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Summary. The purpose of the present investigation was 
to study the effects of simultaneous manipulations of 
central cholinergic, adrenergic and glutamatergic systems 
on locomotion in an animal model of Parkinson's dis- 
ease. 

Mice were deprived of their monoamine stores by 
pretreatment with the monoamine depleter reserpine and 
the catecholamine synthesis inhibitor a-methyl-p-tyro- 
sine, given 18 h and 60 min, respectively, before the acute 
experiment. Traditionally, only dopaminergic agonists 
have been shown to reverse the akinesia thus produced. 
However, in the present study it is demonstrated that if a 
muscarine receptor antagonist (atropine or biperiden) is 
combined  with an a-adrenergic agonist/a-adrenergic 
agonist precursor (clonidine or L-a-methyl-dopa), a 
marked locomotor stimulation can be achieved, although 
either agent given alone is ineffective. Adding an NMDA 
antagonist (MK-801, ketamine or SDZ EAA494) to the 
combination biperiden+clonidine resulted in further 
potentiation of the locomotor stimulatory effects. 
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Introduction 

Traditionally, dopamine has been regarded as playing a 
crucial role in the initiation and execution of locomotion. 
However, in a series of studies we have demonstrated 
that, in at least one animal model of Parkinson's disease, 
locomotion can be restored by manipulating other trans- 
mitter systems than the dopaminergic. In our model, mice 
are depleted of their monoaminergic stores by reserpine, 
injected in a dose of 10 mg/kg 18 h before the acute ex- 
periment, and the catecholamine synthesis inhibitor a- 
methyl-p-tyrosine (a-MT), injected in a dose of 250 mg/ 
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kg 60 min before the acute experiment. In previous exper- 
iments, we have found that the akinesia thus produced 
can be reversed by manipulating central glutamatergic, 
adrenergic and cholinergic systems (Carlsson and 
Carlsson 1989 a, b; Carlsson and Svensson 1990 a, b). 

Briefly, what we have found is that the suppression of 
glutamatergic neurotransmission by administering high 
doses of noncompetitive (MK-801 = dizocilpine, phency- 
clidine or ketamine) or competitive (SDZ EAA494 = 
D-CPPene) NMDA antagonists causes locomotor stimu- 
lation in monoamine-depleted mice. Furthermore, we 
have found that administration of a low dose of an 
NMDA antagonist discloses the locomotor stimulatory 
potential of the a-adrenoceptor agonist clonidine, the 
muscarine receptor antagonist atropine or the dopamine 
receptor agonist apomorphine, the latter given in a sub- 
threshold dose. 

In contrast to apomorphine and other dopaminergic 
agents, an a-adrenergic agonist or a muscarinic antago- 
nist given alone cannot restore locomotion in mono- 
amine-depleted mice, even if given in large doses. Howev- 
er, in a preliminary study we have observed that simulta- 
neous manipulations of central adrenergic and choliner- 
gic systems have profound effects on locomotion; a high 
dose of the a-adrenergic agonist clonidine combined with 
a high dose of the muscarine receptor agonist atropine 
caused a pronounced stimulation of locomotion, and this 
response was counteracted by the acetylcholine esterase 
inhibitor physostigmine as well as by the selective 
a2-adrenoceptor blocker idazoxan, belonging to the im- 
idazole family (Carlsson and Carlsson 1989c). 

The aims of the present investigation were (1) to es- 
tablish the involvement of central muscarinic receptors 
and a2-adrenoceptors in the locomotor response pro- 
duced by the combined atropine and clonidine treatment 
(a) by observing the effects of an alternative adrenergic 
(L-a-methyl-dopa) and muscarinic agent (biperiden) and 
(b) by testing whether the nonimidazole a2-adrenocep- 
tor-selective antagonist yohimbine and the atypical 
neuroleptic clozapine (which is also an a2-adrenoceptor 
antagonist) are able to block the locomotor response; 
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(2) to elucidate whether the addition of an NMDA antag- 
onist to treatment with an adrenergic agonist in combina- 
tion with a low dose of  a muscarinic antagonist might 
have a potentiating effect on locomotion in monoamine- 
depleted mice. 

