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During the last two decades, the many developments in the treatment of movement disorders
such as Parkinson disease and dystonia have enhanced our understanding on organization of
the basal ganglia, and this knowledge has led to other advances in the field. According to many
electrophysiological and anatomical findings, it is considered that motor information from dif-
ferent cortical areas is processed through several cortico-basal ganglia loops principally in a pa-
rallel fashion and somatotopy from each cortical area is also well preserved in each loop. More-
over, recent studies suggest that not only the parallel processing but also some convergence of
information occur through the basal ganglia. Information from cortical areas whose functions
are close to each other tends to converge in the basal ganglia. The cortico-basal ganglia loops
should be comprehended more as a network rather than as separated subdivisions. However,
the functions of this convergence still remain unknown. It is important even for clinical doc-
tors to be well informed about this kind of current knowledge because some symptoms of move-
ment disorders may be explained by disorganization of the information network in the basal
ganglia. Journal of Movement Disorders 2011;4:8-12
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In the early years of the 1990s, the basal ganglia circuitry was summarized in several par-
allel loops with the “direct and indirect pathway model.” After the publication of this model
combined with spread of stereotactic surgeries for deep brain stimulation therapy of move-
ment disorders such as Parkinson disease and dystonia, clinical and experimental interest in
organization of the basal ganglia has revived. A large number of anatomical and electrophys-
iological findings on the basal ganglia network have supported this model. However, it may
be oversimplified. Although many researchers have tried to explain the pathophysiology of
movement disorders by firing rate changes through these two pathways, it is still difficult to un-
derstand the mechanisms of most of their symptoms.

Recent studies have proposed some additions to this model and insisted on their importance.
With regard to the organization of several loops in the basal ganglia, some convergence of in-
formation from different cortical areas was proved. Concerning the details of the loops, the
role the subthalamic nucleus (STN) as a part of the “hyperdirect pathway” has occupied the in-
terest of many researchers. Besides, one of the topics on motor information in the basal gan-
glia is somatotopy.

In this article, I review the current knowledge on organization of motor information in the
basal ganglia, with special emphasis on assessing the electrophysiological evidences.

Current Model of the Basal Ganglia and
Its Electrophysiological Evidences

The basal ganglia receives inputs from wide areas of the cerebral cortex, in particular, from
the frontal lobe. The information processed in the basal ganglia is transmitted back primarily
to the cerebral cortex, via the thalamus, to form a cortico-basal ganglia loop.'?
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In this circuitry of the basal ganglia, the striatum receives dir-
ect excitatory cortical inputs and projects them to the output nu-
clei of the basal ganglia, i.e., the internal segment of the glo-
bus pallidus (GPi) and the substantia nigra pars reticulata (SNr),
via two major projection systems, the “direct” and “indirect” pa-
thways. The direct pathway arises from the gamma-aminobu-
tyric acid (GABA)ergic striatal neurons that contain subst-
ance P and projects monosynaptically to the GPi/SNr. The in-
direct pathway arises from the GABAergic striatal neurons
that contain enkephalin and projects polysynaptically to the
GPi/SNr via the sequence of connections involving the ex-
ternal segment of the globus pallidus (GPe) and the STN. In
addition, dopaminergic projections from the substantia nigra
pars compacta (SNc) differentially modulate the activity of
striatal projection neurons in the direct and indirect path-
ways. Dopamine excites striatal neurons in the direct path-
way through dopamine D1 receptors (D1Rs), whereas it in-
hibits striatal neurons in the indirect pathway through dopa-
mine D2 receptors (D2Rs).>* Moreover, recent studies have
proposed the idea that the STN receives direct cortical inputs,
and that the cortico-STN-GPi/SNr pathway, called the “hy-
perdirect” pathway, also considerably influences the GPi/SNr
activity.

This current model has been supported not only by many
anatomical experiments*'® but also by the following electro-
physiological findings (Figure 1): the stimulation of the mo-
tor-related cortical areas evoked 1) orthodromic spike disch-
arges in striatal neurons'' (Figure 1A); 2) induced a response
composed of early and late excitations in STN neurons (Fig-
ure 1B)'>"%; and 3) induced an early, short-latency excitation,

followed by an inhibition and a late excitation in GPe (Figure
1C) and GPi (Figure 1D) neurons of monkeys.'>'**’ The early
excitation evoked by the cortical stimulation of STN neurons
is caused by the direct cortico-STN projections, and one of the
main origins of the late excitation is considered to be the dis-
inhibition in the STN through the cortico-striato-GPe-STN pa-
thway. On the other hand, with regard to the responses of GPe
and GPi neurons to cortical stimulation, the early excitation is
derived from the cortico-STN-pallidal pathway, while the in-
hibition and late excitation are considered to be principally me-
diated by the cortico-striato-GPe/GPi and cortico-striato-GPe-
STN-GPe/GPi pathways, respectively.

