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Abstract
NIH-PA Author Manuscript

The cerebellum and the basal ganglia are major subcortical nuclei that control multiple aspects of
behavior largely through their interactions with the cerebral cortex. Discrete multisynaptic loops
connect both the cerebellum and the basal ganglia with multiple areas of the cerebral cortex.
Interactions between these loops have traditionally been thought to occur mainly at the level of the
cerebral cortex. Here, we review a series of recent anatomical studies in nonhuman primates that
challenge this perspective. We show that the anatomical substrate exists for substantial
interactions between the cerebellum and the basal ganglia. Furthermore, we discuss how these
pathways may provide a useful framework for understanding cerebellar contributions to the
manifestation of two prototypical basal ganglia disorders, Parkinson’s disease and dystonia.
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The cerebellum and the basal ganglia are groups of subcortical nuclei with long-established
roles in motor control. The traditional view has been that both of these structures integrate
inputs from widespread cortical areas in the prefrontal, parietal, and temporal lobes and
provide output exclusively to the primary motor cortex via the thalamus (Kemp and Powell
1971; Allen and Tsukahara 1974; Brooks and Thach 1981). Over the past three decades,
many investigators have challenged this view. Leiner et al. (1986, 1989, 1991, 1993) were
among the first to postulate that cerebellar output targets not only the primary motor cortex,
but also areas in the prefrontal cortex that are involved in language and other cognitive
functions. Similarly, Alexander et al. (1986) hypothesized that basal ganglia output targets
not only the primary motor cortex, but also several areas in the prefrontal cortex that are
involved in cognitive and limbic functions. Recent advances in anatomical circuit tracing
using neurotropic viruses (Strick and Card 1992; Kelly and Strick 2000) have provided
strong support for this new perspective on the roles of the cerebellum and the basal ganglia
(Lynch et al. 1994; Middleton and Strick 1994, 1996, 2001, 2002; Hoover and Strick 1999;
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Clower et al. 2001, 2005; Kelly and Strick 2003, 2004; Akkal et al. 2007; Prevosto et al.
2010).
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Viral tracers are ideally suited for unraveling multi-synaptic circuits like those that link the
cerebellum and basal ganglia with the cerebral cortex. This approach has been used to
demonstrate that the cerebellum and the basal ganglia do not simply funnel information from
a variety of cortical areas to the primary motor cortex. Rather, the output of the basal ganglia
and cerebellum reaches not only the primary motor cortex, but also areas of premotor,
oculomotor, prefrontal, posterior parietal, and temporal cortex (Lynch et al. 1994; Middleton
and Strick 1994, 1996, 2001, 2002; Hoover and Strick 1999; Clower et al. 2001, 2005; Kelly
and Strick 2003, 2004; Akkal et al. 2007; Prevosto et al. 2010). Furthermore, different
cortical areas project to specific cerebellar and basal ganglia territories. These territories
have been shown to project back to many of the same cortical areas that are the origin of
their input. This pattern of connections creates multiple closed-loop circuits (Middleton and
Strick 2000; Dum and Strick 2003; Kelly and Strick 2003; Strick et al. 2009). These loops
provide the anatomical substrate for the output from the cerebellum and basal ganglia to
affect a much more widespread array of cortical regions than previously recognized and to
have an impact on motor as well as nonmotor functions.

