
NEUROANATOMY

Cortical information received in the input stations is trans-
ferred to the output nuclei through the following three pathways 
(Figure 1; Alexander and Crutcher, 1990a; Nambu et al., 2002b).

Direct pathway: Striatal neurons expressing substance P receive 
cortical inputs and project directly to the GPi/SNr.

Indirect pathway: Striatal neurons expressing enkephalin receive 
cortical inputs and project polysynaptically to the GPi/SNr by 
way of the GPe and STN.

Hyperdirect pathway: STN neurons receive direct cortical inputs 
and project to the GPi/SNr. This pathway transfers cortical 
excitation faster to the GPi/SNr than the direct and indirect 
pathways.

Information originating from the frontal cortex is processed 
through these three pathways, and mainly returns to the frontal 
cortex through the thalamus, thus forming the cortico-basal ganglia 
loop. Some information is transferred to the brainstem from the 
output nuclei (Alexander and Crutcher, 1990a).

The primary motor cortex (MI), supplementary motor area (SMA) 
and premotor cortex (PM) are classically defined motor cortices. In 
addition, the pre-SMA in the mesial side of the hemisphere anterior 
to the SMA and the cingulate motor areas (CMA) in the cingulate 
sulcus have been identified (Picard and Strick, 2001). The PM is not 
homogeneous and was originally divided into dorsal and ventral parts 
(PMd and PMv), and is now further subdivided into rostral and cau-
dal parts (PMdr, PMdc, PMvr, and PMvc). The CMA is divided into 
rostral and caudal parts (CMAr and CMAc). Among them, the most 
rostral motor cortices, such as pre-SMA, PMvr, PMdr, and CMAr, 
receive inputs from the frontal association cortex and send outputs 
to the more caudal motor cortices, such as SMA, PMvc, PMdc, and 
CMAc (Takada et al., 2004). Most of these motor cortices, especially 
SMA, PMvc, PMdc, CMAc, and MI have their own somatotopy.

IntroductIon
Somatotopic organization in the cerebral cortex, especially in 
the primary motor and primary somatosensory cortices, is a 
well-known and fundamental concept to understand the func-
tions of these areas. Each nucleus of the basal ganglia also shows 
somatotopy, but it has received little attention. Somatotopy of the 
basal ganglia is disorganized in movement disorders, suggesting its 
pathophysiological significance. Knowledge on somatotopy of the 
human basal ganglia is also indispensable to identify the location 
of the tip of electrodes during stereotaxic surgery for movement 
disorders. In this article, I would like to describe the somatotopic 
organization of the basal ganglia comprehensively and in detail. 
Although the description is mainly based on monkey studies, it 
should be applicable to the human basal ganglia because the basal 
ganglia of non-human primates and humans share a number of 
common properties, despite their size difference.

BasIc cIrcuItry of the Basal ganglIa
The basal ganglia are a group of sub-cortical nuclei, and are com-
posed of the striatum, pallidum, subthalamic nucleus (STN), and 
substantia nigra (SN). The striatum can be classified into the caudate 
nucleus, putamen, and ventral striatum. The pallidum can be divided 
into the external (GPe) and internal (GPi) segments of the globus 
pallidus and ventral pallidum (VP). The SN is composed of pars 
reticulata (SNr) and pars compacta (SNc). Among these nuclei, the 
striatum and STN are input stations of the basal ganglia. The striatum 
receives inputs from the entire cerebral cortex except the primary 
visual cortex, and the STN receives inputs mainly from the frontal 
cortex. On the other hand, the GPi and SNr serve as the output nuclei 
of the basal ganglia, and project outside the basal ganglia. The GPe 
connects input stations to the output nuclei. The SNc is composed 
of dopaminergic neurons, which project widely to the whole basal 
ganglia, especially to the striatum, and modulate their activity.
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There have been two opposing views concerning how information 
originating from different cortical areas or different somatotopic 
regions is processed through the basal ganglia (Figure 2; Parent and 
Hazrati, 1995). One is the parallel processing hypothesis (Alexander 
et al., 1986; Hoover and Strick, 1993; Strick et al., 1995) proposing 
that information from different cortical areas is processed independ-
ently in the different parts of the basal ganglia (Figure 2A). The other 
is the information convergence hypothesis (Percheron and Filion, 
1991; Percheron et al., 1994) proposing that information from dif-
ferent cortical areas converges and is integrated in the basal ganglia 
(Figure 2B). Recent studies suggest that both parallel processing and 
information convergence occur (Figure 2C). Information from corti-
cal areas whose functions are distinct from each other terminates in 
the different regions in the basal ganglia. On the other hand, infor-
mation from cortical areas whose functions are close to each other 
tends to converge in the basal ganglia. For example, projections from 
the motor, oculomotor, prefrontal, and limbic cortices terminate in 
different regions in the striatum. These striatal regions project to dif-
ferent regions of other basal ganglia nuclei. Thus, each nucleus of the 