Methods 

Animals. Male albino mice of the NMRI strain (20-30g)  were pur- 
chased from ALAB, Sollentuna. 

Drugs. Reserpine (Ciba-Geigy, Basel), yohimbine HCI (Sigma, St. 
Louis), prazosin HCI (Pfizer, New York) and clozapine (Wander, Berne) 
were dissolved in a few drops of glacial acetic acid and 5.5% glucose so- 
lution. Idazoxan (Reckitt and Colman, Hull) was dissolved in distilled 
water. Haloperidol (Leo, Helsingborg) was dissolved in a few drops of 
glacial acetic acid and physiological saline. Biperiden lactate (Akineton, 
Knoll/Meda, G6teborg) was dissolved in distilled water containing 
14 mg per ml of sodium lactate, a-Methyl-para-tyrosine methylester 
HCI (a-MT, Sigma), clonidine HCI (Boehringer Ingelheim, FRG), 
L-a-methyl-dopa (Sigma), atropine sulphate (Aldrich, Steinheim), 
MK-801 ([(+)-5-methyl- 10,11-di-hydroxy-5 H-dibenzo(a,d)-cyclohep- 
ten-5,10-imine]hydrogen maleate; dizocilpine; Research Biochemical 
Inc. Naticle). SDZ EAA494 (D-CPPene; [3-(2-carboxypiperazine-4-yl)- 
1-propenyl-l-phosphonic acid]; courtesy of Dr. PL Herrling at Sandoz 
Research Institute, Berne, Switzerland), HCI (Sigma), raclopride (As- 
tra, SOdertfdje) and SCH 23390 [(R)-(+)-8-chloro-2,3,4,5-tetrahydro-3- 
methyl-5-pbenyl-lH-3-benzazepin-7-ol; Schering, Berlin] were dis- 
solved in physiological saline. All drugs were dissolved in an ultrasonic 
bath and injected i.p. in a volume of 10ml/kg, exept for atropine, 
raclopride and SCH 23390, which were given s.c. and reserpine, which 
was given in a volume of 20 ml/kg. Appropriate vehicle treatment was 
always given so that all mice in any one experiment received the same 
injection volume. Doses are given in the figure legends and refer to the 
salts of the drugs. 

Procedure. In the experiments in which an NMDA antagonist was in- 
cluded, the model for measuring motor activity consisted of a circular 
track, 5 cm wide and 1 m in circumference, the inner and outer walls be- 
ing transparent plastic cylinders, 15 and 25 cm high, respectively. The 
number of turns ( = meters) the animal covered in 30 min was registered 
by means of IR detectors. The reason for using circular tracks when 
quantifying motor activity in monoamine-depleted mice treated with 
NMDA antagonists is that these animals display only forward locomo- 
tion and are thus unable to change direction when reaching a corner. In 
the other experiments motor activity was measured by means of an 
"M/P  40 Fc Electronic Motility Meter" (Motron Products, Stockholm) 
with 40 photoconductive sensors (5 rows x8, centre-centre distance 
40 mm). All animals in this study received reserpine (10 mg/kg i.p.) 18 h 
prior to the acute experiment. One hour after the animals had been in- 
jected with reserpine and throughout the experiment the ambient tem- 
perature was held at 28 °C. The behaviour and gross appearance of the 
animals were observed throughout the experiments. 

Results 

Al l  m i c e  u s e d  in  t h e  p r e s e n t  s t u d y  were  d e p l e t e d  o f  m o n o -  
a m i n e r g i c  s to res  b y  m e a n s  o f  r e s e r p i n e  (10 m g / k g ,  18 h)  
a n d  a - M T  (250 m g / k g )  p r e t r e a t m e n t  w i t h  t h e  a i m s  o f  (1) 
o b t a i n i n g  a n  a k i n e s i a  m o d e l  m i m i c k i n g  P a r k i n s o n ' s  d is -  
e a se  a n d  (2) e n a b l i n g  s t ud i e s  o n  p o s t s y n a p t i c  i n t e r a c t i o n s  
b e t w e e n  c h o l i n e r g i c ,  a d r e n e r g i c  a n d  g l u t a m a t e r g i c  sys- 
t ems .  

