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Pathophysiology of the basal ganglia in 
Parkinson's disease 
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Insight into the organization of the basal ganglia in the normal, parkinsonian and L-dopa-induced 

dyskinesia states is critical for the development of newer and more effective therapies for 

Parkinson's disease. We believe that the basal ganglia can no longer be thought of as a unidirectional 

linear system that transfers information based solely on a firing-rate code. Rather, we propose that 

the basal ganglia is a highly organized network, with operational characteristics that simulate a 

non-linear dynamic system. 
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U NDERSTANDING the role and function of the basal 
ganglia in Parkinson's disease (PD) and L-dOpa- 

induced dyskinesia is a long-standing challenge *-7. In 
the late 1980s, a model was proposed to explain how the 
basal ganglia are organized and how dopamine deficiency 
leads to motor disturbances in PD (Refs 8-11). This 
was facilitated by the discovery that the neurotoxin 
1-methyl-4-phenyl- 1,2,3,6-tetrahydropyridine (MPTP) 
induces a selective loss of dopaminergic neurons in the 
substantia nigra pars compacta (SNc) and a parkinsonian 
syndrome. The model has served us well in providing 
new targets for the surgical treatment of PD (Ref. 12). 
However, the model does not account for a variety of 
anatomical, physiological, experimental and clinical 
findings 7aa'~4. In this article, we review the original 
model of basal ganglia pathophysiology with respect to 
the normal, parkinsonian and dyskinetic states, discuss 
its strengths and weaknesses, and provide a hypothesis 
to explain some of the apparent paradoxes. 

The classical model of basal ganglia function in PD 

The basal ganglia form a complex network of parallel 
loops that integrate cerebral regions (associative, oculo- 
motor, limbic and motor), basal ganglia nuclei and the 
thalamus ~s. The 'motor circuit' is the circuit that is most 
directly related to the pathophysiology of movement 
disorders, and its organization is illustrated in Fig. la. 
Cortical motor areas project in a somatotopic fashion to 
the postero-lateral putamen where they establish excit- 
atory, glutamatergic synaptic connections with medium 
spiny neurons containing GABA. These neurons give 
rise to two pathways that connect the striatum to the 
output nuclei of the basal ganglia, namely the globus 
pallidus pars interna (GPi) and the substantia nigra 
pars reticulata (SNr). Neurons in the 'direct pathway' 
project directly from the putamen to GPi/SNr. They bear 
dopamine D1 receptors, coexpress the peptides sub- 
stance P and dynorphin, and provide a direct inhibitory 
effect on GPi/SNr neurons. Striatal neurons in the 
'indirect pathway' connect the putamen with the 
GPi/SNr via synaptic connections in the globus pallidus 
pars externa (GPe) and subthalamic nucleus (STN). They 
contain D2 receptors and the peptide enkephalin (ENK). 
Projections from putamen to GPe and from GPe to 
STN are GABAergic and inhibitory. Neurons originating 

in the STN use glutamate as a neurotransmitter and 
activate neurons in the GPi/SNr. Stimulation of neurons 
in the indirect pathway leads to inhibition of the GPe, 
disinhibition of the STN and excitation of the GPi/SNr. 
Thus, the output activity of the basal ganglia is influ- 
enced by the opposing effects of inhibitory inputs 
from the direct pathway and excitatory inputs from the 
indirect pathway. This, in turn, provides an inhibitory 
effect on brainstem and thalamo-cortical neurons 
involved in motor activities. In support of this model, 
experiments in monkeys demonstrate that facilitation 
of movement is associated with pauses in neuronal 
activity of GPi/SNr neurons 16, and that activation of 
neurons from the direct and indirect pathways facilitate 
and suppress motor activity, respectively. Thus, the 
direct and indirect pathways have opposing effects on 
the output function of the basal ganglia 1°a7. The model 
proposes that dopamine modulates glutamatergic effects 
on corticostriatal inputs by exerting a dual effect on 
striatal neurons: exciting Dl-receptor-expressing neur- 
ons in the direct pathway and inhibiting D2-receptor- 
expressing neurons in the indirect pathway 18,19. 

The parkinsonian state 

According to this model, the essential pathophysio- 
logic characteristic of the parkinsonian state is in- 
creased neuronal activity in the GPi/SNr output nuclei 
of the basal ganglia, which leads to excessive inhibi- 
tion of thalamo-cortical and brainstem motor systems 
(Fig, lb) ')-~'13. The model predicts that reduced activation 
of dopamine receptors, caused by dopamine deficiency, 
results in reduced inhibition of neurons of the indirect 
pathway and decreased excitation of neurons of the 
direct pathway 7'8. Reduced inhibition from the indirect 
pathway leads to overinhibition of the GPe, disinhibi- 
tion of the STN and increased excitation of GPi/SNr 
neurons, whereas decreased activation from the direct 
pathway causes a reduction in its inhibitory influence 
on the GPi/SNr. The net result is an excessive activation 
of basal ganglia output neurons accompanied by exces- 
sive inhibition of motor systems, leading to parkinsonian 
motor features. Considerable evidence supports the use 
of this model in the parkinsonian state (Box 1). Follow- 
ing dopaminergic lesions, expression of D2 receptor and 
preproenkephalin mRNA increases in striatal neurons 
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Fig. 1. Schematic of the classic model of the basal ganglia. The Ca) normal, (b) parkinsonian and (c) dyskinetic states are depicted. Blue arrows indicate inhibitory projections 
and red arrows represent excitatory projections. The thickness of the arrows indicates the degree of activation of each projection. Note that the striatum communicates 
with output neurons in the globus pallidus pars intema (GPi) and substantia nigra pars reticularis (SNr) through a direct pathway, and with synaptic connections in the 
globus pallidus pars externa (GPe) and the subthalamic nucleus (STN) through an indirect pathway. Dapamine is thought to inhibit neuronal activity in the indirect pathway 
and to excite neurons in the direct pathway. (b) In the parkinsonian state, dopamine depletion leads to disinhibition of dopamine D2-receptor-bearing striatal neurons in the 
indirect pathway leading to increased inhibition of the GPe, and disinhibition of the STN. The resulting overactivity in STN neurons leads to excess excitation of neurons in 
the GPi/SNr and overinhibition of thalamo-cortical and brainstem motor centers resulting in parkinsonism. (c) Dyskinesia induced by L-dopa is characterized by reduced 
activity in the STN. The classical model proposes that this is due to dopamine-induced overinhibition of striato-GPe neurons, resulting in excess inhibition of the STN and 
reduced activation of GPi/SNr. The net result is reduced inhibition of thalamo-cortical neurons with excess drive of cortical motor areas resulting in dyskinesia. 
Abbreviations: DA, dopamine; PPN, pedunculopontine nuclei; SNc, substantia nigra pars compacta; VL, ventralis lateralis. Reproduced with permission from Ref. 7. 