basal ganglia can be segregated into motor, oculomotor, prefrontal, 
and limbic territories, and cortico-basal ganglia loops are composed 
of several independent and functionally distinct, but homological 
loops: motor, oculomotor, prefrontal, and limbic loops (Figure 1). 
Each loop controls brain functions independently (Alexander et al., 
1986; Parent, 1990). Inside the motor loop, projections from the MI, 
SMA, and PM partly converge in the striatum, while projections 
from the MI and pre-SMA project to distinct regions of the striatum. 
Somatotopy is also well defined in each nucleus of the basal ganglia, 
and information from different body parts of the somatotopy is well 
preserved through cortico-basal ganglia loops.

Methods to IdentIfy soMatotopy
Somatotopy of the basal ganglia reflects input and output connec-
tions of each nucleus, and can be investigated in several ways. The 
most basic method is an anatomical method examining fiber con-
nections with other brain areas whose somatotopy is clearly identi-
fied. For example, anterograde tracers are injected into the orofacial, 
forelimb, and hindlimb regions of the MI, and then terminals in 
the striatum and STN are observed. Transsynaptic anterograde and 
retrograde tracing can be performed using herpes simplex virus 
(anterograde or retrograde) and rabies virus (retrograde) as tracers. 
Fiber connections can also be investigated by electrophysiological 
methods. Stimulation of the MI induces responses in the corre-
sponding regions in the striatum, STN, GPe, and GPi.

Another useful electrophysiological method is recording neu-
ronal activity in behaving animals. Neurons in the basal ganglia 
change activity during active movements of the corresponding body 
parts. These neurons usually respond to passive movements of the 
corresponding body parts as well, such as manipulations of joints 
and muscle palpations. Applying microstimulation through record-
ing electrodes in some nuclei of the basal ganglia can induce move-
ments of the corresponding body parts, although more pulses are 
necessary compared with that for intracortical microstimulation.

In the following sections, somatotopy in each nucleus of the 
basal ganglia will be discussed. “Cartoons” representing somatotopy 
will be drawn for each nucleus. However, they are metaphors, and 
readers should not take them too literally. For example, in Figure 5, 
the orofacial, forelimb, and hindlimb regions are represented in 
this order along the ventral-to-dorsal axis of the globus pallidus, 
but it is not known whether each finger is distinctly and orderly 
represented (Hamada et al., 1990).
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Figure 1 | Basic circuitry of the basal ganglia. Open and filled arrows 
indicate excitatory and inhibitory projections, respectively. Cx, cerebral cortex: 
DA, dopamine, GABA, gamma-aminobutyric acid; glu, glutamate; GPe and 
GPi, external and internal segments of the globus pallidus; SNc, substantia 
nigra pars compacta; SNr substantia nigra pars reticulata; STN, subthalamic 
nucleus; Str, striatum; Th, thalamus. Modified from Nambu et al. (2002b).
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Figure 2 | information processing in the basal ganglia. (A) Parallel 
processing hypothesis. Information originating from different areas (a, b, c) of 
the cerebral cortex is processed independently in the different parts of the basal 
ganglia, and returns to the original cortical areas. (B) Information convergence 