F i g u r e  1 i l l u s t r a t e s  t h e  s y n e r g i s t i c  i n t e r a c t i o n  b e t w e e n  
t h e  m u s c a r i n e  r e c e p t o r  a n t a g o n i s t  a t r o p i n e  (40 m g / k g )  

a n d  t h e  a - a d r e n e r g i c  a g o n i s t  c l o n i d i n e  w i t h  r e g a r d  to  
l o c o m o t o r  s t i m u l a t i o n  in  m o n o a m i n e - d e p l e t e d  mice :  
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Fig. 1. a Effects of various doses of clonidine, combined with 40 mg/kg 
of atropine, on locomotion in monoamine-depleted mice. a-MT was ad- 
ministered 90 min, atropine 30 rain and clonidine immediately before 
the locomotor activity registration started. Motor activity was registered 
during 30 min. Shown are the means +_ SEM (n = 4). There was a signifi- 
cant correlation between clonidine dose in the dose range 
0.01-0.81 mg/kg and motility counts (r = 0.74, p < 0.001). b Effects of 
different catecholamine receptor blockers on the locomotor stimulation 
induced by 40 mg/kg of atropine, combined with a low (0.09 mg/kg) 
dose of clonidine in monoamine-depleted mice. a-MT was administered 
90 min, atropine 35 min and prazosin (1 mg/kg), yohimbine (6 mg/kg) 
and clozapine (20 mg/kg) 30 min prior to clonidine treatment. Motor 
activity was registered during 30rain, beginning 5 rain after the 
clonidine injection. Shown are the means_SEM (n = 6). **p<0.01 vs. 
controls (C) (Mann-Whithney U-test). e. Lack of effect of different cate- 
cholamine receptor blockers on the locomotor stimulation induced by 
40mg/kg of atropine, combined with a high (2mg/kg) dose of 
clonidine in monoamine-depleted mice. a-MT was administered 2 h, 
prazosin (1 mg/kg), yohimbine (6 mg/kg) and clozapine (20mg/kg) 
90 rain, and atropine 60 min prior to clonidine treatment. Motor activi- 
ty was registered during 30 min, beginning 15 min after the clonidine in- 
jection. Shown are the means+_SEM (n = 8) 
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Fig. 2. a Effects of  various doses of  clonidine, combined with 2 m g / k g  
of  biperiden, on locomotion in monoamine-depleted mice. a -MT was 
administered 2 h, biperiden 60 min and clonidine immediately before 
the locomotor activity registration started. Motor activity was registered 
during 60 min. Shown are the means _+ SEM (n = 4). There was a signifi- 
cant correlation between clonidine dose and motility counts (r = 0.82, 
p < 0.001). b Effects of  various doses ( 1 -  32 mg/kg)  of  biperiden, com- 
bined with 0.5 mg /kg  of  clonidine, on locomotion in monoamine-de-  
pleted mice. a -MT was administered 2h ,  biperiden 60min  and 
clonidine immediately before the locomotor activity registration start- 
ed. Motor activity was registered during 60min.  Shown are the 
means_+SEM (n = 4). There was a significant correlation between 
biperiden dose and motility counts (r = 0.63, p<0.001),  e Effects of  
various doses (0.25 - 8 mg/kg)  of  biperiden, combined with I m g / k g  of 
clonidine, on locomotion in monoamine-depleted mice. a -M T was ad- 
ministered 2 h, biperiden 60 min and clonidine immediately before the 
locomotor activity registration started. Motor activity was registered 
during 60 min. Shown are the means _+ SEM (n = 4). There was a signifi- 
cant correlation between biperiden dose and motility counts (r = 0.64, 
p < O.OOt) 

