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Physiology of the Basal Ganghia and
Pathophysiology of Parkinson’s Disease

Robert G. Lee

ABSTRACT: This paper reviews current concepts concerning the anatomical organization and functions of the basal
ganglia focusing mainly on the role of the basal ganglia in control of movement. Results of several studies which have
been carried out on patients with Parkinson’s disease are also reviewed and discussed as examples of altered normal
physiological mechanisms.

RESUME: Pathologie des noyaux gris centraux et pathophysiologie de la maladie de Parkinson. Cet article revoit les
concepts actuels sur I’organisation et les fonctions des noyaux gris centraux, en accordant une attention particuliére
au rdle des noyaux gris centraux dans le contréle du mouvement. Nous revoyons également les résultats de plusieurs
études qui ont été effectuées sur des patients atteints de la maladie de Parkinson et nous en discutons en tant

qu’exemples d’altérations des mécanismes physiologiques normaux.
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Long before much was known about the anatomy and physi-
ology of the basal ganglia, it was recognized that pathology in
this part of the brain often caused disorders of muscle tone and
movement. However, exactly what role the basal ganglia played
in normal movement remained a mystery. In recent years, the
results of studies using a combination of anatomical, physiological,
and neurochemical techniques have begun to shed new light on
this complex area of the central nervous system. With a better
understanding of normal function it is now possible to begin a
more systematic analysis of the various disorders of movement
associated with disease of the basal ganglia.

Several recent reviews and monographs have discussed the
functions of the basal ganglia."* Other contributions to this
symposium will deal with the chemical and pharmacological
aspects of basal ganglia functions. This paper will provide a
selective review of some of the recent anatomical and physio-
logical developments and will attempt to relate these to some of
theabnormalities observedin patients with Parkinson’s disease.

ANATOMICAL OVERVIEW

The general anatomical organisation of the basal ganglia is
now fairly well understood. The striatum, which is the major
input centre for the basal ganglia, receives projections from
almost all areas of the cerebral cortex (Figure 1). After some
internal signal processing outputs are directed from the internal
segment of globus pallidus (GPi) and pars reticulata of substantia
nigra (SNpr) through the thalamus to more restricted zones of
cerebral cortex, mainly in the frontal lobe.

The arrangement illustrated in Figure 1 emphasizes the con-
cept which has been proposed by several investigators, namely
that the basal ganglia act like a funnel collecting information
from widely scattered areas of cortex and gradually consolidat-
ing this into a more focused output directed to a specific area. In
additionto the inputs from cerebral cortex, the striatumreceives
afferents from a number of sites in the brain stem and diencepha-
lon including centrum medianum, pars compacta of the substantia
nigra (SNpc) and the raphe nuclei. These inputs are presumably
able to modulate the flow of information arriving via the
corticostriate projections. There is no doubt that the basal
ganglia play an important role in motor function, but it is
becoming increasingly obvious that control of movement is not
the only function of the basal ganglia. Some areas such as the
caudate have no obvious motor role and many of the projec-
tions from the basal ganglia are directed back to cortical areas
which do not seem to be involved in control of movement.
There is increasing evidence that some parts of the basal gan-
glia play a role in cognitive function (see following paper by
Phillips). The anatomical link between the ventral striatum and
parts of the limbic system suggests that the basal ganglia may be
involved with functions such as mood and motivation.

It has been proposed that, in addition to the motor circuit
which projects back to motor areas of cortex, the basal ganglia
also include a complex circuit receiving input from association
areas of cortex and projecting back to prefrontal areas. One
concept which has emerged is that the basal ganglia may pro-
vide a mechanism whereby cortical regions involved in *‘higher”’
brain functions may gain access to motor output areas.®
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Figure 1 — Simplified diagram showing the gen-
eral organization of the basal ganglia. Affer-
ent input from the cerebral cortex and several
brain stem nuclei is directed to the striatum.
The major outflow from the basal ganglia
originatesfrom globuspallidus and substantia
nigra (pr) and is directed back to cerebral
cortex.