hypothesis. Information originating from different cortical areas converges and is 
integrated in the basal ganglia, and integrated information returns to all the 
cortical areas. (C) Intermediate hypothesis between parallel processing and 
information convergence hypotheses, which is supported by recent studies.
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This somatotopy reflects not only cortical inputs revealed by con-
ventional tracers, but also putaminal outputs to the cortex through 
the direct and indirect pathways. Injection of rabies virus into the 
MI resulted in retrograde transsynaptic labeling of neurons in the 
putamen, which showed similar somatotopic organization, espe-
cially in its lateral side (Miyachi et al., 2006). Moreover, this study 
also showed no labeling of neurons in the SMA territory of the 
putamen, suggesting that the pathways originating from the MI 
territory of the putamen and from the SMA territory are independ-
ent of each other in the basal ganglia. The motor territory of the 
putamen also receives topographic inputs from the motor thalamus 
and centromedian and parafascicular nuclei, which are reciprocally 
connected with motor cortices (Nakano et al., 1990; Sadikot et al., 
1992; McFarland and Haber, 2000; Jones, 2007). These projections 
are also considered to be somatotopically organized.

The somatotopy in the putamen is also confirmed by electrophys-
iological methods (Nambu et al., 2002a). Cortical stimulation of the 
forelimb regions of the MI and SMA orthodromically activates pro-
jection neurons in the corresponding MI (lateral) and SMA (medial) 
territories of the putamen, respectively, at a latency of 10–15 ms. 
Putaminal neurons in the central zones are activated by the stimula-
tion of both the MI and SMA, and thus, convergence from the MI 
and SMA occurs at a single neuronal level. Putaminal neurons in 
the MI and SMA territories are activated by passive and/or active 
movements of the corresponding body parts on the contralateral 
side (Alexander and DeLong, 1985; Alexander and Crutcher, 1990b; 
Nambu et al., 2002a). However, putaminal neurons in the MI terri-
tory and those in the SMA territory show different activity patterns 
during task performance. Putaminal neurons in the MI territory are 
closely related to movements themselves, while neurons in the SMA 
territory are activated not only by movements themselves, but also 
during delay periods. Such activity differences of putaminal neurons 
seem to reflect the activity patterns of MI and SMA neurons that 
give rise to cortico-striatal projections. Microstimulation in the MI 
territory of the putamen produces movements of the corresponding 
body parts, while that in the SMA territory does not (Alexander 
and DeLong, 1985; Nambu et al., 2002a). The probable pathway 
for inducing movements by microstimulation is the direct path-
way. Stimulation of the striatum may excite direct pathway neurons, 
inhibit GPi and finally disinhibit thalamic and cortical activity. The 
microstimulation studies suggest that putaminal neurons in the MI 
and SMA territories project independently to different territories in 
the nucleus of the basal ganglia, and that somatotopy is preserved 
through the basal ganglia circuitry.

Striatal projection neurons are classified into direct and indirect 
pathway neurons on the basis of the difference in receptors, pep-
tides, and targets. The two groups of neurons may represent similar 
somatotopy and show similar activity patterns during task perform-
ance. The striatum also contains interneurons. Although choliner-
gic interneurons receive common cortical inputs with neighboring 
projection neurons, they show reward-related activity (Aosaki et al., 
1995), which is different from that of neighboring projection neurons. 
Parvalbumin (PV)-positive GABAergic interneurons also receive cor-
tical inputs and are thought to regulate the activity of projection neu-
rons through feed-forward inhibition (Tepper et al., 2008). PV-positive 
interneurons showed task-related activity (Gage et al., 2010), sug-
gesting that they share similar cortical inputs with  neighboring 