even with doses as low as 0.03 and 0.09mg/kg of 
clonidine a pronounced behavioural stimulation is ob- 
tained. The locomotor stimulatory effect produced by 
treatment with 0.09 mg/kg of clonidine in combination 
with atropine was blocked by pretreatment with the selec- 
tive a2-adrenoceptor antagonist yohimbine and by the 
atypical neuroleptic clozapine, but not by the selective 
al-adrenoceptor antagonist prazosin. None of these 
agents was able to block the response induced by a high 
dose (2 mg/kg) of clonidine combined with atropine. 

Untreated mice with intact monoamine stores nor- 
mally accumulate up to 200 counts during the first 
30 rain and up to 300 counts during the first 60 min. 

In order to confirm the involvement of central cholin- 
ergic systems in the observed response, dose-response 
studies were conducted with another muscarine receptor 
antagonist, i.e. biperiden, which is also clinically more in- 
teresting than atropine. Dose-related locomotor re- 
sponses were obtained when increasing doses of 
biperiden were combined with a fixed dose of clonidine 
and vice versa (Fig. 2). Note that the scales differ in the 
various figures. 

To establish the involvement of central adrenergic sys- 
tems in the locomotor responses produced when a 
muscarinic antagonist is combined with clonidine, the 
non imidazole adrenergic agonist precursor L-a-methyl- 
dopa was given in various doses in combination with 
40 mg/kg of atropine. In this case too, a clear-cut stimu- 
lation of locomotion was produced. The a2-adrenocep- 
tor blockers idazoxan and yohimbine antagonized the re- 
sponse, although in the case of yohimbine statistical sig- 
nificance was not reached. The al-adrenoceptor blocker 
prazosin, the preferential dopamine D 2 receptor blockers 
haloperidol and raclopride, and the dopamine D 1 block- 
er SCH 23390 all failed to attenuate the locomotor re- 
sponse (Fig. 3). Neither L-a-methyl-dopa nor clonidine, 
when given alone, can reverse the reserpine-induced 
akinesia (not shown). 

Finally, the effects on locomotion produced when a 
glutamate antagonist was added to the combined 
biperiden+ clonidine treatment were investigated. It was 
found that combining a low dose of the noncompetitive 
NMDA antagonist MK-801 or the competitive NMDA 
antagonist D-CPPene with biperiden+clonidine yielded 
a locomotor response that was significantly greater than 
if only two of the drugs were combined. When the non- 
competitive NMDA antagonist ketamine was used, the 
locomotor response was significantly greater in the group 
receiving all three agents than in the groups receiving on- 
ly biperiden + ketamine or ketamine + clonidine; it tended 
to be greater than the response in the group receiving the 
biperiden+ clonidine combination, but this difference 
was not statistically significant (Fig. 4). 

Discussion 

As previously described (Carlsson and Carlsson 1989c), 
monoamine-depleted mice receiving a muscarinic antago- 
nist in combination with an a-adrenergic agonist display 
a varied pattern of locomotion, including both horizontal 
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Fig. 3. a Effects of  various doses of  L-a-m-dopa, combined with 
40 mg/kg of atropine, on locomotion in monoamine-depleted mice. a- 
MT was administered 2 h, and L-a-m-dopa and atropine 60 rain before 
the locomotor activity registration started. Motor activity was registered 
during 60 rain. Shown are the means +_ SEM (n = 4). There was a signifi- 
cant correlation between L-a-m-dopa dose and motility counts 
(r = 0.53, p < 0.02). b Effects of a-adrenergic blockers on the locomotor 
stimulation induced by L-a-m-dopa (300mg/kg) and atropine 
(40 mg/kg) treatment, a-MT was administered 2 h, and L-a-m-dopa, 
atropine, prazosin (1 mg/kg), yohimbine (6mg/kg) and idazoxan 
(10 mg/kg) 60 min before the locomotor activity registration started. 
Motor activity was registered during 60min. Shown are the 
means_SEM (n = 5 -6 ) .  *p<0.05 vs. controls (C) (Mann-Whitney U- 
test), c Effects of  dopamine receptor blockers on the locomotor stimula- 
tion induced by L-a-m-dopa (150mg/kg) and atropine (40mg/kg) 
treatment, a-MT was administered 2 h, and L-a-m-dopa, atropine, 
raclopride (20 mg/kg) and haloperidol (1 mg/kg) 60 min before the 
locomotor activity registration started. SCH 23390 (0.3 mg/kg) was in- 
jected 30 min as well as immediately before locomotor activity registra- 
tion started. Motor activity was registered during 60 rain. Shown are the 
means_+SEM (n = 6) 

