-SO4 was reduced in AMPT-treated 
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T A B L E  2 

THE EFFECT OF FLA-63 ON MOPEG-SO4 LEVELS 2 HOURS AFTER L-DOPA (200 mg/kg) PLUS MK 486 
(25 mg/kg) OR L-DOPA (50 mg/kg) IN NORMAL, AMPT-TREATED AND RESERPINISED RATS 

Treatment mg/kg 
Group L-DOPA MK486 FLA-63 Normal AMPT Reserpine 

1. - - - 136 _+ 3 (48) 75 ± 7 (16) 53 ± 4 (24) 
2. 200 25 - 130_+ 7 (8) 89_+ 7(16) 22 ± 3 (12) 
3. 200 25 25 98 _+ 5 (8) 60_+ 9 (8) 32 ± 3(11) 
4. 50 - - 137 ± 9 (8) 125 ± 6(16) 90 ± 12 (11) 
5. 50 - 25 125 ± 9 (8) 101 ± 6 (7) 38 _+ 4 (7) 
6. - - 25 113 _+ 9 (8) 78 _+ 5 (8) 22 _+ 2 (8) 

Statistical Significances Between Groups 
1 vs  2 N . S .  N . S .  p < 0 . 0 0 1  
l vs  3 p < 0 . 0 0 1  N . S .  p < 0 . 0 1  
1 vs  4 N . S .  p < 0 . 0 0 1  p < 0 . 0 1  
1 vs  5 N . S .  p < 0 . 0 5  N . S .  
1 vs  6 p < 0 . 0 1  N . S .  p < 0 . 0 0 1  
2 vs 3 p<0.01 p<0.01 p<0.05 
2 vs 4 N.S. p<0.001 p<0.001 
3 vs 6 N.S. p<0.05 p<0.01 
4 vs 5 N.S. p<0.05 p<0.01 
5 vs 6 N.S. p<0.01 p <0.001 

Untreated male Wistar rats (200-250g) or those pretreated with AMPT (200 mg/kg) 3 hr previously or 
reserpine (10 mg/kg) 19 hr previously were given L-DOPA (200 mg/kg) plus MK 486 (25 mg/kg or 
L-DOPA (50 mg/kg) alone. FLA-63 or 0.9% saline was administered 1 hr before L-DOPA. They wure 
sacrificed 2 hr after L-DOPA administration by stunning and decapitation. One whole brain was used 
in each determination of MOPEG-SO4 using the method of Meek and Neff [29]. The results are 
expressed as mean _+ 1 S.E.M. The number of analyses performed for each group is given in paren- 
theses. The statistical significances between the values were determined using Student's t test, and are 
given below the table. 

con t ro l s  compared  to u n t r e a t e d  animals  ( p < 0 . 0 0 1 )  (Table  
2). Two hr  af ter  L-DOPA (200  mg/kg)  + MK 486 (25 
mg/kg)  no  change in MOPEG-SO4 was found  compared  to 
AMPT-t rea ted  controls .  T r e a t m e n t  wi th  FLA-63 1 hr  p r io r  
to  L-DOPA + MK 486 caused a fall in MOPEG-SO4 
compared  to an imals  receiving e i ther  L-DOPA + MK 486 
alone ( p < 0 . 0 1 ) ,  or FLA-63 a lone  (p<0 .05 ) .  A dm in i s t r a t i on  
of the lower  dose of L-DOPA (50 mg/kg)  caused an increase 
in MOPEG-SO4 2 hours  later,  compared  to an imals  given 
AMPT alone ( p < 0 . 0 0 1 ) ,  and compared  to those  receiving 
the higher  dose of L-DOPA + MK 486 (p<0 .01) .  This  
increase was reduced  by pr ior  t r e a t m e n t  wi th  FLA-63 (25 
mg/kg)  (p< 0.05).  