strIatuM
The striatum, as an input station of the basal ganglia, receives 
 excitatory inputs from all areas of the cerebral cortex except the 
primary visual cortex. The caudal aspect of the putamen, which is 
posterior to the anterior commissure, is considered to be the motor 
territory and shows clear somatotopy (Figure 3A). Distribution 
patterns of labeling in the striatum were observed after injection 
of anterograde tracers into the orofacial, forelimb, and hindlimb 
regions of the MI and SMA (Künzle, 1975; Flaherty and Graybiel, 
1993; Takada et al., 1998b). Labeling consisted of dense and dif-
fuse projection regions as recently proposed (Haber et al., 2006). 
The dense terminals were found in the lateral part (MI territory) 
after injection into the MI, and in the medial part (SMA territory) 
after injection into the SMA. The orofacial, forelimb, and hind-
limb regions of the MI project to the ventral to dorsal parts of the 
lateral putamen. The corresponding regions of the SMA project 
to the ventral to dorsal parts of the medial putamen, which are 
mediodorsal to the MI territory. Therefore, the putamen has two 
sets of somatotopic representations in the medial and lateral parts. 
The diffuse terminals from the MI extend to the dorsomedial por-
tion, and those from the SMA extend to the ventrolateral portion. 
Thus, the projections from the orofacial, forelimb, and hindlimb 
regions of the MI and those from the corresponding regions of the 
SMA converge in the medio-lateral central zone that occupies one-
quarter of each territory. The forelimb region is widely represented 
in the MI territory. The proximal regions (elbow and shoulder) are 
located in the mediodorsal part, and the distal regions (wrist and 
digits) are located in the ventrolateral part (Tokuno et al., 1999). 
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Figure 3 | Somatotopy of the putamen. (A) Somatotopy of the putamen is 
schematically shown in a frontal section. In the caudal aspect of the putamen, 
the lateral part receives somatotopic inputs from the primary motor cortex 
(MI), and the medial part from the supplementary motor area (SMA). The 
somatotopy in the SMA territory is located dorsomedially to that in the MI 
territory. Projections from the orofacial, forelimb and hindlimb regions of the 
MI and SMA converge in the medio-lateral central zone in the putamen. The 
most dorsomedial part receives inputs from the prefrontal cortex. Modified 
from Nambu et al. (2002a) (B) Input from motor cortices to the putamen is 
schematically shown in a horizontal section. CMAc and CMAr, caudal and 
rostral parts of the cingulate motor area; PMdc, PMdr, and PMvc, caudal part 
of dorsal premotor cortex, rostral part of dorsal premotor cortex, and caudal 
part of ventral premotor cortex. Modified from Takada et al. (2001).
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lateral part (MI territory), and the SMA projects to the medial part 
(SMA territory). The orofacial, forelimb, and hindlimb regions 
of the MI project to the lateral to medial parts of the lateral STN, 
while those of the SMA project to the medial to lateral parts of the 
medial STN. Therefore, two sets of somatotopic representations, 
which are mirror images of each other, are represented in the lateral 
and medial parts of the STN. The MI also partly projects to the 
somatotopically corresponding body parts in the SMA territory, 
and the SMA partly projects to the MI territory, vice versa. Thus, 
inputs from the MI and SMA partly converge in the STN. The 
forelimb regions of the PMdc and PMvc also project to the forelimb 
region of the SMA territory (Figure 4B; Nambu et al., 1997). The 
somatotopy of the STN reflects not only input organization, but 
also output organization, because similar somatotopy is observed 
after transneuronal retrograde labeling of rabies virus by its injec-
tion into the MI (Miyachi et al., 2006).

The somatotopy of the STN has also been confirmed by elec-
trophysiological methods. Cortical stimulation of the MI and SMA 
induces a short latency excitation and a subsequent long latency 
excitation (Nambu et al., 2000), which are mediated by the cortico-
STN (hyperdirect) and cortico-striato-GPe-STN (indirect) path-
ways, respectively. By observing cortically evoked responses, similar 
somatotopy can be drawn, with some neurons receiving convergent 
inputs from the MI and SMA. STN neurons in the MI territory 
change their activity (mostly excitation) in relation to active or 
passive movements of the corresponding body parts on the con-
tralateral side (DeLong et al., 1985; Wichmann et al., 1994). STN 
neurons in the SMA territory may also show task-related activity. 
Microstimulation in the MI and SMA territories does not evoke 
movements, while that in the most lateral part of the STN often 
evokes movements probably because of the current spread to the 
internal capsule (Wichmann et al., 1994).

projection  neurons. Activity patterns of other interneurons  during 
task  performance remain to be studied. The striatum is classified 
into μ-opiate receptor-rich patch compartment (or  striosome) and 
matrix compartment (Graybiel, 1990), but the relationship between 
 somatotopy and patch-matrix organization is unclear.