of the  indirect  pa thway ,  whereas expression of mRNA 
encod ing  the  D1 receptor,  substance P and  d y n o r p h i n  
decreases in neurons of the direct pa thway 2m22. In MPTP- 
treated monkeys ,  an increase in STN and  GPi/SNr 
act ivi ty  has been  demons t r a t ed  using 2-deoxyglucose 
uptake as a marker  of synapt ic  afferent act ivi ty 23, in situ 
hybr id iza t ion  of cy toch rome  oxidase subuni t  I (CO-I) 
mRNA as a measure of mitochondria l  activity 24, glutamic 
acid decarboxylase  (GAD) mRNA as a measure  of 
GABA activity 2s and  neurophysiological  studies measur-  
ing the  mean  neurona l  firing rate in single-cell  record- 
ings 26 (Box 1). Fur thermore ,  lesions of the  STN and  GPi 
induce  marked  i m p r o v e m e n t  in m o t o r  cont ro l  in 
MPTP-treated m o n k e y s  27-29 which  is a ccompan ied  by  
reduced act ivi ty  in  GPi/SNr neurons  3°,31, These experi-  
men t s  provide  conv inc ing  evidence tha t  neurona l  
act ivi ty  is increased in the  STN and GPi, as predic ted  
by  the  model ,  and  serve as the  basis for surgical treat-  
men t s  in PD des igned to reduce excess neurona l  activ- 
i ty in these structures 13,14. Indeed,  lesions or h igh  fre- 
quency  deep-bra in  s t imula t ion  (DBS) of these regions 
provide  d ramat ic  benef i t  to PD pat ients  and  restore 
t ha l amo-co r t i ca l  act ivi ty  32,a3. 

kevodopa-induced dyskinesia 

The mode l  proposes  that  chorea-bal l ism results f rom 
reduced act ivi ty  in the  STN, GPi and  GPi/SNr neur-  
ons 1°'11'34, the  oppos i te  of the  effects seen in parkinson-  
ism. This could  result  from a p u t a m e n a l  lesion causing 
decreased i nh ib i t i on  of GPe and consequen t  over- 
inh ib i t ion  of the  STN (Ref. 35), or by  a lesion of the  
STN itself 36. Levodopa- induced  dyskinesia  (LID) is 
t hough t  to occur t h rough  a similar m e c h a n i s m  37. The 
mode l  predicts  tha t  L-dOpa induces  dyskinesia  in 

dopamine-def ic ien t  animals  and PD pat ients  by  excess- 
ive inh ib i t i on  of neurons  of the  p u t a m e n a l - G P e  pro-  
ject ion,  the reby  leading  to d i s inh ib i t ion  of the  GPe, 
over inhib i t ion  of the  STN, reduced STN excitatory drive 
and  hypoac t iv i ty  in GPi/SNr ou tpu t  neurons  (Fig. lc) .  
Furthermore,  it is p roposed  tha t  decreased ou tpu t  from 
neurons  of the  basal  gangl ia  reduces thei r  i nh ib i to ry  
effects on  t ha l amo-co r t i c a l  neurons  accompan ied  by  
excess drive of cortical mo to r  areas and  the  appearance  
of dyskinesia.  This series of events  is suppor ted  by  
electrophysiological  studies showing increased neuronal  
act ivi ty  in the  GPe and  decreased neu rona l  firing in 
the  GPi dur ing  a p o m o r p h i n e - i n d u c e d  dyskinesia  in 
MPTP-treated monkeys  3s and  PD pat ien ts  :~9. 

Problems with the classical model of basal ganglia 
function 

Al though  present  no t ions  of the  o rgan iza t ion  of the  
basal  ganglia  serve as a good  s tar t ing poin t ,  there  are 
numerous  cl inical  and  exper imenta l  f indings  tha t  can- 
no t  be expla ined  or are no t  addressed by  this model .  
In the normal state  

There is no  ques t ion  tha t  the  o rgan iza t ion  of the  
basal  ganglia  is far more  elaborate  t h a n  assumed in the  
current  model .  The n o t i o n  tha t  d o p a m i n e  has a 
d i c h o t o m o u s  effect on  neurons  compr i s ing  the  direct  
and  indirect  s t r ia to-pa l l ida l  pa thways  is difficult to 
reconci le  wi th  growing evidence tha t  D1 and  D2 
receptors colocalize on  most  striatal neurons  4° and tha t  
d o p a m i n e  acts p r imar i ly  to modu la t e  the  in te rac t ion  
between glutamate and dopamine  receptors, rather than  
to excite or inhibi t  striatal neurons directly 41. The model  
also excludes evidence of dopaminerg ic  inne rva t ion  of 
extrastr iatal  regions inc lud ing  the  GPe, GPi, SNr and  
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Box I. Observations for and against the model of the origin of motor features 
and L-dopa-induced dyskinesias in Parkinson's disease 

Data indicat ing  hyperact iv i ty  in the subthalamic  and 
pal l idal  output  to the  thalamus 

Uptake of 2-deoxyglucose (2-DG), which  reflects the  
activity of synaptic afferents, is decreased in the  sub- 
thalamic nucleus (STN) of monkeys  treated with 1- 
methyl-4-phenyl- l ,2 ,3 ,6- te t rahydropyridine (MPTP). This 
indicates reduced inh ib i t ion  from the  globus pal l idum 
lateralis (GPe)L 

In situ hybr id iza t ion indicates increased levels of mRNA 
encoding cytochrome oxidase I (CO-I), an enzyme of the 
respiratory mi tochondr ia l  chain  which  is involved in cel- 
lular metabolism, in  the  STN, globus pallidus pars in terna  
(GPi) and substant ia  nigra pars reticulata (SNr) of MPTP- 
treated monkeys b. 

In situ hybridizat ion reveals increased levels of the  
mRNA encoding the  enzyme glutamic acid decarboxylase 
(GAD), involved in the  synthesis of GABA, in the  GPi and  
SNr of MPTP-treated monkeys ~,d. 