The ef fect  o f  L-DOPA on M O P E G - S 0 4  levels in reserpi- 
nised rats 

Whole bra in  MOPEG-SO4 was reduced  in reserpinised 
animals  c o m p a r e d  to u n t r e a t e d  con t ro l s  ( p < 0 . 0 0 1 )  (Table  
2). Two hr  a f te r  adm i n i s t r a t i on  of  L-DOPA (200  mg/kg)  + 
MK 486 (25 mg/kg)  a decrease in MOPEG-SO4 was found  
compared  to animals  t rea ted  wi th  reserpine a lone 
( p < 0 . 0 0 1 ) .  P r e t r e a t m e n t  wi th  FLA-63 (25 mg/kg)  1 hr  
pr ior  to L-DOPA + MK 486 resul ted  in an increase in 
MOPEG-SO4 2 hr  af ter  L-DOPA (200  mg/kg)  + MK 486 (25 
mg/kg)  a lone ( p < 0 . 0 5 ) ;  bu t  the  MOPEG-SO4 level was still 
less than  tha t  found  in animals  given reserpine a lone 
(p<0 .01) .  Admin i s t r a t i on  of the  lower  dose of  L-DOPA (50 
mg/kg)  resul ted  in an increase in MOPEG-SO4 af ter  2 hr,  
compared  to con t ro l  reserpinised animals  (p<0 .01 ) .  This 

increase was p reven ted  by  p r e t r e a t m e n t  wi th  FLA-63 (25 
mg/kg)  (p < 0.01 ). 

The ef fect  o f  L-DOPA on H V A / D O P A C  ratios in normal 
mice 

The ra t io  of the  two major  DA metabo l i t e s  HVA and 
DOPAC in the forebra in  of  n o r m a l  mice was a p p r o x i m a t e l y  
uni ty .  Two hr  a f te r  admin i s t r a t i on  of L-DOPA (50  mg/kg)  
there  was no  change in the H V A / D O P A C  ratio.  Two hr  
af ter  admin i s t r a t i on  of  L-DOPA (200  mg/kg)  + MK 486 (25 
mg/kg)  there  was an 83% fall in the  H V A / D O P A C  ra t io  
( p < 0 . 0 1 )  (Table  3). 

DISCUSSION 

The admin i s t r a t i on  of L-DOPA (200  mg/kg)  plus the  
per iphera l  decarboxylase  inh ib i to r  MK 486 (25 mg/kg)  
resul ted  in a pe r iod  of  increased m o t o r  act ivi ty in b o t h  
normal  mice and those  p re t r ea ted  wi th  AMPT or reserpine.  
The effect  of  the  DBH inh ib i to r  FLA-63 in decreasing tota l  
m o t o r  act ivi ty af ter  L-DOPA was similar for  the 3 classes of 
animal.  This suggests, t ha t  if FLA-63  in the  dose used is 
act ing specifically as a DBH inh ib i to r  [ 1 2 , 3 6 ] ,  t hen  NA is 
essential  for  maximal  L-DOPA induced  l o c o m o t o r  act ivi ty,  
in ag reement  wi th  the  work of  o thers  [ 1, 2, 35 ] .  

I n t e r p r e t a t i o n  of  the b iochemica l  expe r imen t s  mus t  take 
in to  accoun t  the  several factors  which  are s imul taneous ly  
inf luencing  the  levels of NA and  its ma jo r  me tabo l i t e  
MOPEG-SO4 af ter  the  admin i s t r a t i on  of  L-DOPA. In 
add i t ion  to providing the  i n t r a n e u r o n a l  p recursor  for  DA 
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TABLE 3 

THE RATIO OF HOMOVANILLIC ACID TO DIHYDROXYPHEN- 
YLACETIC ACID IN THE FOREBRAIN OF NORMAL MICE AND 2 

HOURS AFTER ADMINISTRATION OF TWO DOSES OF L-DOPA 

Dose mg/kg 
L-DOPA MK 486 Forebmin HVA/DOPAC 

- - 1 . 0 1  _ 0 . 1 9  ( 6 )  

50 - 0.87 _+ 0.27 (6) 
200 25 0.19 _ 0.02 (6)* 

Male 'Swiss S' or 'P' mice (20-25g) were sacrificed 2 hr after 
administration of L-DOPA with or without MK 486 in suspension in 
1% methylcellulose, or methylcellulose alone (0.5ml). The brains 
were removed rapidly and the forebrains from 3 mice were 
homogenised in 0.1 N HC1 and assayed for HVA and DOPAC. The 
number of analyses performed per group is indicated in parentheses 
and a significant difference from the control group not receiving 
L-DOPA is indicated by an asterisk. 

*p<0.001. 

and NA synthesis, L-DOPA is also a substrate for COMT 
which is present extraneuronally, largely in the glia [5,33 ]. 
This enzyme is on the pathway of catabolism of NA to 
MOPEG-SO4 [ 19]. The rate of MOPEG-SO4 synthesis may 
be decreased after L-DOPA administration by two mech- 
anisms; firstly L-DOPA and dopamine or their deaminated 
products may compete with NA as substrates for COMT; 
and secondly they also cause depeltion of its co-factor 
S-adenosylmethionine (SAM) [10,31]. It has been sug- 
gested that substrate competit ion is the most important 
mechanism by which L-DOPA inhibits COMT in doses 
greater than 150 mg/kg [39]. 