NIH-PA Author Manuscript

The loops that link the cerebellum with the cerebral cortex have traditionally been
considered to be anatomically and functionally distinct from those that link the basal ganglia
with the cerebral cortex (Doya 2000; Graybiel 2005). As the projections from the
cerebellum and basal ganglia to the cerebral cortex are relayed through distinct thalamic
nuclei (Percheron et al. 1996; Sakai et al. 1996), any interactions between cortico-cerebellar
and cortico-basal ganglia loops were thought to occur primarily at the cortical level. In this
review, we describe results from a series of recent studies that challenge this perspective.
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First, we describe a disynaptic projection that links an output stage of cerebellar processing,
the dentate nucleus, to the striatum, an input stage of basal ganglia processing (Hoshi et al.
2005; Fig. 1). Second, we describe a comparable pathway that links the subthalamic nucleus
of the basal ganglia to the cerebellar cortex (Bostan et al. 2010; Fig. 1). Our results indicate
that the pathways linking the cerebellum with the basal ganglia are topographically
organized and that they may be involved in integrating cerebellar and basal ganglia
functions in both the motor and nonmotor domains. These pathways provide evidence for
substantial communication between the cerebellum and the basal ganglia that is independent
of the cerebral cortex. Communication between these major subcortical nuclei is likely to
have important clinical implications. As examples, we discuss how the pathways linking the
cerebellum with the basal ganglia may provide a useful framework for understanding
cerebellar contributions to the manifestation of two prototypical basal ganglia disorders,
Parkinson’s disease and dystonia.

Virus Tracing
Earlier attempts to unravel the complex connections that link the basal ganglia and
cerebellum to the cerebral cortex relied on the use of conventional tracers. While these
methods have provided remarkable insights into the organization of these circuits, they are
capable of displaying only the direct inputs and outputs from a site. Basal ganglia and
cerebellar circuits with the cerebral cortex are multi-synaptic. As a consequence, our ability
to examine these circuits has been greatly enhanced with the development of tracing
techniques that use neurotropic viruses as transneuronal tracers. Specific strains of viruses
are transported transneuronally in the anterograde or retrograde direction. The viruses that
are useful for tracing experiments move from neuron to neuron exclusively at synapses, in a
time-dependent fashion. By adjusting the survival time after virus injections, it is possible to
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study neural circuits composed of two or more synaptically connected neurons (Strick and
Card 1992; Ugolini 1995; Kelly and Strick 2000, 2003, 2004).
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For the results described below, we used transneuronal transport of the N2c strain of rabies
virus in nonhuman primates to examine the connections between the cerebellum and the
basal ganglia. Prior studies have demonstrated that rabies virus is transported exclusively in
the retrograde direction in a time-dependent fashion (Ugolini 1995; Kelly and Strick 2000;
Hoshi et al. 2005; Bostan et al. 2010). Virus is transported between neurons exclusively at
synapses and virus is not transported by fibers of passage or grow in glia (Ugolini 1995;
Kelly and Strick 2000). A 40-hour survival time is sufficient for uptake and retrograde
transport of the N2c strain of rabies virus by the synapses of first-order neurons that project
to the injection site and then, retrograde transneuronal transport from these first-order
neurons to the second-order neurons that innervate them (Hoshi et al. 2005; Bostan et al.
2010). A 50-hour survival time is sufficient for another stage of retrograde transneuronal
transport from second-order neurons to the third-order neurons that project to them (Hoshi et
al. 2005).
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All of the procedures used during these experiments were approved by the appropriate
Institutional Animal Care and Use and Biosafety committees. Biosafety practices conformed
to the biosafety level 2+ regulations outlined in the “Biosafety in Microbiological and
Biomedical Laboratories” (Department of Health and Human Services publication 93-8395).
For technical details of the experimental methods and the procedures for handling virus and
virus-infected animals see Kelly and Strick (2000), Hoshi et al. (2005) and Bostan et al.
(2010).