Parallel Organization of the
Cortico-Basal Ganglia Loops

The cortico-basal ganglia loops are composed of several pa-
rallel, segregated, and functionally distinct but homologous
loops'® such as the motor, oculomotor, prefrontal, and limbic
loops. Through these multiple loops, the basal ganglia control
limb movements, eye movements, higher brain functions, and
emotions. Accumulated evidence also suggests that each of
these loops may consist of several subcircuits with single cor-
tical areas of origin and permit highly specialized parallel pro-
cessing of ample and various signals to be transmitted con-
currently.'?

Despite this parallel organization, the cortico-basal ganglia
loops should be comprehended more as a network rather than
as subdivisions with rigorous boundaries. For example, in the
case of the motor loop, although each input from various cor-
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Figure 1. Neuronal responses in each nucleus in the basal ganglia to electric cortical stimulation. A: A PSTH of a phasically active neuron in
the putamen responding to Ml stimulation. B: APSTH of an STN neuron to Ml stimulation. C: APSTH of a GPe neuron to SMA stimulation. D:
A PSTH of a GPi neuron to SMA stimulation. PSTH: peri-stimulus time histogram, MI: primary motor cortex, STN: subthalamic nucleus, GPi:
internal segment of the globus pallidus, GPe: external segment of the globus pallidus, SMA: supplementary motor area.
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tical areas, such as the primary motor cortex (MI), supplemen-
tary motor area (SMA), and premotor cortex (PM), is process-
ed principally in a segregated manner, considerable converg-
ence of the cortical inputs occurs in the basal ganglia. Some
anatomical experiments showed that the projections from the
MI, SMA, and PM partially overlap in the striatum,** and an
electrophysiological study revealed that around 20% of puta-
men neurons receive convergent inputs from the MI and SMA."
Another experiment showed that around 30% of STN neu-
rons receive convergent inputs from the MI and SMA." The
functions of these convergences remain unknown. On the
other hand, striatal neurons that receive inputs from the MI,
SMA, and MI+SMA project to the segregated parts of the GPe
and GPi,” and it has been reported that the percentages of
MI+SMA-receiving neurons in the GPe and GPi were still
20-50%.'" Thus, futher convergence does not seem to occur
in the striato-GPe/GPi and the STN-GPe/GPi projections.

Somatotopic Organization
of the Basal Ganglia

Meanwhile, each nucleus of the basal ganglia shows soma-
totopy, and information from different types of somatotopy
is well preserved through the cortico-basal ganglia loops. The
most basic method to investigate this is to examine its fiber
connections with other brain areas whose somatotopy is cl-
early identified. For example, anterograde tracers are injected
into the orofacial, forelimb, and hindlimb areas of the MI, and
then terminals in the striatum and STN are observed.>*' Trans-
synaptic anterograde and retrograde tracing allows the inves-

tigation of areas that are linked to the origin via synapses.”"°

Fiber connections can also be studied by electrophysiologi-
cal methods. Stimulation of the MI induces responses in the cor-
responding areas in the striatum, STN, GPe, and GPi.""**

The striatum, an input station of the basal ganglia, receives
excitatory inputs from all areas of the cerebral cortex, except
for the primary visual cortex. The caudal region of the puta-
men, which is posterior to the anterior commissure, is consi-
dered to be the motor territory and shows clear somatotopy
(Figure 2C).>"?! It has two sets of somatotopic representa-
tions in the lateral (MI domain) and medial (SMA domain)
parts. The projections from the MI and those from the SMA
converge in the medio-lateral central zone. In each somatoto-
pic representation, the orofacial, forelimb, and hindlimb ar-
eas are arranged from ventral to dorsal.

The STN, another input station of the basal ganglia, receiv-
es cortical inputs from the frontal lobe. The dorsal part of the
STN is the motor territory and shows somatotopic organiza-
tion (Figure 2A).>" The MI projects to the lateral part (MI do-
main) of the motor territory of the STN, whereas the SMA pro-
jects onto the medial part (SMA domain). The orofacial, fore-
limb, and hindlimb areas of the MI project onto the lateral to
medial parts of the lateral STN, whereas those of the SMA pro-
ject onto the medial to lateral parts of the medial STN. The
MI also partly projects to the somatotopically corresponding
body parts in the SMA domain, and the SMA partly projects
to the MI domain.