Another factor contibuting to the biochemical effects of 
L-DOPA is displacement by dopamine of NA from its 
storage granules [23]. These granules are intact in normal 
animals, present and functional but depleted in AMPT 
treated mice [13,14] and disrupted in reserpinised mice 
[8,15 ]. Such displacement releases NA into the cytoplasm 
where it is an immediate substrate for mitochondrial 
monoamine oxidase (MAO) [24]. The deaminated product 
DOPEG is then lost from the nerve terminals and becomes a 
substrate for COMT [24] unless it is protected by prior 
conjugation [ 6 ]. 

Treatment of normal mice with L-DOPA (200 mg/kg) 
plus MK 486 (25 mg/kg) caused a 6-fold increase in whole 
brain DA one hr later, suggesting that there is a large, 
normally unused, capacity for DA storage, where it is 
temporarily protected from MAO. By comparison DA levels 
at the same time after L-DOPA are increased 3-fold in 
AMPT-treated mice, and only 1.5-fold in reserpinised mice 
in whom granular storage for DA is diminished [ 11 ]. 

Four hr after the administration of L-DOPA (200 
mg/kg) plus MK 486 (25 mg/kg) to normal mice, the NA 
level had fallen by 27% compared to methylcellulose 
treated controls. This is in agreement with the findings of 
Maj e t  al. [27].  As DBH is the rate-determining step in the 
biosynthesis of NA from L-DOPA, the failure of NA levels 
to increase after L-DOPA might indicate that there is only 
limited hydroxylation of DA [4]. However, if NA for- 
mation from L-DOPA does occur, either there is no 
additional storage capacity for NA in noradrenergic 
neurones, or alternatively, the increased synthesis and 
storage of NA after L-DOPA may be balanced by dis- 

placement of NA by DA from the storage granules, with 
resultant rapid cytoplasmic metabolism of displaced NA. 

In order to determine whether increased NA synthesis 
was occurring in normal mice receiving this dose of 
L-DOPA, the MAO inhibitor pargyline was administered 1 
hr before L-DOPA to block the other route of metabolism 
of NA by deamination. The results in Fig. 3 show that a 
higher level of NA was gained after the administration of 
pargyline plus L-DOPA than after pargyline alone. This 
suggests that increased NA synthesis does occur following 
L-DOPA administration, although in the absence of MAO 
inhibition the NA displaced from vesicular storage may 
result in increased formation of DOPEG and its sulphate 
conjugate [6].  this is in agreement with the results of 
Chalmers e t  al. [ 10] who found a transiently raised turnover 
of intracisternally injected [3 HI-NA after administration of 
L-DOPA. 

In normal animals treated with FLA-63 alone, the NA 
level fell compared to saline treated controls, and pre- 
treatment with FLA-63 1 hr before L-DOPA caused the NA 
levels to fall more rapidly than after FLA-63 alone, 
indicating that L-DOPA is increasing turnover of NA by the 
mechanism of granular displacement of NA by DA. 

No change in MOPEG-SO4 was found 2 hr after 
administration of 200 mg/kg L-DOPA, or 50 mg/kg 
L-DOPA, although determination of the ratio of the 2 
major metabolites of DA (HVA:DOPAC) (Table 3) 
suggested that COMT was inhibited at the higher but not 
the lower dose of L-DOPA, in agreement with Thoa e t  al. 
[39]. Because HVA is formed from DA by deamination 
and 0-methylation, whereas DOPAC requires only deamina- 
tion, a lowering of the HVA/DOPAC ratio indicates a 
greater degree of inhibition of COMT [30]. 

FLA-63 reduced MOPEG-SO4 levels in normal rats and 
pretreatment with FLA-63 also reduced the MOPEG-SO4 
level after L-DOPA (200 mg/kg) suggesting that some NA 
turnover was occurring to form MOPEG-SO4 and this was 
to some extent, inhibited by FLA-63. 

The involvement of displacement in the action of 200 
mg/kg L-DOPA is suggested by the greater fall in 
MOPEG-SO4 after treatment with FLA-63 plus L-DOPA 
(200 mg/kg) compared to treatment with FLA-63 plus 
L-DOPA (50 mg/kg). 