In monkeys treated with MPTP, firing frequency is sig- 
nif icant ly h igher  in the  STN and GPi and reduced in the  
GPe (Refs e,f), in keeping wi th  a state of reduced inhibi-  
t ion  from the  GPe to the STN, which  leads to increased 
excitat ion of the GPi by the STN. 

Adminis t ra t ion of apomorph ine  or L-dopa to rats wi th  
6-hydroxydopamine- induced lesions or to MPTP-treated 
monkeys improves motor  funct ion and  reduces firing fre- 
quency in the  STN (Ref. g) and GPi and increases activity 
in the  GPe (Ref. h). 

The improvemen t  in parkinsonian  features following 
adminis t ra t ion  of L-dopa to MPTP-treated monkeys is 
accompanied by a reduction in the GAD and CO-I mRNA 
levels in the  GPi, SNr and STN (Refs b-d).  

Lesion of the STN in MPTP-treated monkeys improves 
parkinsonian  features and reduces hyperactivity in the  
GPi/SNr (Refs i,j). 

Pallidotomy and deep-brain stimulation (DBS) of the STN 
or GPi in  pat ients  with  PD can induce marked clinical 
improvement  and  reactivate cortical motor  areas as shown 
by positron emission tomography and electrophysiological 
studies k,~. 

Problems w i t h  the  m o d e l  
in situ hybridizat ion indicates tha t  levels of GAD and 

CO-I mRNA are no t  reduced in the  GPe in monkey  and rat 
models  of PD compared with control  values b'u. 

In MPTP-treated monkeys wi th  ~,-dopa-induced dyski- 
nesias (LID), levels of GAD and CO-1 mRNA in the  GPe are 
no t  augmented  compared wi th  the parkinsonian state b,d, 
as predicted by the  model. 

Al though the expression of GAD and CO-I mRNA in 
the  GPi and  STN of MPTP-treated monkeys wi th  LID is 
reduced compared wi th  the  parkinsonian state, it remains 
above normal  levels b'd. According to the model, however, 

it should  be reduced below normal  levels, in  keeping with 
hypoact ivi ty of the  STN and GPi. 

2-DG uptake in the  GPe of parkinsonian  monkeys  with 
LID is not  reduced compared with untreated MPTP-lesioned 
monkeys and, therefore, increased inhibitol T afferent activity 
from the  striatum canno t  be confirmed"L 

Pallidotomy eliminates LID in PA and in pat ients  with 
hemibal l ismus n. 

Pallidotomy, tha lamotomy or DBS of the pallidus, thala- 
mus and  STN do no t  impair motor  function".  
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STN (Ref. 42; see a lso  Y. S m i t h  a n d  J.Z. Kieva143 i n  t h i s  
s u p p l e m e n t )  a n d  does  n o t  cons ide r  t h e  issue of  v o l u m e  
t r a n s m i s s i o n ,  b a s e d  o n  e v i d e n c e  t h a t  m o s t  s t r i a ta l  

44 d o p a m i n e  r e c e p t o r s  are l o c a t e d  e x t r a - s y n a p t i c a l l y  . 
F u r t h e r m o r e ,  t h e  m o d e l  does  n o t  add res s  t h e  ro le  of  

45 str iatal  cho l ine rg ic  i n t e r n e u r o n s  , t h e  ex is tence  of  str iatal  
d o p a m i n e r g i c  i n t e r n e u r o n s  46, a n a t o m i c a l  a n d  func -  
t i o n a l  d i f f e r e n c e s  b e t w e e n  n e u r o n s  o r i g i n a t i n g  i n  t h e  
s t r i o s o m e  a n d  m a t r i x  c o m p o n e n t s  of  t h e  s t r i a t u m  47 
(see a lso  A.M. G r a y b i e l  et  al. 48 i n  t h i s  s u p p l e m e n t )  a n d  
t h e  p u t a t i v e  i m p o r t a n c e  of  o t h e r  r eg ions ,  s u c h  as t h e  

p e d u n c u l o p o n t i n e  n u c l e i  (PPN) a n d  t h e  c e n t r o m e d i a n  
p a r a f a s c i c u l a r  (CM/Pf)  c o m p l e x  i n  t h e  t h a l a m u s ,  w h i c h  
a p p e a r  to  be  i n t i m a t e l y  c o n n e c t e d  w i t h  t h e  basa l  gang l ia  
a n d  m o t o r  f u n c t i o n s  49. T h e  va s t  a x o n a l  co l la te ra l iz -  
a t i o n  t h a t  i n t e r c o n n e c t s  c i rcu i t s  of  t h e  b a s a l  gang l i a  s° 
(see also A. P a r e n t  et  aL i n  t h i s  s u p p l e m e n t  sl) is a n o t h e r  
e x a m p l e  of  t h e  c o m p l e x i t y  of  t h e  basa l  g a n g l i a  s y s t e m  
t h a t  is n o t  a d d r e s s e d  in  t h e  p r e s e n t  m o d e l ,  
In Parkinson's disease 

Cl in ica l  aspects .  T h e  m o d e l  ha s  s e rved  wel l  in  p rov id -  
i n g  b r a i n  t a rge t s  for  surg ica l  t r e a t m e n t s  of  PD b a s e d  
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on reducing the excess neuronal activity in STN and 
GPi. Indeed, such therapies provide marked improve- 
ment in parkinsonian motor features ~2. However, the 
model provides no insight into the pathophysiology 
of the specific motor abnormalities that are found in PD 
(see Ref. 52 for review). For example, automatic and 
simple movements, such as arm swinging and blink- 
ing, automatic but complex muscle contractions, such 
as those involved in walking, simultaneous and 
sequential movements, and selection of the appropriate 
degree of muscle activity in voluntary movements can 
all be impaired to different degrees in different indi- 
viduals. External stimuli can have dual, and opposite, 
effects on motor function. On the one hand, ongoing 
motor actions can be interrupted by sensory stimu- 
lation; an example is freezing while walking in response 
to a visual stimulus. On the other hand, movement 
execution might improve when patients are given an 
e x t e r n a l  cue  s3,s4. These observations illustrate the diffi- 
culty explaining the different aspects of akinesia and 
bradykinesia that are seen in PD simply as the result of 
an augmentation in the inhibitory output from the basal 
ganglia. A similar analysis can be made with respect to 
rigidity, which typically accompanies bradykinesia in 
PD (Ref. 55). 