The concept of multiple functions for the basal ganglia has
recently been further developed by Alexander, et al.” who
describe atleast five parallel but functionally segregated subcor-
tical loops passing through the basal ganglia. These circuits are
identified by the cortical region to which the outputs are directed
and include: (1) The motor circuit projecting to the supplemen-
tary motor area (SMA), (2) an oculomotor circuit projecting to
area 8, (3) an anterior cingulate circuit receiving input from
hippocampus, amygdala, and other limbic areas and sending
projections back to the anterior portion of the cingulate gyrus.
In addition, there is anatomical evidence for two additional
separate circuits projecting through the basal ganglia to prefron-
tal cortex, one to the dorsolateral prefrontal area and the other
tothe lateral orbitofrontal region. Our knowledge of the function
of these non-motor circuits is still quite limited, and the remain-
der of this discussion will focus on the motor functions of ihe
basal ganglia.

The inputs for the motor circuit come mainly from sensorimo-
tor cortex, premotor cortex, and some areas of the parietal lobe
and are directed to the putamen. The output from globus pallidus
goes to the thalamus (VLm/VLo) and from there almost exclu-
sively back to SMA. Itis interesting to note that some functions
such as motor planning and programming which have tenta-
tively been assigned to SMA are similar to functions which
others have proposed for the basal ganglia. Furthermore, lesions
of SMA can produce motor deficits which are similar in several
respects to what is observed in Parkinson’s disease.®

It is useful to compare and contrast the basal ganglia with the
cerebellum, the other major subcortical system concerned with
control of movement. The basal ganglia receive no direct sen-
sory input from the periphery, whereas the cerebellum receives
extensive projections via the dorsal columns and spinocerebellar
tracts frommuscles, joints, and cutaneous receptors. Asalready
indicated the major projection from the motor components of
the basal ganglia goes to SMA; much of the cortically directed
output from cerebellum goes directly to motor cortex. The
basal ganglia influence motor output almost entirely through
their effect on cerebral cortex; there are no direct projections
from the basal ganglia extending below the upper brainstem,
and those that do reach the brainstem seem to be concerned
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mainly with eye movements rather than with posture or limb
movements. On the other hand there are extensive connections
between the cerebellum and brainstem nuclei which give rise to
descending motor pathways such as the reticulospinal and
vestibulospinal tracts. Much of the output from the basal gan-
glia and cerebellum passes through the VL/VA region of the
thalamus, and at one time it was thought that there might be
convergence of input from cerebellum and basal ganglia on to
single thalamic neurons. However, anatomical studies now
indicate that the thalamic targets for the basal ganglia and
cerebellar outputs are largely separate.®

INTERNAL STRUCTURE

There is a tendency amongst clinicians, and even some
physiologists, to view the striatum as a black box without much
concern about what goes on inside. The reluctance to open this
black box can be partially appreciated when we consider the
complexity of the internal structure and neuronal connections
within the striatum. The details of the internal structure of the
striatum are beyond the scope of this review, but we shall
consider briefly a few main points. Golgi impregnation studies
have revealed at least nine morphologically distinct neurons
within the striatum. More than a dozen putative neurotransmittors
have beenidentified and there are nine distinct types of synapses.’

Some of the major cell types in the neostriatum are listed in
Table 1. These can be classified according to their size and the
presence or absence of dendritic spines in Golgi preparations,
and also by immunocytochemical studies to identify their
neurotransmitters. The most commonly encountered cell in the
neostriatum is the medium size densely spiny neuron. This is
probably the major output cell of the striatum, sending projec-
tions to globus pallidus and substantia nigra as well as collater-
alsto other striatal neurons. These cells utilize GABA, substance
P, and enkephalin as neurotransmitters. There is some evi-
dence that GABA and enkephalin may co-exist in the same cell.
A second cell type is much larger and has no dendritic spines.
This cell is relativety rare in Golgi preparations and is found
only in the ventral striatum. It is a cholinergic cell and sends
projection to the substantia nigra. There are also several types
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of interneurons which utilize acetylcholine, GABA, and
somatostatin as transmitters.