Other motor cortices also project to the striatum (Figure 3B; 
Takada et al., 1998a,b, 2001; Inase et al., 1999; Tachibana et al., 
2004). The highest motor cortices, such as pre-SMA, PMdr, and 
CMAr, project to the anterior part of the striatum, especially to the 
bridge region connecting the caudate nucleus and putamen. The 
forelimb regions of the PMdc and PMvc project to two independent 
regions in the SMA territory of the putamen. On the other hand, 
the CMAc, which shows activity similar to that of the MI, projects 
to the MI territory. Projections from the primary somatosensory 
cortex also project to the MI territory (Flaherty and Graybiel, 
1993). The projection patterns seem to obey the following rules: 
The motor cortices whose functions are distinct project to the dif-
ferent regions of the striatum, whereas the motor cortices whose 
functions are similar project to the common striatal regions in a 
convergent manner. The prefrontal cortex projects to the rostral 
part of the putamen anterior to the anterior commissure and the 
head of the caudate nucleus (prefrontal territory of the striatum), 
and the limbic cortex projects to the ventral striatum (limbic terri-
tory; Selemon and Goldman-Rakic, 1985; Haber et al., 1990; Parent, 
1990). Eye movement-related neurons are located in the central part 
of the caudate nucleus (oculomotor territory; Hikosaka et al., 1989).

suBthalaMIc nucleus (stn)
The STN, another input station of the basal ganglia, receives corti-
cal inputs from the frontal lobe. The dorsal part of the STN is the 
motor territory and shows somatotopic organization (Figure 4A; 
Monakow et al., 1978; Nambu et al., 1996). The MI projects to the 
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Figure 4 | Somatotopy of the subthalamic nucleus (STN) and substantia 
nigra (SN). (A) Somatotopy of the STN is shown in a frontal section. In the 
dorsal part of the STN, the lateral part receives somatotopic inputs from the MI, 
and the medial part from the SMA. The MI also projects partly to the medial part, 
and the SMA to the lateral part. Ventral to the motor territory, there exist the 
oculomotor and prefrontal territories. The most medial part is occupied by the 

limbic territory. Modified from Nambu et al. (2002b). (B) Input from motor 
cortices to the STN is schematically shown in a horizontal section. Modified 
from Takada et al. (2001). (C) Somatotopy of the SNr is shown in a frontal 
section. The orofacial region of the SNr is a continuation of that of the GPi (see 
Figure 5). Ventral to the motor territory, there exist the oculomotor and 
prefrontal territories.

Nambu Basal ganglia somatotopy

Frontiers in Neuroanatomy www.frontiersin.org April 2011 | Volume 5 | Article 26 | 4

http://www.frontiersin.org/Neuroanatomy/
http://www.frontiersin.org
http://www.frontiersin.org/Neuroanatomy/archive


to the MI territory. Dendritic fields of GPe/GPi neurons extend 
widely in the direction perpendicular to the striato-pallidal fibers, 
and this is considered to be the basis for information convergence 
(Percheron et al., 1984; Yelnik et al., 1984). However, somatotopic 
organization through the striato-pallidal projections is well pre-
served as described above.

Neurons in the MI and SMA territories of the GPe/GPi change 
their activity in relation to active and passive movements of the 
corresponding body parts on the contralateral side (DeLong, 1971; 
Georgopoulos et al., 1983; DeLong et al., 1985; Hamada et al., 1990). 
However, response patterns are different between these territo-
ries. Neurons in the MI territory show movement-related activ-
ity, while those in the SMA territory show delay-related activity 
(Nambu et al., 1990). On the other hand, response patterns in the 
GPe and GPi neurons during task performance are very similar. 
Microstimulation in the GPe/GPi does not induce any movements.