The rise in NA 1 hr after the administration of L-DOPA 
to AMPT-treated animals (Fig. 4) to 90% of the level found 
in normal animals indicates that NA was being synthesized 
from L-DOPA, which by-passed the block in the synthetic 
pathway for catecholamines imposed by AMPT. This in- 
creased turnover of NA was not reflected by an increase in 
MOPEG-SO4 after the high dose of L-DOPA because of the 
demonstrated inhibition of COMT. Such an increase in 
MOPEG-SO4 was, however, observed 2 hr after the ad- 
ministration of the lower dose of L-DOPA, when COMT 
inhibition is not apparent. The fact that FLA-63 caused a 
fall in the MOPEG-SO4 level observed 2 hours after the 
administration of L-DOPA (200 mg/kg) suggests that 
L-DOPA in the absence of FLA-63 caused an increased 
turnover of NA. 

That FLA-63 caused a greater fall in MOPEG-SO4 in the 
presence of L-DOPA (200 mg/kg) than in its absence, is 
further evidence for the involvement of COMT inhibition 
with this high dose of L-DOPA. It is probable that some 
displacement of NA was contributing to the observed 
turnover of NA. 

The results in reserpinised animals show the same trend 



438 DOLPHIN,  J E N N E R  AND MARSDEN 

as was observed in the AMPT-t rea ted  animals.  L-DOPA 
increased NA levels, a l t hough  to a m u c h  lesser abso lu te  
ex ten t ,  and this  increase was p reven ted  by  p r e t r e a t m e n t  
with  FLA-63.  In co r r e spondence  wi th  the  resul t  f ound  in 
AMPT-t rea ted  animals,  no increase in MOPEG-SO4 was 
observed 2 hr  a f te r  admin i s t r a t i on  of  200 mg/kg  L-DOPA; 
indeed,  the  level fell compared  to tha t  in con t ro l  reser- 
pinised rats, p r o b a b l y  because of COMT inh ib i t ion .  How- 
ever, a rise in MOPEG-SO4 was found  2 hr  a f te r  the  adminis-  
t r a t ion  of  50 mg/kg  L-DOPA, when  COMT inh ib i t i on  was 
not  a c o n t r i b u t i n g  factor .  This  rise in MOPEG-SO4 was 
abol ished by p r e t r e a t m e n t  wi th  FLA-63.  In reserpinised 
animals  it is unl ikely  tha t  d i sp lacement  of  NA by DA 
formed f rom L-DOPA can accoun t  for  the  increased NA 
tu rnover  observed because  of  the  low level of  e n d o g e n o u s  
NA, and because in tac t  granular  s torage for NA has  been  
largely d i s rup ted  by reserpine [ 11,1 5J. The results  indica te  
tha t  NA synthes is  can occur  in reserpinised animals  in 
agreement  wi th  the  work of  Glowinski  et al [ 20 ] .  

The rise in DA levels observed 1 and 4 hr  a f te r  
admin i s t r a t i on  of  L-DOPA to n o r m a l  or amine-dep le ted  
animals  corre la tes  well wi th  the  observed e levat ion of  
l o c o m o t o r  act ivi ty.  The admin i s t r a t i on  of the  DBH 
inh ib i to r  FLA-63 reverses to  some e x t e n t  this increased 
m o t o r  act ivi ty par t icu lar ly  in the  3rd and 4 t h  hr  af ter  
L-DOPA admin i s t r a t ion .  However ,  the  observed e levat ion 
of DA at 1 and 4 hr fol lowing L-DOPA was no t  p reven ted  
by p r e t r e a t m e n t  wi th  FLA-63.  On the  o the r  hand ,  the  
elevated NA levels observed at these  t ime per iods  were 
prevented  by FLA-63 admin i s t ra t ion .  This  would  suggest 
tha t  the  inh ib i t i on  of L-DOPA induced  l o c o m o t o r  act ivi ty 
is due to the  p reven t ion  of NA synthesis .  This data  suggests 
the re fo re  t ha t  b o t h  DA and NA are i m p o r t a n t  d e t e r m i n a n t s  
of L-DOPA induced  l o c o m o t o r  act ivi ty  in rodents .  

The mechan i sm of  the NA effec t  is u n k n o w n .  It is no t  
even clear whe the r  it is a cerebral  mechan i sm or an ac t ion  
at the  spinal  cord level. The d i s t r ibu t ion  of NA is so 
widespread t ha t  is might  represent  an ac t ion  on  the  cor tex ,  
basal ganglia or ce rebe l lum as well as on  the  spinal cord. 
Nor is it k n o w n  w he t he r  the  effect  of  NA is d i rect ly  u p o n  
m o t o r  cent res  at  one or more  of these sites or a l te rna t ive ly  
whe the r  it is act ing indi rec t ly  via e i ther  the  dopaminerg ic  
nigrost r ia ta l  sys tem [17]  or the  5HT pa thways  [25 ] .  