The situation with respect to tremor is even more 
complex. PD is characterized by a resting tremor, but 
this is not apparent in all PD patients and, in the early 
stages, the tremor can be predominantly postural. Lesions 
of the ventro-intermediolateral nucleus of the thalamus 
consistently ameliorate tremor, but do not improve 
other parkinsonian features. By contrast, dopaminergic 
agents frequently improve bradykinesia and rigidity, 
but not tremor. Tremor is associated with rhythmical 
synchronous neuronal discharges in various basal gan- 
glia (GPe, GPi and STN) and thalamic nuclei s6. These 
same neurons are activated during passive or active 
movement of the affected body part, perhaps explain- 
ing why PD tremor frequently stops during voluntary 
movement sy's*. Blocking neuronal activity in any of 
these basal ganglia or thalamic structures halts tremor. 
Lesion of the voluntary cortico-spinal motor path- 
ways also stops tremor, although this also impairs vol- 
untary movement. The question is, how does dopamine 
deficiency lead to oscillatory activity in the basal gan- 
glia? Slow (<2 Hz), rhythmical, self-perpetuating dis- 
charges are described in organotypic cultures linking 
neurons of the STN and GPe (Ref. 59). The membrane 
characteristics of STN neurons appear to make them 
especially prone to discharge in a repetitive, bursting 
mode 6°, and hyperpolarizing them with GABAergic 
drugs enhances this tendency 6~. It might be that 
dopamine deficiency, acting at different levels of the 
basal ganglia, increases the likelihood that synchronous 
firing will occur, with feedback loops resulting in the 
generation of self-maintained oscillatory activity. What- 
ever the mechanism, why tremor only occurs in some 
PD patients, and why medical and surgical therapies 
differentially affect tremor and other motor features, 
is not accounted for by the present model. 

Despite these limitations, lesions or deep-brain 
stimulation of the STN and GPi can provide dramatic 
amelioration of parkinsonian motor features. Such an 
effect suggests that hyperactivity of STN-GPi projections 
leads to the development of parkinsonism in an all-or- 
nothing fashion. Here too, however, more detailed 
examination reveals that the situation is more complex 
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than suggested by the model. Improvement in motor 
function fol lowing surgery is not homogenous 32'62'63. 
Tremor and bradykinesia tend to be substantially 
improved, but other features, such as repetitive tapping 
or the pegboard test, are not, and can even deteriorate. 
Clinical effects also depend upon the topography of 
the lesion 63. Lesions in the rostra] GPi have a pro- 
found antidyskinetic effect, caudal lesions are more 
effective against tremor and lesions in the middle of 
the GPi provide the best antiparkinson effects. It is 
likely, therefore, that the different motor manifes- 
tations in PD are mediated by more complex patho- 
physiological mechanisms than are envisaged in the 
class ic  m o d e l  ~4,ss. 

Experimental findings. Metabolic and neurophysio- 
logical studies also disagree with the present expla- 
nation for the origin of increased activity in the STN 
(Refs 64,65) leading to augmented excitatory activity 
in the GPi/SNR. The model suggests that overactivity 
of the STN is caused by hypoactivity of the GPe which, 
in turn, results from the loss of the inhibitory influence 
of dopamine on striatal neurons of the indirect path- 
way (Fig. lb). However, the chain of events leading to 
STN and GPi hyperactivity in the parkinsonian state 
is not clearly established 66-6s. Studies in MPTP-treated 
monkeys and patients with PD indicate that these con- 
ditions reduce the rate of neuronal firing in the GPe, 
particularly compared with the GPi (Refs 26,39,69). 
However, metabolic measures of cell activity, such as 
the levels of CO-I mRNA, increase rather than decrease 
in the GPe of MPTP-treated monkeys 24 and rodents 
lesioned using 6-hydroxydopamine (6-OHDA) (Ref. 67). 
Similarly, expression of GAD mRNA increases in the 
GP of rats with 6-OHDA lesions 66 and is normal (not 
reduced) in the GPe of MPTP-treated monkeys zs. In 
addition, increased firing of the STN in parkinsonian 
models occurs before depletion of striatal dopamine in 
6-OHDA-lesioned rats 67 and is not accompanied by a 
reduction in the discharge rate of the GPe in MPTP- 
treated monkeys 6s. These findings suggest that the 
origin of STN hyperactivity in the parkinsonian state 
is not as simple as suggested by the model, and might 
not depend solely on a reduction in inhibitory tone 
from GPe (see later). 

In interpreting this data, one must consider that, 
because in situ hybridization studies do not identify the 
different subdivisions (motor, associative and limbic) 
within regions of the basal ganglia, regional changes 
might be missed. Also, single-cell recordings evaluate 
only a small number of neurons and might not accu- 
rately reflect activity of the majority of nerve cells. 
Nonetheless, one must consider that the discrepancies 
between the predictions of the model and metabolic 
markers of GPe activity are real. One explanation for 
these differences could relate to the reciprocal connec- 
tions that exist between the GPe and STN. STN axons 
that project to the GPe form thin, highly branched 
collaterals arranged in a dense network around large 
numbers of dendrites and soma 7°. By contrast, striatal 
afferents to the GPe have fewer collaterals that estab- 
lish close synaptic contact with the proximal segment 
of GPe axons. This arrangement suggests that the STN 
might exert a widespread, uniform excitatory effect on 
the GPe, whereas the striatum might have more power- 
ful inhibitory actions on individual neurons 7°. The 
consequence of this in the parkinsonian state could be 
that increased excitatory drive from the STN enhances 
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Fig. 2. Activity in GPe and GPi neurons of parkinsonian monkeys in the normal, MPTP-treated, 
and L-dopa-induced dyskinesia states. Measurements include expression of cytochrome oxidase 
subunit-I (CO-I) and glutamic acid decarboxylase (GAD) mRNA, and neuronal discharge rate in 
the GPe and GPi neurons. The overall picture is consistent with a relative increment of GPe 
activity with respect to the GPi in L-dopa-induced dyskinesias. Abbreviations: GPe, globus pallidus 
pars extema; GPi, globus pallidus pars intema; MPTP, 1 -methyl-4-phenyl- 1,2, 3, 6-tetrahydropyridine. 

cellular metabolic activity within the GPe, but increased 
inhibi t ion from the striatum has a more  powerful 
effect on  membrane  excitability and causes reduced 
neuronal  firing. 