The inputs from the cerebral cortex which are excitatory and
use glutamate as a transmitter probably terminate on all cell
types in the striatum although the medium size densely spiny
output neurons and the cholinergic interneurons are important
targets. It is likely that the dopaminergic inputs from SNpc
form synapses on the same neurons and there is evidence that
nigrostriatal terminals produce both post-synaptic inhibition of
striatal neurons and pre-synaptic inhibition of corticostriatal
nerve terminals.'® However, we are still a long way from
undertanding how these neuronal interactions function in nor-
mal movement or how loss of the nigrostriatal dopaminergic
influences results in the motor deficits seen in Parkinson’s
disease.

MICROPHYSIOLOGY OF THE BASAL GANGLIA

Initial approaches to understand the function of the basal
ganglia using the classical techniques of electrical stimulation
and lesion making produced results which were disappointing
and difficult to interpret (see DeLong and Georgopoulos for
detailed review).! Even single cell recording in behaving primates,
a technique which has contributed a great deal to our knowl-
edge of cortical motor areas and the cerebellum, has been slow
to yield information concerning the function of basal ganglia.
There are at least two reasons for this. First, there is not yet any
reliable method for identifying which of the many cell types in
the basal ganglia is being recorded from when a microelectrode
is inserted. Even after recording from large numbers of cells it
is difficult to develop a comprehensive picture of single cell
function when the population is a heterogeneous group includ-
ingoutput neurons and various types of interneurons. Secondly,
neurons in most areas of the basal ganglia show a much less
precise relationship to specific body movements than neurons
in motor cortex, cerebellum, and other motor centres. Despite
these difficulties a number of investigators, particularly Mahlon
DeLong and his colleagues at Johns Hopkins, have carried out
extensive single cell recordings from various sites in the basal
ganglia and, although the puzzle is far from complete, the parts
are beginning to fit together in a manner which allows at least a
glimpse of how the total picture may eventually appear.

Spontaneous activity of single neurons

The discharge properties of single neurons indifferent regions
of the basal ganglia are summarized in Table 2. Most of the
studies which have been done have focused on either the input
centre, the striatum, or the output areas in GPiand SNpr. There
is a striking difference in the spontaneous activity of neurons in
these two areas. In the GPi and SNpr there is a high level of
spontaneous activity with sustained high frequency discharges. "’
In GPe, there is also high frequency spontaneous activity but
more of a tendency for cells to fire in bursts. In the putamen, by
contrast, many cells are either silent at rest or have low sponta-
neous firing rates.'?

Relationship between neuronal discharges and limb movements

In both the putamen and globus pallidus about 50% of neu-
rons which have been studied show some type of relationship to
limb movements. The changes in neuronal discharges which
accompany movements show the best correlation with direc-
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tion of movement.'® Figure 2 shows an example of a single
neuron in the putamen of a monkey performing flexion and
extension movements of the elbow. There is a marked increase
in discharge frequency preceding and following the onset of
elbow extension, but no changes occur with elbow flexion. The
increased firing is slightly more pronounced when there is a
larger load opposing the movement, but the correlation between
neuronal activity in the putamen and the force generated by the
movement is much less than in other centres such as the motor
cortex. These observations suggest that some neurons in the
putamen are involved primarily in specifying the direction and
scaling the amplitude of voluntary movements.

Although many neurons in the basal ganglia do show move-
ment associated changes in discharge frequency, the timing of
these changes is much less tightly coupled to movement onset
than is the case for neurons in the motor cortex or cerebellum.
Figure 3 shows the timing of neuronal discharges in relation to
movement onset for a large number of neurons in the putamen.
Although some of these cells increase firing frequency inadvance
of the movement many do not show any change until after the
movement has actually commenced. By contrast, the majority
of neurons in cerebellum and motor cortex which are associ-
ated with movements show an increase in firing prior to move-
ment onset,

With this imprecise relationship to movement onset, it seems

Table 1: Different Types of Neurons Identified in the Neostriatum
OUTPUT NEURONS

Projection sites Neurotransmitters

Medium size densely Globus pallidus GABA
spiny neurons Substantia nigra Substance P
Other striatal Enkephalin

neurons

Large aspiny
neurons

INTERNEURONS

Substantia nigra ACh

Cholinergic neurons
GABAergic neurons

Somatostatin neurons

Table 2: Discharge Properties of Single Neurons in the Basal Ganglia

Spontaneous activity
Putamen - silent at rest or low spontaneous firing rates

Globus pallidus - high frequency spontaneous discharges

Relation to voluntary movements

50% of neurons discharge in association with limb movements
Close relationship to direction of movement