and vertical (jumping) movements; thus, when reaching a 
wall or a corner they are able to change direction. This is 
in contrast to monoamine-depleted mice receiving an 
NMDA antagonist; these animals display only forward 
locomotion and therefore get stuck in corners (Carlsson 
and Carlsson 1989a). 

The present study reveals that, when combined with 
a high dose of atropine, very low doses (0.03 or 0.09 mg/ 
kg) of clonidine can induce pronounced locomotor stim- 
ulation. When combined with MK-801, on the other 
hand, clonidine needs to be given in higher doses to re- 
verse the reserpine-induced akinesia (Carlsson and 
Svensson 1990b). In addition, the locomotor response 
produced by 1 mg/kg of MK-801 combined with 2 mg/kg 
of clonidine was readily antagonized by both the selective 
a2-adrenergic blockers idazoxan and yohimbine and the 
atypical neuroleptic clozapine (which also blocks a-ad- 
renergic receptors; Carlsson 1978; Perry et al. 1983; 
Ramirez and Wang 1986). However, when such a high 
dose of clonidine was used in combination with atropine, 
idazoxan was found to prevent the locomotor response 
(Carlsson and Carlsson 1989c), whereas yohimbine and 
clozapine were ineffective, as evident from the present 
study. On the other hand, yohimbine and clozapine effec- 
tively antagonized the locomotor response induced by at- 
ropine combined with a low dose (0.09mg/kg) of 
clonidine. The selective al-adrenergic blocker prazosin 
has been found consistently ineffective. Taken together, 
these results suggest that the population of a2-adrenergic 
receptors involved in the locomotor stimulatory effect 
differs, depending on whether clonidine is combined with 
the NMDA antagonist MK-801 or with the muscarine re- 
ceptor antagonist atropine. 

Supporting a role for a-adrenergic receptors, as op- 
posed to the so-called imidazole-preferring receptor (see 
Bylund 1988), in the locomotor response produced by the 
combined atropine and clonidine treatment, are (a) the 
observation that also the nonimidazole blockers yohim- 
bine and clozapine were effective in antagonizing the re- 
sponse when a low dose of clonidine was used and (b) the 
observation that the nonimidazole adrenergic agonist 
precursor L-a-methyl-dopa, given in combination with 
atropine, was also highly effective in producing a 
locomotor stimulatory effect. Underlining the impor- 
tance of a2-adrenoceptors, rather than dopamine recep- 
tors, in this context, is the observation that the 
a2-adrenoceptor blockers idazoxan and yohimbine an- 
tagonized the locomotor response, whereas the dopamine 
receptor blockers haloperidol, raclopride and SCH 23390 
were unable to attenuate the response (cf. And6n and 
StrOmbom 1975; And6n 1979). 