Interrelationships between the GPe and STN are likely 
to play an important  role in the pathophysiology of PD. 
Firing in either nucleus is rapidly (within 1-2 msec) 
mirrored by reciprocal firing in the other 7~, to form a 
highly stable excitatory-inhibitory loop. It seems, there- 
fore, that  normal  activity in one area should mainta in  
normal  activity in the other. In the parkinsonian state 
it is possible that  bo th  the STN and GPe are affected, 
causing a loss of the normal  equilibrium. The activity 
of the STN activity could also be affected by sources 
other than the GPe; the sensorimotor cortex, the CM/Pf 
complex of the thalamus and the PPN each provide 
excitatory inputs to the STN (Ref. 72). Increased activ- 
ity in the parafascicular nucleus has been reported in 
6-OHDA-lesioned rats 73 and cortical motor  areas and 
the PPN are affected in PD. It is also conceivable that  
neuronal  activity in the STN is influenced by the loss 
of a direct modula to ry  effect of dopamine.  Dopamine-  
conta in ing neurons  project f rom the SNc to the STN, 
which  expresses bo th  D1 and D2 receptors 74. Indeed, 
direct injection of dopamine agonists into the STN can 
modify  its neuronal  firing pat tern 75. We envisage that  
the characteristic parkinsonian motor  features are conse- 
quences of events at multiple brain levels and that  the 
parkinsonian syndrome results from failure of compen- 
satory mechanisms to stabilize the basal ganglia net- 
work. It migh t  be, therefore, that  the reduct ion in GPe 
activity, and the accompany ing  inability to modulate  
STN hyperactivity, is a secondary effect of depletion of 
dopamine  in the striatum, but  that  hyperactivity in 
the STN develops th rough  other mechanisms 76. 

The role of the direct pathway in the development of 
the parkinsonian state is less well studied. The model  

proposes that  depletion of dopamine  in the striatum 
renders striatal neurons in this pa thway hypoactive,  
but  this has not  been confirmed by electrophysiological 
or metabolic measurements.  Previous studies implicat- 
ing D 1-bearing striatal neurons in the pathophysiology 
of parkinsonism are based on observations that  D1 
receptor agonists elicit motor  responses. These must  
now be reinterpreted with the knowledge tha t  D1 and 
D2 receptors colocalize on neurons that project from the 
striatum 4° and that  anatomical  connect ions  between 
striatal neurons increase markedly in the dopamine  
denervated state 77. Finally, a model  for the organization 
of the  basal ganglia in the parkinsonian state needs to 
take into account  the observation that  the STN and 
PPN provide excitatory inputs to the SNc, and that  
overactivity of these structures might  contribute to 
the neurodegenerative process 76. In support  of this 
concept,  cell loss in the SNc is prevented by  lesion of 
the STN in 6-OHDA-lesioned rodents 78 and by PPN 
lesions in monkeys  treated with MPTP (Ref 79). 
In L-dopa-induced dyskinesia 

We have recently reviewed the pa thophys io logy of  
LID and problems with the current model  7 (see Box 1). 
The model predicts that  dyskinesia results from reduced 
neuronal  firing in GPi and SNr neurons  following 
increased GPe activity and excess inhibit ion of the STN. 
There are data to support this model.  Administrat ion 
of L-dopa or apomorph ine  to MPTP-treated monkeys  
or patients with PD is associated with a significant 
increase in the firing frequency of GPe neurons  and a 
reduct ion in GPi firing rate 39'69, which  is further 
depressed as dyskinesias develop 8°. 

Analysis of the ratio of the GPe:GPi firing frequency 
in different motor  states provides a clue as to the patho- 
physiology of LID (Fig. 2). Usually, the firing rates in 
the GPe and GPi are similar. In the parkinsonian state, 
however, the GPe:GPi ratio is lower than  normal  
(<0.75) because of the large increase in GPi firing 
frequency. In chorea-hemiballismus, which  occurs fol- 
lowing an STN lesion, the ratio is further reduced (to 
0.4-0.6) because the diminished excitatory drive to both 
structures causes them both,  and especially the GPe, 
to fire at very low rates. However, in L-dopa-treated 
parkinsonian monkeys  and PD patients who  have 
developed dyskinesia, the ratio is >1.5. This is higher 
t han  normal, and the opposite of what  occurs in dys- 
kinesia induced by a lesion of the STN. An increase in 
the GPe:GPi ratio during LID is consistent with predic- 
t ions based on  the model.  Measurement  of metabolic 
activity by analysis of the ratio between expression 
levels of GAD and CO-1 mRNA gives comparable 
results (Fig. 2). It appears, therefore, tha t  LID might  be 
associated with excessive activation of the GPe and 
that  this could reduce neuronal  activity in the GPi 
directly, th rough  inhibi tory projections between the 
GPe and GPi, and indirectly, by  blocking the excitatory 
effect of the STN on  the GPi. 

Al though these data indicate that  reduct ion in the 
GPi-firing frequency is a factor in the development  of 
LID, neurophysiological, metabolic and clinical studies 
suggest that  LID cannot  be attributed exclusively either 
to increased GPe activity or to a reduction in the activity 
level of GPi neurons  7. Expression of preproenkephal in 
mRNA, which  is though t  to reflect activity in neurons 
that  project f rom the striatum to the GPe (Refs 19,20), 
is increased further in LID, above the already aug- 
mented  levels associated with dopamine  lesions ~. 
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This suggests inh ib i t ion ,  no t  act ivat ion,  of the  GPe 
and initially, at least, seems inconsis tent  with the  classic 
model .  However,  i t  has recent ly  been  p roposed  tha t  
ENK migh t  reduce the  release of GABA th roug h  a 
modu la to ry  effect on  ac t ion  potent ia l s  arr iving at the  
synapse sz, so tha t  increased p rep roenkepha l in  levels 
might  represent  a c o m p e n s a t o r y  response to excessive 
s t imula t ion  of D2-receptor-bear ing striatal neurons  by  
dopamine .  However, a recent s tudy in PD pat ients  f inds 
no  evidence for a reduc t ion  in GPi firing rates on LID, 
below tha t  ob t a ined  in  the  ' on '  state s3. Fur thermore ,  
e lec t rophysiologica l  studies in dyskinet ic  monke ys  
indicate  tha t  changes  in the  neurona l  firing rate in the  
GPe and  GPi are he terogeneous ,  and  tha t  ne ighbo r ing  
neurons  in these structures ei ther  increase or decrease 
firing f requency 69'84. 