The prefrontal territory of the striatum projects to the rostral 
GPe and dorsal one-third of the caudal GPe/GPi, and thus, these 
areas are the prefrontal territory (Smith and Parent, 1986; Parent, 
1990). Ventral striatum projects to the VP, the most rostral part of 
the GPe and the most medial part of the GPi, and thus, these areas 
correspond to the limbic territory (Haber et al., 1990; Parent, 1990).

suBstantIa nIgra (sn)
The SNr and GPi are the output nuclei of the basal ganglia and 
considered to be a continuum, which is divided into the SNr and 
GPi by the internal capsule. The motor territory of the striatum 
projects to the dorsal one-third of the SNr, and thus, this area is 
considered to be the motor territory of the SNr (Figure 4C; Smith 
and Parent, 1986; Parent, 1990). Neurons in the dorsolateral part 

Concerning other motor cortical inputs, the CMAc projects to 
the MI territory of the STN, and the pre-SMA and CMAr project 
to the SMA territory (Figure 4B; Inase et al., 1999; Takada et al., 
2001). Thus, more convergence may occur in the cortico-STN pro-
jections than in the cortico-striatal projections (compare Figure 4B 
with Figure 3B), suggesting that the hyperdirect pathway assembles 
information from more wide areas of the motor cortices than the 
direct and indirect pathways do. Ventral to the motor territory in the 
STN, there exist the oculomotor territory (Matsumura et al., 1992) 
and the prefrontal territory (Monakow et al., 1978; Parent, 1990; 
Figure 4A). The most ventromedial part of the STN is occupied 
by the limbic territory (Parent, 1990).

external and Internal segMents of the gloBus 
pallIdus (gpe and gpi)
The motor territory of the striatum (i.e., the caudal aspect of the 
putamen) projects to the ventral two-thirds of the caudal GPe and 
GPi, and thus, these areas are the motor territories of the globus pal-
lidus (Smith and Parent, 1986; Parent, 1990) that show somatotopic 
organization (Figure 5). In GPe/GPi neurons, cortical stimulation 
evokes a triphasic response composed of early excitation, inhibi-
tion, and late excitation, which are mediated by the cortico-STN-
GPe/GPi (cortico-STN-GPi: hyperdirect), cortico-striato-GPe/GPi 
(cortico-striato-GPi: direct), and cortico-striato-GPe-STN-GPe/
GPi (cortico-striato-GPe-STN-GPi: indirect) pathways, respectively 
(Nambu et al., 2000; Kita et al., 2004; Tachibana et al., 2008). The 
somatotopy in the GPe/GPi can be drawn by observing responses 
evoked by the stimulation of the MI and SMA. Neurons respond-
ing to the orofacial, forelimb, and hindlimb regions of the MI 
are located along the ventral-to-dorsal axis in the GPe and GPi 
(MI territory, Figure 5; Yoshida et al., 1993). Neurons responding 
to the corresponding regions of the SMA are also located along 
the ventral-to-dorsal axis, but in more rostral and dorsal parts of 
the GPe/GPi (SMA territory). Stimulation of the PM also evokes 
responses in the SMA territory. GPe/GPi neurons rarely respond 
to cortical stimulation of multiple body parts, and thus, the oro-
facial, forelimb, and hindlimb regions of GPe/GPi are clearly and 
distinctly identified. On the other hand, many neurons respond 
to the stimulation of both the MI and SMA, and the somatotopic 
representation in the MI territory and that in the SMA territory 
are partly fused in the rostro-caudal central zone. Most GPe/GPi 
neurons show triphasic responses evoked by cortical stimulation, 
suggesting that the hyperdirect, direct, and indirect pathways origi-
nating from a certain body region in the cortex converge at a single 
GPe/GPi neuronal level.