The Disynaptic Projection from the Cerebellum to the Basal Ganglia
To explore whether the cerebellum projects to the basal ganglia, in two monkeys we injected
the N2c strain of rabies virus into a localized region of the putamen. The injection sites in
both animals were localized largely to the “sensorimotor territory” of the striatum (Parent
and Hazrati 1995a). We set the survival time to allow for two stages of virus transport. We
observed retrograde transport of the virus from the injection site to first-order neurons in the
thalamus, and then, retrograde transneuronal transport from these first-order neurons to
second-order neurons in the deep cerebellar nuclei (Fig. 1). The neurons in the cerebellar
nuclei that were labeled by virus transport were located largely in the dentate nucleus. Thus,
an output stage of cerebellar processing, the dentate, projects via the thalamus to an input
stage of basal ganglia processing, the putamen.
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In another two monkeys, we injected rabies virus into the external segment of the globus
pallidus (GPe). In these animals, we set the survival time to allow for three stages of rabies
virus transport. We observed retrograde transport of the virus from the injection site to firstorder neurons in the striatum, retrograde transneuronal transport from these first-order
neurons to second-order neurons in the thalamus, and retrograde transneuronal transport
from the second-order neurons in the thalamus to third-order neurons in the deep cerebellar
nuclei. We again found that most of the labeled neurons in the cerebellar nuclei were
confined to the dentate (Figs. 1 and 2). Thus, not only does the output from the cerebellum
influence the striatum, but the target of this influence includes striatal neurons in the socalled “indirect” pathway which projects to GPe (Alexander and Crutcher 1990).
The injections of rabies virus into GPe involved two different regions of the nucleus. The
injection in one animal labeled neurons primarily in ventral and caudal regions of dentate.
The injection site in the other animal was placed approximately 1 mm caudally in GPe and
labeled neurons in more dorsal regions of dentate. These observations suggest that the
projection from the dentate to the basal ganglia is topographically organized.
Neuropsychol Rev. Author manuscript; available in PMC 2012 April 12.
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The dentate is a major source of projections to motor, premotor, prefrontal and parietal areas
of cortex. Based on the topography of these projections, the dentate has been divided into
distinct motor and nonmotor domains (Fig. 2; Dum and Strick 2003; Strick et al. 2009).
These domains are also recognized by immunohistochemical staining with a monoclonal
antibody, “8B3” (Pimenta et al. 2001; Dum and Strick 2003; Akkal et al. 2007). Projections
from the dentate nucleus to the primary motor and premotor areas originate from the motor
domain. In contrast, projections from the dentate nucleus to prefrontal and parietal areas
originate from its nonmotor domain (Fig. 2). In the current experiments, virus transport from
the basal ganglia labeled neurons in both the motor and nonmotor domains of the dentate
(Fig. 2). These observations suggest that the cerebellar projection to the input stage of basal
ganglia processing influences motor and nonmotor aspects of basal ganglia function.

The Disynaptic Projection from the Basal Ganglia to the Cerebellum
To explore whether the basal ganglia project to the cerebellum, in three monkeys we
injected the N2c strain of rabies virus into selected sites within the cerebellar cortex. We set
the survival time to allow for two stages of virus transport. We observed retrograde transport
of the virus from the injection site to first-order neurons in the pontine nuclei, and then,
retrograde transneuronal transport from these first-order neurons to second-order neurons in
the subthalamic nucleus (STN) of the basal ganglia (Figs. 1 and 3).
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Our rabies virus injections were placed in two areas within the hemispheric expansion of
cerebellar lobule VII: the posterior aspects of Crus II (Crus IIp) (n=2) and the hemispheric
lobule VIIB (HVIIB) (n=1). In all of these animals, virus transport labeled substantial
numbers second-order neurons in the STN (Fig. 3a, b). The second-order neurons labeled
from virus injections into Crus IIp and HVIIB differed in their rostro-caudal and dorsoventral distributions within the STN. The Crus IIp injections labeled larger numbers of
neurons in ventromedial portions of rostral STN, whereas the HVIIB injections labeled
larger numbers of neurons in the dorsal aspects of caudal STN (Fig. 3a). Thus, a disynaptic
connection links the STN with cerebellar cortex and this connection is topographically
organized.