Perhaps the  s t rongest  a rgument  against  GPi hypo-  
activity as the  p r imary  mechan i sm for the  deve lopmen t  
of LID is the  f inding tha t  pal l idotomy,  which  by  defini- 
t ion reduces GPi neurona l  output ,  cons is tent ly  amelio-  
rates, ra ther  t han  induces,  dyskinesia  ss's6. This has led 
to the  concept  t ha t  LID results f rom a b n o r m a l  f ir ing 
pat terns  in o u t p u t  neurons  of the  basal  gangl ia  7'~3,s7,sa. 
We envis ion  tha t  t he  firing pa t t e rn  in  GPi neurons  is a 
s ignal ing code tha t  communica t e s  i n fo rma t ion  abou t  
the  select ion of correct  m o t o r  programs from the  basal  
ganglia  to m o t o r  regions of the  cortex. We bel ieve tha t  
the  neurona l  f ir ing pa t t e rn  comprises  a n u m b e r  of fac- 
tors in  add i t i on  to  f ir ing frequency.  These inc lude  the  
degree and  du ra t ion  of burs t ing activity,  the  length  of 
in te rpo ten t ia l  pauses,  and  the  degree of t empora l  a n d  
spatial  neurona l  synchroniza t ion .  GPi o u t p u t  to the  
cor tex  canno t  s imply  be analyzed in terms of the  firing 
rate of any  given set of neurons,  or by  the  overall  rate 
of discharge.  Rather, it  is the  pa t t e rn  of GPi act ivi ty  
tha t  is t r ansmi t t ed  to  the  cortex tha t  codes for the  
faci l i ta t ion or i nh ib i t i on  of no rma l  and abnorma l  
m o v e m e n t s  7,s8. This hypothes i s  suggests tha t  it is the  
d i s rup t ion  of an a b n o r m a l  firing pa t t e rn  in GPi ou tpu t  
neurons,  rather t han  a change in firing frequency per se, 
tha t  accounts  for the  cl inical  benefi ts  associated wi th  
pa l l ido tomy.  

Revisiting the model of the basal ganglia in 
PD and LID 

The role of the  basal  ganglia in  m o v e m e n t  cont ro l  
has, unti l  now, been thought  of as a serial and  hierarchi- 
cal process. Accordingly,  proper  select ion and  execu- 
t ion  of a desired m o v e m e n t  is t hough t  to fol low a 
sequence of exc i ta tory  and inh ib i to ry  events  8,9 wi th in  
specific cor t ico-basa l  gangl ia-cor t ica l  loops  ~°'14'17. This 
assumes tha t  the  m o t o r  system uses an a lgor i thmic  
approach  to  execute  mo to r  programs and  tha t  the  
basal ganglia  aids in  the  select ion and  opera t ion  of 
these m o t o r  p rograms  in an ' au tomat ic '  fashion 4,g9. 
This mode l  has been  reinforced by  its success in pre- 
d ic t ing the  effect of les ioning  the  STN and GPi in PD. 
However, several features are at odds wi th  this concept .  
First, the  a n a t o m y  of the  m o t o r  circuitry of the  basal  
ganglia is more  complex  than  envisaged by  the  original 
model .  The 'mo to r '  basal  ganglia is no t  on ly  ar ranged 
in separate paral le l  circuits ~6'~9, but  each cort ical  m o t o r  
area, such as area 4, area 6, the supplementary motor  area 
(SMA) and the  dorsolateral  prefronta l  cor tex (DLPFC), 
is organized in a somato top ic  m a n n e r  9°-92. For exam- 
ple, of the  GPi neurons  tha t  represent  the  arm, those  
tha t  project  to SMA are dorsolateral ,  those  tha t  project  

to the  p r e m o t o r  cor tex are ventrolateral ,  those  tha t  
connec t  to area 4 are in be tween  these  two groups and  
those  pro jec t ing  to the  DLPFC are do r somed ia l  9°'91'93. A 
similar,  d is t inct  d i s t r ibu t ion  is present  wi th  regard to 
the  frontal  eye fields 91. This segregated ana tomica l  
o rgan iza t ion  has a phys io logica l  significance. For 
example ,  SMA-related neurons  p r imar i ly  fire ton ica l ly  
for about  1-2 seconds in p repa ra t ion  for m o v e m e n t ,  
whereas  area-4-related neurons  fire phas ica l ly  approxi-  
ma te ly  100 ms before the  onset  of m o v e m e n t  ~)4. This 
func t iona l  specifici ty can be quite selective. Thus, a 
large p ropo r t i on  of pal l idal  neurons  discharge on ly  in 
relat ion to a specific task and some on ly  change activity 
dur ing  one  of several different  sequences of a m o t o r  
pa rad igm 94. By contrast ,  o the r  neurons  discharge wi th  
the  execut ion  of a given m o v e m e n t  and  are act ivated 
after m o v e m e n t  onset,  bu t  before the  nex t  in se- 
quence 9s. There also seems to be a re la t ionship  between 
the  physiological  funct ion and the ana tomica l  locat ion 
of GPi neurons .  More dorsal ly  p laced  GPi neurons  
w h i c h  project  to the  DLPFC, SMA and  cingulate  corti- 
cal areas are m a i n l y  invo lved  in p repara to ry  tasks 
and  are ac t iva ted  before m o v e m e n t  onse t  9~'93'96, 
whereas  neurons  located more  posteroventral ly ,  which  
are ma in ly  connec t ed  wi th  p r e m o t o r  areas 6 and  4 
(Ref. 90), t end  to discharge at, or just after, m o v e m e n t  
onse t  96'97. It is t empt ing ,  therefore,  to  suggest tha t  the  
var ie ty  of m o t o r  mani fes ta t ions  associated wi th  deple-  
t ion  of d o p a m i n e  in PD is med ia t ed  by  specific alter- 
a t ions  in the  firing pa t te rns  of these  different  m o t o r  
Ioops6A4,  Ss. 