Variable temporal relationship to onset of movement

Some cells correlate with “"motor set™

Responses to peripheral stimuli

Many cells show no response to any sensory input
Some cells respond to passive limb movement
No driving by cutaneous input

Microstimulation (of putamen)

Discrete movement of individual body parts on contralateral side
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unlikely that neurons in the putamen are involved in actually
initiating movement. However, there is a subset of neurons in
the putamen whichis related ina complex way to the behavioural
preparation for movement or what has been termed ‘‘motor
set”’.® These cells show changes in their firing patterns which
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Figure 2 — Activity of a single neuron in the putamen of a monkey performing
flexion-extension movements of the elbow with the contralateral arm.
Each row of dots shows the timing of the spike discharges relative to
movement onset for a single trial. The letters on the left indicate the
amount and type of load which opposed the movement (HF and LF - heavy
and light loads opposing flexion, NL - No load, LX and HX - loads
opposing extension (Reproduced from Crutcher and Delong’® with

permission).
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Figure 3 — Histogram to show times at which movement associated neurons
in the monkey putamen change their firing frequency in relation to onset of
movement which occurs at time zero (From Crutcher and DeLong' 3 with
permission).
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precede movements in certain behavioural situations but not in
others. For example, in a monkey which is trained to make a
movement for which it receives a juice reward there are neu-
rons in the putamen which increase their firing rate following
the auditory signal which tells the animal to initiate the movement.
If the reward is then not provided, within a few trials, the same
auditory stimulus and the same movement is not accompanied
by any changes in firing frequency of the cell.®

Somatotopic organization

Reconstruction of anatomical data to show the exact site of
neurons which have been studied has confirmed that a precise
somatotopic organization is maintained at all levels as informa-
tion passes through the basal ganglia.!! In the GPi and SNpr,
which seem to be anatomically and physiologically one struc-
ture separated by part of the internal capsule, the leg is repre-
sented in the outer part of the GPi, the arm in the inner part, and
the head and neck in SNpr. In the putamen cells are organised
into functional clusters of 2-5 neurons which show similar
relationships to active or passive movement at a single joint.!?
These clusters may correspond to the anatomically defined
patches in putamen which have been demonstrated by labelling
the terminals of projecting pathways.

As already mentioned the basal ganglia receive no direct
sensory inputs from the periphery. Many cells which show
changes in firing patterns associated with voluntary movement
do not respond to any type of sensory input. Those which do
tend to respond to passive joint movement and other forms of
““‘deep’’ stimulation. In contrast to the cerebellum, neurons in
the basal ganglia cannot be driven by cutaneous inputs.

Microstimulation studies

Standard electrical stimulation at various sites in the basal
ganglia has produced conflicting and confusing results. Recently,
however, Alexander and DeLong'*'* have demonstrated that
microstimulation within the putamen produces discrete move-
ments involving individual body parts, usually on the contralat-
eral side. An example of their results is shown in Figure 4. This
shows movement amplitude and velocity as well as associated
EMG activity from the brachialis muscle in a monkey in which
elbow flexion movements were produced in response to
microstimulation of the contralateral putamen. Alexander and
DeLong found that movements could be evoked by micro-
stimulation at approximately 20% of sites studied in the putamen.
No movement occurred in response to stimulation at any site in
the caudate, reinforcing the concept that the caudate does not
play a role in motor function and may be concerned with more
complex behavioural activity .