The above-mentioned somatotopy is also supported by ana-
tomical studies. The injection of anterograde tracers into the MI, 
SMA, and convergent territories in the putamen revealed the termi-
nals in the GPe/GPi (Kaneda et al., 2002). Terminals from the SMA 
territory of the putamen are located more anterior and dorsal to 
those from the MI territory. The convergent territory of the puta-
men projects to the area in-between, and these three projection 
territories do not overlap. Transsynaptic anterograde and retro-
grade labeling studies by injecting herpes simplex virus into the 
MI reported similar results (Hoover and Strick, 1993, 1999; Strick 
et al., 1995; Akkal et al., 2007), although there is some discrepancy, 
such as that the PMv territory of the GPe/GPi is located ventrally 
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rostral

SMA MI

Prefrontal
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Figure 5 | Somatotopy of the external and internal segments of the 
globus pallidus (gPe and gPi). The GPe and GPi have their own somatotopic 
representations. The somatotopy in the SMA territory is located rostrodorsally 
to that in the MI territory. Two territories overlap partly in the rostro-caudal 
zone. Dorsal one-third of the GPe/GPi is occupied by the prefrontal territory.
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joints) on the contralateral side. Microstimulation in the VPLo 
induces movements in the corresponding body parts, contralateral 
to the stimulation side. The somatotopy can also be confirmed by 
the anatomical study of the thalamo-cortical projections (Asanuma 
et al., 1983; Holsapple et al., 1991). Therefore, the thalamus has 
at least two sets of somatotopic representations: one in the GPi-
receiving region (VLo) and the other in the cerebellar-receiving 
region (VPLo).

functIonal sIgnIfIcance of the soMatotopy
Each nucleus of the basal ganglia shows clear somatotopic organiza-
tion, and information originating from cortical regions represent-
ing different body parts rarely converges in the cortico-basal ganglia 
circuitry. These observations suggest that information related to 
different body parts, such as forelimb and hindlimb, is processed 
independently through the cortico-basal ganglia loop. On the other 
hand, information from different but related cortical areas, such 
as the forelimb regions of the MI and SMA, is processed in both 
convergent and non-convergent manners. However, the functional 
roles of such convergence remain to be elucidated.

soMatotopy and MoveMent dIsorders
The pathophysiology of movement disorders can be explained by 
the changes of the firing rates and patterns in the basal ganglia, 
especially in the GPe, GPi, and STN. In addition, changes in the 
somatotopy have been reported in movement disorders. In a normal 
state, GPe and GPi neurons respond specifically to the movement 
of one direction of a single joint on the contralateral side. On the 
other hand, GPe/GPi neurons in a Parkinsonian state respond to 
multiple movements of multiple joints, sometimes of the upper 
and lower limbs and of both sides (Filion et al., 1988). Loss of func-
tional segregation was also reported in the GPi-receiving thalamus 
(Pessiglione et al., 2005). Dopamine is considered to contribute to 

of this area respond to the stimulation of the MI, especially to 
that of the orofacial region, and change their activity in relation 
to active or passive movements of the orofacial region (DeLong 
et al., 1983; Kitano et al., 1998). The orofacial region of the SNr 
is considered to be a continuation of the orofacial region of the 
GPi (see Figures 4C and 5). SNr neurons in the part ventral to 
the orofacial region receive inputs from the SMA territories of 
the putamen, and change their activity during task performance. 
However, the somatotopy is not clearly organized, and their activity 
is not so distinct compared to that of GPi neurons (Wichmann and 
Kliem, 2004). The prefrontal territory of the striatum projects to 
the rostromedial two-thirds of the SNr (Smith and Parent, 1986) 
that also include the oculomotor territory (Hikosaka and Wurtz, 
1983; Figure 4C). The limbic territory of the striatum projects to 
the most medial part of the SNr (Haber et al., 1990).