The experiments undertaken with the anticholinergic 
agent biperiden had two purposes. The first was to estab- 
lish the involvement of central muscarinic receptors in the 
observed locomotor response. In conjunction with the 
previously reported antagonizing effect of the acetylcho- 
linesterase inhibitor physostigmine, the finding that 
biperiden, similarly to atropine, produced a clear-cut 
locomotor stimulation when combined with clonidine, 
firmly supports a role for central muscarinic receptors. 
The second was to prepare the ground for possible future 
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clinical trials in Parkinsonian patients. To that end it was 
important to demonstrate the efficacy of  a clinically rele- 
vant anticholinergic agent, such as biperiden. The various 
dose-response studies were also conducted with an eye to 
possible clinical studies. From these mouse experiments it 
appears that the doses of both the anticholinergic and the 
adrenergic agent can be kept at reasonably low levels 
without losing too much in effect; furthermore, it must 
be kept in mind in this context that rodents usually need 
considerably larger doses than humans for the same level 
of  effect. 

The addition of  an NMDA antagonist to the com- 
bined biperiden+clonidine treatment was also carried 
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out with possible clinical trials in Parkinsonian patients 
in mind. Conceivably, if our mouse experiments have any 
relevance for man, addition of  a low dose of a glutamat- 
ergic antagonist might be beneficial, should a muscarinic 
antagonist in combination with an adrenergic agonist not 
suffice. 

The present and previous studies (see Carlsson and 
Carlsson 1990) have opened up new perspectives on the 
role played by different neurotransmitter systems for mo- 
tor functions. Hopefully this new knowledge, based on 
findings in experimental animals, will aid in finding novel 
strategies for treating movement disorders like Parkin- 
son's disease. Conceivable, in the future, if our animal da- 
ta can be extrapolated to man, the pharmacological treat- 
ment of  Parkinson's disease could be optimized by titrat- 
ing a tailor-made "cocktail" containing varying propor- 
tions of  a dopaminergic agonist, a glutamatergic antago- 
nist, a muscarinic antagonist and/or an adrenergic 
agonist, taking advantage of synergistic effects with re- 
spect to locomotion to allow low dosage and thus, 
hopefully, to minimize side-effects. Needless to say, there 
is a considerable risk that side-effects produced by 
muscarinic and glutamatergic antagonists, such as confu- 
sion and memory impairment, cannot be avoided even if 
doses are kept to a minimum. If this is the case, the hope 
for the future may be to find pharmacological tools with 
selectivity for receptor subtypes to make it possible to dif- 
ferentiale between effects on motor and cognitive func- 
tions. 
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Fig. 4. a Effects of biperiden and clonidine in combination with 
MK-801 on motor activity in monoamine-depleted mice. a-MT was ad- 
ministered 2 h, biperiden (1 mg/kg) and MK-801 (0.2 mg/kg) 60 min, 
and clonidine (0.5 mg/kg) immediately before the locomotor activity 
registration started. Motor activity was registered during 30 min. Shown 
are the means+SEM (n = 6). **p<0.02vs. the other groups (Mann- 
Whitney U-test). b Effects of biperiden and clonidine in combination 
with ketamine on motor activity in monoamine-depleted mice. a-MT 
was administered 2 h, biperiden (1 mg/kg) and ketamine (12.5 mg/kg) 
60 min, and clonidine (0.5 mg/kg) immediately before the locomotor 
activity registration started. Motor activity was registered during 
30 min. Shown are the means+ SEM (n = 6) **p<0.01 vs. the group re- 
ceiving biperiden in combination with ketamine and the group receiving 
ketamine in combination with clonidine (Mann-Whitney U-test). e Ef- 
fects of biperiden and clonidine in combination with SDZ EAA494 on 
motor activity in monoamine-depleted mice. a-MT was administered 
2h, biperiden (1 mg/kg) and SDZ EAA494 (1 mg/kg) 60rain, and 
clonidine (0.5 mg/kg) immediately before the locomotor activity regis- 
tration started. Motor activity was registered during 30 mill. Shown are 
the means+_SEM (n = 6). **p<0.01 vs. the groups receiving biperiden 
in combination with SDZ EAA494 and SDZ EAA494 in combination 
with clonidine; *p < 0.05 vs. the group receiving biperiden in combina- 
tion with clonidine (Mann-Whitney U-test) 
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