It appears tha t  the  m o t o r  circuits of the  basal  gan- 
glia should be considered as a complex  ne twork  formed 
by  discrete and  f inely ar ranged cor t ico-basa l  gang l i a -  
cort ical  paral le l  m o t o r  loops,  which  provide  posi t ive 
feedforward s ignal ing for m o v e m e n t  p repara t ion  and  
execut ion,  and  ' in te rna l '  circuits, w h i c h  ma in ly  serve 
a feedback-stabi l iz ing func t ion  (Fig. 3). 
Cortico-basal ganglia-cortical loops 

These inc lude  cor t ico-s t r ia ta l  and  cort ico-STN pro- 
jections. Cort ico-str iatal  glutamatergic project ions acti- 
vate m e d i u m  sp iny  neurons  in b o t h  the  direct  and  
indirect  pa thways  and  the reby  induce  i nh ib i t i on  or 
exc i ta t ion  of GPi/SNr ou tpu t  neurons  wi th  respective 
facil i tat ion or inh ib i t ion  of m o v e m e n t  s-~°'gs. The promi-  
nen t  role of neurons  of the  direct pa thway  in the  perfor- 
mance  of complex  ocu lomotor  and manua l  movement s  
has been  de mons t r a t e d  in monkeys  ~6,98-z°°. The role of 
the  indirect  pa thway  is no t  so clearly established. Focal 
ac t iva t ion  of the  sensor imotor  cor tex induces  expres- 
s ion of i m m e d i a t e - e a r l y  genes (lEGs), encod ing  c-Fos 
and  Jun-B, p r imar i ly  in  enkepha l inerg ic  striatal neur-  
ons. This suggests preferential  i nvo lvemen t  of neurons  
of the  indi rect  pa thw a y  in these behaviors  z°1'1°2. How- 
ever, in these studies, animals were anesthet ized and the 
sensor imotor  cor tex  was act ivated by  local infus ion  of 
picrotoxin or electrical st imulation,  no t  by  physiological  
movement .  Cortico-STN project ions are fast-conducting 
monosynap t i c  neurons 7~'99, which are activated together  
wi th  cor t i co-sp ina l  pro jec t ions  dur ing  m o v e m e n t  96,97. 
Thus, ac t iva t ion  of cort ical  mo to r  areas has rapid  and  
powerful  d i synap t i c  effects on  the  GPi/SNr tha t  are 
e i ther  inhib i tory ,  t h rough  the  direct  pa thway ,  or exci- 
ta tory,  t h rough  the  STN (Fig. 3). This a r r angemen t  
makes  these two pro jec t ions  well sui ted for the  cont ro l  
of repeti t ive movemen t s  and  learned m o t o r  sequences. 
By contrast ,  the  po lysynap t i c  indi rec t  pa thway ,  wh ich  
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Fig. 3. A modern view of the motor circuitry of the basal ganglia. Somatotopically-organized parallel projections form 
closed loops (black arrows) between the motor cortex, the basal ganglia and the motor cortex. Several horizontal loops 
provide 'internal' stabilization of basal ganglia activity. The centromedian-parafascicular complex (CM/Pf) forms a 
CM/Pf-striatum-GP#EM/Pf positive feedback loop (blue arrows) and a CM/Pf-STN-GPi-CM/Pf negative feedback loop 
(red arrows). The STN controls the activity of the GPi through a direct STN-GPi monosynuptic excitatory connection and 
an STN-GPe-GPi excitatory-inhibitory loop (green arrows). The GPe exerts a reciprocal inhibitory effect on the STN. Dopa- 
minergic modulation of the striatum, STN, GPi, GPe and SMA motor cortex is indicated by grey arrows. Brainstem loops are 
not represented for the sake of simplicity. Abbreviations: GPe, globus pallidus pars extema; GPi, globus paflidus pars intema; 
SNc, substantia nigra pars compacta; SMA, supplementary motor area; 5TN, subthalamic nucleus; VL, ventralis lateralis. 

also has an excitatory effect on output activity of the 
GPi/SNr, is more likely to be involved in complex 
tasks, perhaps during the motor-learning process. 
'Internal' circuits of the basal ganglia 

The internal circuits of the basal ganglia are closed 
loops seemingly arranged to modulate the excitability 
of the basal ganglia itself. Four such internal circuits 
have been identified: (1) the CM/Pf-striatum-GPi-CM/Pf 
circuit, which is probably a positive feedback loop1°3; 
(2) the CM/Pf-STN-GPi-CM/Pf circuit, which is most 
probably a negative feedback loop~°3'1°4; (3) the STN- 
GPe-STN excitatory-inhibitory circuit, which functions 
as an auto-stabilizing loopSg.7*; and (4) the GPe-STN-GPi 
circuit, which can be viewed as an 'open-intercon- 
nected loop l°s, by which the STN induces dual effects 
on GPi (Ref. 106). These include a direct monosynaptic 
excitatory effect and a polysynaptic inhibitory effect 
owing to excitation of GPe fibers which project to GPi. 
These circuits are illustrated in Fig. 3. An important 
feature of these 'internal' circuits is that the striatum, 
CM/Pf and STN receive direct projections from motor 
regions suggesting that they have other functions in 
addition to modulating output activity of the basal 
ganglia. In addition to the above, the PPN in the 
brainstem is likely to have an important role in motor 
function in both normal and pathological conditions. 
It receives excitatory and inhibitory inputs, from STN 
and GPi, respectively and, in turn, provides excitatory 
innervation to CM/Pf, STN and SNc (Ref. 49). The 
possible importance of the PPN in PD is illustrated by 
reports that lesions induce parkinson-like disturbances 
in gait and posture m7 and protect against MPTP toxicity 
in monkeys 79. The nigrostriatal dopaminergic projection 
is also organized topographically. Additionally, rostral 
and caudal SNc neurons differ in their expression of 

cholecystokinin ms and calcium- 
binding proteins x°9' suggesting that 
they might have different physio- 
logical functions. Finally, we now 
appreciate that the GPe, GPi, SNr 
and STN receive dopaminergic 
innervation 42. Although these fibers 
are less profuse than the nigro- 
striatal projection, they could have 
an important regulatory influence 
on the internal circuits of the basal 
ganglia, and thereby modulate the 
output activity of the basal ganglia. 