PATHOPHYSIOLOGY OF PARKINSON’S DISEASE

Another approach which has been taken to help understand
the function of the basal ganglia is physiological analysis of the
clinical disorders which occur as a result of disease or injury
affecting this area of the brain. Basal ganglia disorders can be
considered in two major categories: those characterised by
poverty of movement or akinesia, the obvious example being
Parkinson’s disease, and those characterised by excessive invol-
untary movements, the best example here being chorea. The
most extensive studies have been done on Parkinson’s disease.*!¢
Some of these results will be reviewed briefly here.
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Reaction times

Simple reaction times to both visual and kinesthetic stimuli
are prolonged in parkinsonian patients.'” However, parkinso-
nians do not show any additional impairment in choice reaction
time experiments where they are required to respond to two
signals, the second one specifying the direction of movement.
Parkinsonian patients therefore seem capable of assembling
motor programs in response to sensory stimuli. There is evi-
dence that they may have difficulty modifying or replacing
these programs if the initial response to the stimulus is not the
correctone. This was demonstrated inan experiment by Angel'®
who found a marked delay in changing direction when parkinso-
nian patients initiated a movement in the wrong direction in
response to a false cue.

Performance on tracking tasks

Parkinsonian patients are more dependent on visual feed-
back than normal subjects when they carry out certain types of
movement.'® This might account for some of the problems
which parkinsonians have in performing arm movements to
track a visual target moving in a sinusoidal pattern. Flowers has
interpreted this defect as an inability for parkinsonians to adopt
a predictive mode for tracking.?’ According to Flowers parkin-
sonian patients ‘‘seem to lack a dynamic internal model of their
own movements from which to control them predictably™.
However, in a subsequent set of experiments Day and Marsden?'
concluded that ‘‘failure of predictive motor action is not an
inevitable feature of Parkinson’s disease’’.

Ballistic movements

With akinesia being one of the major clinical manifestations
of parkinsonism, we might expect the most prominent abnor-
malities to show up on very fast or so called ballistic voluntary
movements. This has been demonstrated in a number of
experiments. The inability to generate high velocity move-
ments is particularly obvious when parkinsonian patients attempt
to perform large amplitude movements. Frequently they stop
short of the target and then have to generate an additional
movement.?® Part of the reason for this is apparent when one
examines the EMG activity associated with this type of movement.
Hallett and Khosbin?? found that parkinsonian patients have
difficulty generating a sufficiently large initial agonist EMG

burst to reach a target with a single movement. Additional
EMG bursts are required and the movements may end up
consisting of a series of small steps. It has been proposed that
this may be the basic mechanism underlying the bradykinesia
of parkinsonism.?

Figure 5 shows an example of this type of abnormality in
parkinsonian patient attempting to perform rapid wrist flexion
movements to a specified target. Examination of the position
and velocity records show that most of the movements are
relatively slow despite the fact that the subject was instructed
to move as rapidly as possible. In several trials the movement
stops or even reverses direction before reaching the target
zone. In the EMG recordings the initial agonist burst in the
wrist flexors is not well defined and often consists of two or
more segments. There is some tonic EMG activity in the exten-
sors in all trials, but a well defined antagonist burst is seen only
rarely. Parkinsonian patients seem to have difficulty recruiting
a sufficient number of synchronized motor units to generate
rapid large amplitude movements. It is also apparent in Figure 5
that there is marked variability in the pattern of EMG activation
and the associated movement properties in successive single
trials. Normal subjects show a fairly stereotyped EMG pattern
from one trial to the next in a motor task of this type.

Performance of simultaneous movements

Additional abnormalities are apparent in parkinsonism if sub-
jects are required to carry out more complex movements. It has
been recognised for a long time that parkinsonian patients have
difficulty performing more than one motor task at the same
time. This phenomenon was re-examined recently by Benecke,
et al.”® who had subjects perform two simple tasks - a rapid
flexion of the elbow and an isometric squeeze of a force trans-
ducer held between the thumb and index finger. In normal
subjects the speed of the individual movements was much the
same whether they were performed independently or simultan-
eously. As expected parkinsonian patients were slower than
normal subjects at performing either task independently but the
time required to complete a movement was markedly increased
when the patient attempted to perform the two tasks simultan-
eously. Benecke, et al. interpret these results as suggesting that
in Parkinson’s disease there may be a deficit in superimposing
two separate motor programs.
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Figure 4 — Movement characteristics and EMG
activity from the brachialis muscle associated
with elbow flexions produced by microstimu-
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Long latency reflexes