The conc lus ion  f rom the  behavioura l  and b iochemica l  
expe r imen t s  p resen ted  here  and f rom several o the r  l ines of 
research [2 ,28 ] ,  is t ha t  effect ive noradrenerg ic  neuro-  
t ransmiss ion  is essential  for max imal  m o t o r  s t imula t ion  b y  
L-DOPA in reserp ine- t rea ted ,  AMPT-t rea ted  and n o r m a l  
animals.  The parallel conc lus ion  drawn f rom our  bio- 
chemical  expe r imen t s  is tha t ,  in all three  classes of  animal  

enhanced  NA synthes is  does occur  a f te r  L-DOPA adminis-  
t ra t ion.  Tha t  b o t h  l o c o m o t o r  act ivi ty and NA synthes is  are 
similarly reduced  by prior  t r e a t m e n t  w i th  FLA-63 ,  suggests 
tha t  increased NA tu rnove r  may  be, in part ,  responsible  for 
the l o c o m o t o r  response  to L-DOPA. 

This s tudy  does, however ,  have obv ious  l imi ta t ions .  In 
par t icular  the  need  to ex t r apo la t e  f rom mice to rats to 
ob ta in  an index of no rad rena l ine  tu rnover  is open  to 
cri t icism. This is made  necessary by the  fact  tha t  the 
mouse,  unl ike  the  rat ,  does  no t  conjuga te  MOPEG wi th  
su lphate  groups  [7 ,22 ] .  The analysis  of free MOPEG in 
mouse  canno t ,  at present ,  be carried out  by  our  f luoro- 
metr ic  techniques .  However,  it would appear  tha t  the role 
of  NA in m o t o r  act ivi ty is equally a p p a r e n t  in spon t aneous  
act ivi ty and  tha t  induced  by  a m p h e t a m i n e  and L-DOPA in 
rats  [ 2 6 ] .  Also, s tudies involving uni la tera l  lesions of  the 
ascending noradrenerg ic  p a t h w a y s  in ra ts  have been  shown 
to induce  circling behav iour  via dopaminerg ic  mechan i sms  
[ 1 7] .  Biochemical ly ,  the invo lvemen t  of  b o t h  d o p a m i n e  and 
no rad rena l ine  in L-DOPA induced  l o c o m o t o r  act ivi ty in rats  
has also previously been d e m o n s t r a t e d  [27 ] .  Likewise the 
p roposed  inh ib i t ion  of  COMT by L-DOPA in the  rat  has 
previously  been observed in this  species [31]  and also 
shown to occur  in the mouse  by the  p resen t  s tudy.  Thus,  
there  are good grounds  for assuming tha t  the  cent ra l  
mechan i sms  involved in the  p r o d u c t i o n  of  l o c o m o t o r  
act ivi ty in the  rat  and mouse  are no t  too  dissimilar. 
Perhaps,  the  greates t  l imi ta t ion  of this  and o the r  s tudies  is 
the  grossness of the  analyses carried ou t  when  compared  to 
the in t r icacy  of the  neurona l  sys tems involved. F u r t h e r  
s tudy might  be d i rec ted  towards  e x a m i n a t i o n  of  the effects 
observed in discrete  brain regions. 

These conclus ions  may be of  consequence  in the  
L-DOPA the rapy  for Pa rk inson ' s  disease. It has been  s h o w n  
tha t  a l t hough  the pa tho logy  of this  disease is main ly  
associated wi th  degenera t ion  of  the  subs tan t i a  nigra, o the r  
p igmented  brain s tem nuclei  are also affected [ 1 8 ] .  These 
include the  nuc leus  locus coeruleus  f rom which  ascending 
noradrenerg ic  f ibres arise to innerva te  the cerebral  cor tex,  
cerebe l lum and midbra in .  Thus,  provided thei r  degenera t ion  
is no t  too  far advanced,  the the rapeu t i c  ef fec t  of  L-DOPA 
may be, in part ,  due to the f o r m a t i o n  of noradrena l ine  in 
these neurones ,  in add i t ion  to the  well es tabl i shed  replace- 
men t  of  d o p a m i n e  in the  nigro-str ia tal  tract .  
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