NIH-PA Author Manuscript

The STN can be subdivided into sensorimotor, associative, and limbic territories based on its
interconnections with regions of the globus pallidus and the ventral pallidum (Fig 3c; Parent
and Hazrati 1995b; Joel and Weiner 1997; Hamani et al. 2004). Our results provide evidence
that the projections from the STN to the cerebellar cortex originate from all three of its
functional subdivisions. Specifically, most of the STN neurons that project to Crus IIp were
found in the associative territory, in regions that receive substantial inputs from the frontal
eye fields and regions of the prefrontal cortex (Fig. 3d; Monakow et al. 1978; Stanton et al.
1988; Inase et al. 1999; Kelly and Strick 2004). In contrast, most of the STN neurons that
project to HVIIB were found in the sensorimotor territory, in regions that receive substantial
inputs from the primary motor cortex and premotor areas of the frontal lobe (Fig. 3d;
Monakow et al. 1978; Nambu et al. 1996, 1997; Inase et al. 1999; Kelly and Strick 2004).
Therefore, the anatomical substrate exists for both motor and nonmotor aspects basal ganglia
processing to influence cerebellar function.

Implications for Disorders of Motor Control
Our results provide the anatomical substrate for two-way communication between the
cerebellum and the basal ganglia (Fig. 1). One prediction from these findings is that activity
in one of these major subcortical systems may directly affect the function of the other. Such
interactions between the cerebellum and the basal ganglia are likely to have important
implications for motor and cognitive functions. Similarly, the interconnections between the
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two structures may enable abnormal activity at one site to propagate to the other and have
negative consequences. As examples, we will discuss how the pathways linking the
cerebellum with the basal ganglia may contribute to our understanding of cerebellar
involvement in two prototypical basal ganglia disorders: Parkinson’s disease and dystonia.

Parkinson’s Disease
In Parkinson’s disease the loss of dopaminergic neurons of the substantia nigra pars
compacta of the basal ganglia results in the manifestation of its characteristic motor signs:
resting tremor, rigidity and akinesia/bradykinesia (Wichmann and DeLong 2003). Resting
tremor is the most common initial sign of Parkinson’s disease, present in approximately half
of the patients at the time of diagnosis (Fishman 2008). The loss of dopaminergic neurons
results in abnormal oscillatory activity in the basal ganglia. Tremor-related activity has been
recorded in the STN and the internal segment of the globus pallidus (GPi) of Parkinson’s
disease patients (Hurtado et al. 1999; Amtage et al. 2008). It has also been observed in
monkey models of Parkinson’s disease that exhibit tremor (Bergman et al. 1994; Wichmann
et al. 1994). However, the source of the tremor remains unclear.
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We would like to present the evidence that one potential source of the tremor-related
oscillations seen in Parkinson’s disease is the cerebellum. As mentioned previously, the
cerebellum and the basal ganglia project to different thalamic nuclei (Percheron et al. 1996;
Sakai et al. 1996). In Parkinson’s disease patients (Ohye et al. 1974; Lenz et al. 1994) and in
monkey models of Parkinson’s disease (Guehl et al. 2003) oscillatory activity at tremor
frequencies has been recorded in the region of the motor thalamus that receives cerebellar
efferents, the ventralis intermedius nucleus (VIM). Such activity is not observed in thalamic
nuclei that are the target of basal ganglia efferents. Furthermore, VIM has been established
as one of the most effective surgical sites for treating parkinsonian tremor (Narabayashi et
al. 1987; Lenz et al. 1988). In contrast, thalamic regions that are the target of basal ganglia
efferents are not especially effective in treating tremor. These findings provide strong
evidence that abnormal activity in cerebellar circuits may account for the tremor in
Parkinson’s disease.
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In Parkinson’s disease, the STN exhibits significant increases in firing rates, oscillatory and
bursting activity (Bergman et al. 1994; Wichmann et al. 1994; Hutchison et al. 1998;
Magarinos-Ascone et al. 2000; Magnin et al. 2000; Rodriguez-Oroz et al. 2001; Steigerwald
et al. 2008; Theodosopoulos et al. 2003; Schrock et al. 2009). Based on our findings, the
disynaptic connections may transmit abnormal STN activity to cerebellar cortex. In support
of this proposal, several neuroimaging studies have reported abnormal cerebellar activity in
Parkinson’s disease (Rascol et al. 1997; Catalan et al. 1999; Ghaemi et al. 2002; Turner et
al. 2003; Wu and Hallett 2005; Yu et al. 2007). Deep brain stimulation of the STN is
recognized as a very effective treatment for the motor symptoms of Parkinson’s disease
(Limousin-Dowsey et al. 1999; Krack et al. 2002). In addition, deep brain stimulation has
been shown to normalize cerebellar activity (Hilker et al. 2004; Payoux et al. 2004; Grafton
et al. 2006; Trost et al. 2006; Geday et al. 2009). Thus, the effectiveness of deep brain
stimulation as a treatment may be due, in part, to altering STN activity and reducing STN
abnormal output to the cerebellum.