A consistent finding in many parkinsonian patients has been
accentuation of the long latency component (M2) of the stretch
reflex.>* In addition, the ability to modulate this late compo-
nent according to prior instruction or volitional set seems to be
lost in parkinsonian patients. Although there has been much
debate concerning the origin of the M2 reflex component, there
is strong evidence to support the view that it is mediated at least
in part by a long loop transcortical pathway, and it was pro-
posed that defective gain control in this feedback loop might be
one of the mechanisms responsible for parkinsonian rigidity.>*
Subsequent observations seemed to confirm that the M2 response
was large in parkinsonian patients with prominent rigidity but
not in those in whom rigidity was not a major feature.?’ Other
investigators however, have questioned whether there is any
consistent correlation between the amount of rigidity and the

size of M2.% An interesting sequel to this story has been the
observation by Noth? that M2 is reduced in patients with
Huntington’s disease, a conditionin which there is also suppres-
sion of somatosensory evoked potentials.

WHAT DO THE BASAL GANGLIA DO?

Despite the rapid accumulation of knowledge concerning the
basic structure and cellular physiology of the basal ganglia, any
attempt to answer this question still requires considerable
speculation. The basal ganglia obviously do many different
things and it would be an oversimplification to attempt to assign
any single function to such a complex area. These concluding
comments will summarize some of the major concepts which
have been discussed concerning the motor function of the basal
ganglia.
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Figure 5 — Recordings from a parkinsonian patient
performing a series of wrist flexion move-

ments to a target located 30° from the starting
position. The subject was attempting to move
as rapidly as possible. EMG activity was
recorded by surface electrodes over the wrist
flexor and wrist extensor muscles.
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Marsden has proposed that the basal ganglia are responsible
for ‘‘the automatic execution of the sequence of motor pro-
grams which comprise a learned motor plan’’. This concept,
which is based to a large extent on observations of the motor
deficits in patients with Parkinson’s disease, implies that com-
plex motor activity or learned motor plans require the assembly
of a number of different motor programs or sub-routines. There
is no evidence that these programs are stored in the basal
ganglia, but Marsden suggests that the basal ganglia may be
responsible for collecting programs from other centres, assem-
bling them into the proper sequence and then transmitting the
package to cerebral cortex to allow the motor plan to be exe-
cuted in an automatic manner. This is an interesting unifying
hypothesis of basal ganglia motor function, but it may need to
be broken down into smaller components before it can be
adequately tested.

From their extensive studies on discharge properties of sin-
gle neurons DeL.ong and his colleagues have concluded that the
basal ganglia are responsible for specifying the direction and
scaling the amplitude of voluntary movement.””'* This pro-
posed function would fit fairly well with some of the movement
abnormalities observed in Parkinson’s disease, particularly the
difficulty performing large amplitude ballistic movements.
However, it seems unlikely that this is an exclusive function of
the basal ganglia, since neurons at several other sites in the
central nervous system show similar correlations with move-
ment direction and amplitude.

A different approach has been taken by Penney and Young®
who have proposed that the basal ganglia are involved in *‘selection
of which behaviours will be carried out and suppression of
unwanted ones’’. This proposal provides a convenient explana-
tion for some of the involuntary movements seen with disor-
ders of the basal ganglia. For example, chorea could be interpreted
as failure to suppress unwanted movements. However, the
specific mechanisms by which appropriate behaviours are selected
and unwanted movements are suppressed are not at all clear at
this stage from any of the experimental studies on basal ganglia
function.

Finally, we shall return to the suggestion by Evarts and Wise®
that the basal ganglia ‘‘provide a pathway whereby cortical
regions involved in certain higher brain functions gain access to
motor control mechanisms’’. Since so much of human behaviour
is expressed by movement, it would seem logical that there
should be some mechanism for connecting centres concerned
with mood, motivation, and memory to motor output areas.
Whether the basal ganglia actually form this connecting link is
still not fully established, but with the increased attention being
focused on the basal ganglia by both basic and clinical neuro-
scientists, answers to these questions should be available in the
fairly near future.
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