The motor territories of the GPe and GPi form the ventral
two-thirds of the caudal GPe and GPi, which is the area where
the motor territory of the striatum projects.* The somatotopy
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Figure 2. Somatotopy of each nucleus in the basal ganglia. A: Somatotopy of the STN is shown in a frontal section. B: Somatotopic repre-
sentations in the SMA domains of the GPe and GPi are shown rostrodorsally to those in the Ml domains, respectively. C: Somatotopy of the
putamen is shown in a frontal section. STN: subthalamic nucleus, GPi: internal segment of the globus pallidus, GPe: external segment of the
globus pallidus, SMA: supplementary motor area, MI: primary motor cortex.
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in the GPe and GPi can be drawn by observing the responses
evoked by the stimulation of the MI and SMA (Figure 2B).”1*!41¢
Neurons responding to the orofacial, forelimb, and hindlimb
areas of the MI are located along the ventral-to-dorsal axis in
the GPe and GPi (MI domain). Neurons responding to these
areas of the SMA are also located along the ventral-to-dorsal
axis, but in more rostral and dorsal parts of the GPe and GPi
(SMA domain). These somatotopic representations in the MI
and SMA domains are partly fused in the rostro-caudal cen-
tral zone.

Somatotopic Organization and
Pathophysiology
of Movement Disorders

Malfunctions of the basal ganglia cause movement disor-
ders such as Parkinson disease, Huntington disease, and dys-
tonia. Some symptoms of these diseases can be explained by
the “firing rate model,” which means that the activity imbal-
ance between the direct and indirect pathways changes the
mean firing rate of the output nuclei of the basal ganglia and
induces hypokinetic or hyperkinetic disorders. For example,
in parkinsonian state, dopamine depletion reduces tonic exci-
tation of the striatal neurons in the direct pathway through the
DIRs, and tonic inhibition of the striatal neurons in the indi-
rect pathway through the D2Rs.*?¢ These changes in the di-
rect and indirect pathways induce increased activity of the
GPi/SNr neurons and decreased activity of thalamic and cor-
tical neurons, which ultimately result in akinesia.

Contrary to the firing rate model, recent studies have focus-
ed on the possibility that abnormal bursting and oscillatory
activity in the basal ganglia play a causal role in the pathophy-
siology of Parkinson disease.””** Oscillatory activity and neu-
ronal synchronization in the GPe, GPi, and STN in parkinso-
nian animals and patients include two major frequency bands:
the frequency of resting tremor (4-9 Hz) and the beta band (10-
30 Hz). Beta band oscillation may contribute to akinesia, as
some reviews have mentioned.

In addition to these reports on the changes in the firing rates
and patterns in the basal ganglia, changes in the somatotopy
have been reported in movement disorders. In the normal
state, although GPe and GPi neurons respond specifically to
the unidirectional movement of a single joint, in parkinsonian
monkeys, the GPe and GPi neurons responded to multiple
movements of multiple joints, sometimes of the upper and lo-
wer limbs and of both the sides.*! In addition, in patients with
Parkinson disease, neurons that respond to movements of mul-
tiple body parts were observed in the GPi and STN.*? It is con-
sidered that loss of dopamine may induce a cross talk of in-
formation related to different body parts.”’

In patients of dystonia, it has been reported that there were
widened somatosensory receptive fields in pallidal neurons.*

Somatotopic disorganization was observed not only in patients
but also in transgenic mice generated as a model of DYT1 dy-
stonia.** In these mice, many GPe and GPi neurons received
convergent inputs from both the forelimb and orofacial re-
gions in the motor cortex. This somatotopic disorganization
may explain a phenomenon known as “motor overflow” in dy-
stonic patients. When patients try to move one body part, a part
of the area in the GPi which are related to another body part
such could be inhibited because of the somatotopic disorga-
nization. This may lead to unintended movements along with
the intended movements.

Conclusions

Despite these recent enormous findings about the basal gan-
glia and their malfunctions, we are still unable to completely
explain the pathophysiology of movement disorders. For ex-
ample, even with regard to Parkinson disease, it is difficult to
understand the mechanism of the rigidity by using the pres-
ent models. The mechanism of parkinsonian tremor also re-
mains unsolved. Moreover, although deep brain stimulation is
being widely used as a treatment of movement disorders, the
mechanism of its effectiveness is still unclear. To solve these
problems, we should re-visit the physiology of the basal gan-
glia from the viewpoint of both, basic science and clinical re-
search.
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