Dystonia
Dystonia is a movement disorder characterized by involuntary muscle contractions, twisting
movements and abnormal postures (Fahn et al. 1998). Several lines of evidence indicate that
the basal ganglia represent a key structure in the pathophysiology of both primary and
secondary dystonias. Primary dystonias develop spontaneously, without an apparent cause
and have a hereditary component. Although no overt degeneration has been identified in
Neuropsychol Rev. Author manuscript; available in PMC 2012 April 12.
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primary dystonias, abnormalities in basal ganglia activity have frequently been reported
(Brakefield et al. 2008).
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Secondary dystonias result from diseases or brain injury and are most often associated with
lesions of the basal ganglia (Bhatia and Marsden 1994; Geyer and Bressman 2006;
Brakefield et al. 2008). Lesions and pharmacological manipulations of the basal ganglia in
animal models have produced various forms of dystonia (Guehl et al. 2009). Furthermore,
injections of GABA-A anatagonist bicuculline into the rostral motor thalamus, which relays
basal ganglia projections to the cerebral cortex, can induce dystonic postures (Guehl et al.
2000; Macia et al. 2002).
On the other hand, cerebellar abnormalities have also been implicated in both primary and
secondary dystonias. Carriers of genetic mutations that are associated with primary dystonia
exhibit abnormalities in metabolic brain activity not only in the basal ganglia, but also in the
cerebellum (Eidelberg 1998; Trost et al. 2002; Ghilardi et al. 2003; Carbon et al. 2008,
2010; Carbon and Eidelberg, 2009). Diffusion tensor imaging data suggests that in these
individuals, the integrity of the cerebello-thalamo-cortical tract is reduced and this reduction
is correlated with the clinical penetrance of their genetic mutations (Argyelan et al. 2009).
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Damage to the cerebellum can result in some forms of secondary dystonia (Bhatia and
Marsden 1994; LeDoux and Brady 2003; Geyer and Bressman 2006; Brakefield et al. 2008).
Animal models provide further support for cerebellar contributions to secondary dystonia. In
mice, pharmacological stimulation of the cerebellar vermis has been shown to elicit dystonic
postures of the trunk and limbs (Pizoli et al. 2002). Furthermore, abnormal oscillations have
been reported in the cerebellar cortex of tottering mice, a genetic mouse model of dystonia
(Chen et al. 2009). In these mice, abnormal cerebellar output appears to be essential for the
generation of dystonic movements (Campbell and Hess 1998; Campbell et al. 1999;
Neychev et al. 2008). These findings indicate that dystonia is associated with abnormalities
in both the basal ganglia and cerebellum and these two structures may interact in the
expression of this disorder.
Our results showing interconnections between the cerebellum and the basal ganglia may
help explain how these structures interact in the expression of dystonia. The disynaptic link
from the dentate nucleus to the striatum may allow abnormalities in cerebellar activity to
affect he basal ganglia. Similarly, abnormal activity in the basal ganglia, particularly in the
STN, may impact cerebellar function. The STN of patients with primary dystonia exhibits
significant increases in firing rates, oscillatory and bursting activity (Schrock et al. 2009).
These abnormal signals could be transmitted from STN to the cerebellar cortex and
contribute to the manifestation of dystonia.
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Summary and Conclusions
We have described a disynaptic projection from the cerebellum to the basal ganglia and a
reciprocal projection from the basal ganglia to the cerebellum (Fig. 1). These newly
identified pathways provide a direct route for cerebellar activity to influence and be
influenced by basal ganglia activity. We have provided a couple of relevant examples of
how the pathways linking the cerebellum and basal ganglia may contribute to our
understanding of two major motor disorders, Parkinson’s disease and dystonia.
Evidence has been accumulating for important roles of the cerebellum and the basal ganglia
not only in motor control, but also in nonmotor functions (e.g., Middleton and Strick 2000;
Strick et al. 2009). Our results indicate that both the motor and nonmotor domains of the
dentate nucleus provide disynaptic inputs to the basal ganglia. Similarly, the motor and
nonmotor territories of the STN provide disynaptic inputs to the cerebellar cortex. These
Neuropsychol Rev. Author manuscript; available in PMC 2012 April 12.
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findings indicate that cerebellar and basal ganglia functions may be integrated across motor
and nonmotor domains.
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Clinically, interactions between the cerebellum and the basal ganglia in the nonmotor
domain are likely to have important implications for a wide variety of disorders. Alterations
in cerebellar and basal ganglia loops with nonmotor cortical areas have been identified in
numerous neuropsychiatric disorders including schizophrenia, Tourette’s syndrome, autism,
attention deficit disorder, and addiction (e.g., Andreasen et al. 1998; Middleton and Strick
2000; Grabli et al. 2004; François et al. 2004; Temel and Visser-Vandewalle 2004; Krain
and Castellanos 2006; Amaral et al. 2008; Andreasen and Pierson 2008; Strick et al. 2009;
Rouaud et al. 2010; Simpson et al. 2010; Tobe et al. 2010). It may be important for future
studies to consider the potential contributions of both the basal ganglia and cerebellum in the
manifestation of these disorders. The interconnections between the basal ganglia and
cerebellum mean that the substrate exists for dysfunction in one structure to be propagated
to the other.
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Of course our results raise another important question: What are the implications of the
interconnections between the cerebellum and basal ganglia for normal function? So far,
research has focused primarily on differentiating between cerebellar and basal ganglia
contributions to behavior (e.g., Doya 2000). We believe our findings suggest that new
insights will come from considering how these two nuclei cooperate to influence movement,
cognition and affect.