A modern view of the basal 
ganglia must take into account the 
series of parallel and somatotopi- 
cally segregated but highly collat- 
eralized projection systems that are 
regulated by several internal cir- 
cuits re>ms. In addition, the dop- 
aminergic system has several char- 
acteristics that permit it to serve a 
stabilizing function 4z (Fig. 3). In 
normal monkeys, dopaminergic 
neurons of the SNc discharge toni- 
cally at a low frequency, but fire in 
robust and highly synchronous 
bursts under some circumstances, 
such as reward or anticipation of 
movement 11°. Stable firing of SNc 
neurons probably plays a key role 
in maintaining continuous delivery 

of dopamine to the striatum nl. This can be achieved 
through mechanisms which involve both renewal and 
non-renewal regulatory processes. The former is involved 
primarily with firing rate, and implies that cell 
excitability is influenced by the duration of the inter- 
spike interval or the time elapsed since the last action 
potential. This process is a general feature of neuronal 
activity, including basal ganglia neurons and, there- 
fore, implicitly assumed in the classic model of the 
basal ganglia. Non-renewal activity applies to neuronal 
systems that use patterned codes to provide signaling 
information. Here, the excitability of a given neuron is 
influenced by its previous firing behavior over periods 
of hundreds to thousands of milliseconds nz. This 
leads to stable levels of neuronal activity. Both types 
of regulatory processes are found in dopaminergic 
neurons of the SNc (Fig. 4). The internal, 'horizontal' 
circuits within the basal ganglia (Fig. 3) seem ideally 
suited to support non-renewal activity, thereby form- 
ing a complex neuronal network for motor function 
that remains stable except in extreme circumstances. 

Conclusions and perspectives 

The basal ganglia can no longer be thought of as a 
simple, unidirectional system that transfers infor- 
mation based solely on a firing-rate code. Rather, it must 
now be considered a highly organized network, with 
operational characteristics that simulate a non-linear 
dynamic system. Different parts of the network might 
be activated, depending upon circumstances. For 
example, Hikosaka et al. provide evidence of the involve- 
ment of different motor loops as a sequential task 
becomes acquired and automated .13. In the early stages 
of learning, a complex task is executed by relying on 
the associative prefrontal cortex and the anterior basal 
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ganglia 93'96. However, as the se- 
quence becomes routine, premotor 
and primary motor areas and the 
posterior basal ganglia are pre- 
dominantly engaged in the task 11:~. 
The nigrostriatal dopamine system 
plays an essential modulatory role 
during this learning process n°'x14, 
These plastic changes are likely to 
reflect the macro-organization of 
the network, rather than changes 
in individual loops and synapses ns. 
Indeed, present evidence suggests 
that the basal ganglia is not only 
involved in movement  control, 
but also in planning, 'working 
memory'  and emotion 93,115, all of 
which may be abnormal in PD. We 
have concentrated on the motor 
system because of its obvious rel- 
evance to PD, but it is possible that 
the basal ganglia might have 
many other roles. Nevertheless, we 
believe that thought, motivation 
and emotion can be intimately 
linked to action 6, and it might be 
that integrating these different 
aspects of behavior is an essential 
characteristic of the basal ganglia 
network. 

We hypothesize that the tonic 
dopaminergic system and the 
internal circuits of the basal ganglia 
are designed to maintain the stabil- 
ity of the motor control network. 
Dopamine depletion destabilizes 
this network and leads to large 
increases in neuronal synchroniz- 
ation and oscillatory activity in 
several basal ganglia loops s6. PD 
features become evident when the 
self-stabilizing loops of the basal 
ganglia fail in their compensatory 
role leading to a drastic shift in 
neuronal activity. Surgical lesions 
of the STN or GPi regain a certain 
level of equilibrium by eliminating 
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Fig. 4. Assessment of non-renewal firing activity of dopaminergic neurons in the rat. Measurement of (a) the rate of firing 
of dopaminergic neurons in the substantia nigra pars compacta (SNc) of the rat. The (b) original interspike interval (ISI) 
sequence (raw sequence) was (c) randomized (random sequence) and the distribution of the interspike intervals analyzed 
using two different statistical procedures: (I) the (d) single-ISI histogram, which represents the interval distribution between 
two successive spikes; and (2) (e) the accumulated-ISI histogram, which is a probability density function of the time 
elapsed between two potentials separated by the number of spikes (20 spikes in this instance). The single-ISI histogram (d) 
is the same for the raw and random sequences. However (e), the accumulated-ISI histogram shows a larger dispersion for the 
random than for the raw sequence, which has a greater probability (P) of intervals around 5000 ms. These findings indi- 
cate that long-lasting intervals are followed by short-lasting intervals (and vice versa), compensating for previous varia- 
tions of ISis. This is a form of non-renewal activity and supports the existence of stable firing patterns in SNc neurons. 

major sources of instability in the network. Interruption 
of such circuits is not accompanied by overt motor 
deficits because of the widespread and non-serial organiz- 
ation of the basal ganglia-motor system, but could lead 
to motor defects under special circumstances where criti- 
cal components of the network are required. Examples 
of such situations are the need to change a motor 
behavior when an unexpected event occurs, learning a 
novel task or undertaking fine and precise manual tasks. 
Indeed, pallidotomy and DBS of the STN or GPi in PD 
patients are reported to interfere with motor learning 
and the execution of some complex motor tasks 3axx6. 
In the dopamine-depleted state, intermittent L-dopa 
administration might act as a destabilizing stimulus 
by alternately exposing the basal ganglia to large con- 
centrations of unregulated, mainly extrasynaptic L-dopa 
on the one hand and severe dopamine deficiency on the 
other. These oscillations between periods of extremely 
low and excessively high dopaminergic activity might 
force an already abnormal network to adapt to an 

even more stressful situation. How dopamine depletion 
and chronic pulsatile stimulation with L-dOpa combine 
to induce plastic changes in the basal ganglia needs to 
be more precisely defined 14'88,uT,uS. We, and others, 
have postulated that intermittent use of short-acting 
dopaminergic agents such as L-dopa results in abnormal 
pulsatile stimulation of striatal dopamine receptors. 
This leads to consequent dysregulation of genes and 
proteins in downstream neurons and alterations in 
neuronal-firing patterns and dyskinetic behavior 7,88,119A2°. 
This concept is supported by an increasing body of 
information indicating that LID in MPTP-treated 
monkeys and PD patients can be prevented or reversed 
with long-acting dopaminergic agents that protect 
against pulsatile stimulation of dopamine receptors nS'lzl, 
by agents that interfere with intracellular signals that 
promote abnormal phosphorylation of glutamate 
receptors ~z°, or by surgical lesions that eliminate the 
communication of altered firing patterns from the 
basal ganglia to cortical motor areas 8s,s6. This hypothesis 
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implies that, f rom the perspective of PD, it is better to 
have no  input  f rom the basal ganglia than a deranged 
input  with an abnormal  signaling pattern. Al though 
some of these mechanisms are now beginning to be 
deciphered, it is likely that  they too will represent a 
complex process involving m a n y  different intracellu- 
lar signal-transduction pathways 122. 

For further discussion on this topic see Box 2. 
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