The SNc is composed of dopaminergic neurons, and projects 
to the striatum and other basal ganglia nuclei. Dopaminergic pro-
jections from the SNc to the striatum display weak topography, 
and the terminal fields of a single dopaminergic neuron are large 
(Parent et al., 1983; Parent, 1990; Matsuda et al., 2009). SNc neu-
rons do not respond to active or passive body part movements, but 
respond to novel sensory stimuli and/or rewards (DeLong et al., 
1983; Schultz and Romo, 1990). Recent studies suggest that SNc 
neurons code the difference between the expected reward and the 
real reward (a temporal difference error in reinforcement learning). 
These observations suggest that the SNc has no clear somatotopy.

thalaMus
The motor thalamus is a target structure of the basal ganglia, and 
also shows somatotopy (Figure 6). Subnuclei located in the rostral 
part of the motor thalamus receive inputs from the basal ganglia. 
The oral part of the ventrolateral nucleus (VLo) and the principal 
part of the ventroanterior nucleus (VApc) receive inputs from the 
GPi. The medial part of the ventrolateral nucleus (VLm) and the 
magnocellular part of the ventroanterior nucleus (VAmc) receive 
inputs from the SNr. On the other hand, subnuclei located in the 
caudal part, such as the oral part of the ventroposterolateral nucleus 
(VPLo), the caudal part of the ventrolateral nucleus (VLc) and 
area X, receive cerebellar inputs (Jones, 2007). Thus, projections 
from the SNr, GPi and cerebellar nuclei terminate in the rostral 
to caudal parts of the motor thalamus, and the overlap of their 
terminals is minimal. The VApc, VLo, VPLo, and VLc project to 
the motor cortices, and thus, most of the motor cortices receive 
inputs from both the basal ganglia and the cerebellum through 
the motor thalamus (Jones, 2007). The MI receives basal ganglia 
inputs through the VLo, and cerebellar inputs through the VPLo 
(Holsapple et al., 1991).

The VLo and VPLo display clear somatotopic organization 
(Figure 6). The orofacial, forelimb, and hindlimb regions are rep-
resented in the medial to lateral parts (Asanuma et al., 1983; Vitek 
et al., 1994). VLo neurons change their activity in relation to active 
movements of the corresponding body parts (Anderson and Turner, 
1991; Nambu et al., 1991; Vitek et al., 1994). However, sensory 
inputs are not clearly identified, and the microstimulation in the 
VLo does not induce any movements (Buford et al., 1996; Vitek 
et al., 1996). On the other hand, VPLo neurons respond clearly to 
active and passive movements of discrete body parts (one to several 

VLo/VPLo

dorsal

lateral

Figure 6 | Somatotopy of the thalamus. Somatotopy of the thalamus is 
shown in a frontal section. Both the oral part of the ventrolateral nucleus of 
the thalamus (VLo) receiving pallidal projections and the oral part of the 
ventroposterolateral nucleus of the thalamus (VPLo) receiving cerebellar 
projections have their own somatotopic representations. Their somatotopic 
representations are continuous rostrocaudally. Modified from Asanuma et al. 
(1983).
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size of the STN. On the other hand, GP-DBS does not induce 
psychological side effects, probably because the motor territory 
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conclusIon
In this article, I have described that each nucleus of the basal gan-
glia shows clear somatotopic organization, and that information 
related to different body parts is processed independently through 
the cortico-basal ganglia loop. I would like to point out the follow-
ing unsolved questions: In the topographic projections from one 
nucleus to another nucleus, what kind of information is added? 
What kind of information is originated? How do converging inputs 
from multiple motor cortices contribute to the execution of vol-
untary movements? How is the somatotopy in each nucleus of the 
basal ganglia organized during development? These are important 
questions closely related to the functions of the basal ganglia. The 
somatotopic perspective way of view will be a good clue and guide 
for further understanding of the basal ganglia.
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(Vitek et al., 1999; Chiken et al., 2008). GPe/GPi neurons respond 
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Dystonic patients show a phenomenon known as “motor overflow.” 
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neck region, of the GPi could be inhibited by somatotopic disorgani-
zation. This may lead to unintended movements of other body parts, 
such as the neck, that accompany intended movements of a hand.
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Abnormal firing rates and patterns in the motor territory of 
the basal ganglia cause motor symptoms of the movement dis-
orders. The target of stereotaxic surgery, including deep brain 
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