Acknowledgments
We thank Dr. M. Schnell (Thomas Jefferson University, Philadelphia, PA) for supplying rabies virus strain N2c and
Dr. A. Wandeler (Animal Disease Research Institute, Nepean, ON, Canada) for supplying antibodies to rabies. We
thank M. Page and M. Semcheski for developing computer programs, and M. O’Malley, M. Watach, D. Sipula and
P. Carras for their expert technical assistance. This work was supported in part by funds from the Office of
Research and Development, Medical Research Service, Department of Veterans Affairs, National Institute of
Health Grants R01 NS24328 (PLS), R01 MH56661 (PLS), P40 RR018604 (PLS), and Natural Sciences and
Engineering Research Council of Canada Postgraduate Scholarship 358419 (ACB). The contents do not represent
the views of the Department of Veterans Affairs or the United States Government.

Acronym Key
Cerebellar areas
Crus IIp

posterior Crus II (a component of hemispheric lobule VII)

HVIIB

hemispheric lobule VIIB
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Basal ganglia areas
GPe

external segment of the globus pallidus

GPi

internal segment of the globus pallidus

STN

subthalamic nucleus

Thalamic areas
VIM

ventralis intermedius nucleus
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Experimental paradigms and circuits interconnecting the cerebellum and basal ganglia: The
left panel depicts the experimental paradigm and results from Hoshi et al. 2005, describing
cerebellar output to the basal ganglia (orange circuit). We injected rabies virus into the
striatum. The virus went through two stages of transport: retrograde transport to first-order
neurons in the thalamus that innervate the injection site and then, retrograde transneuronal
transport to second order neurons in the dentate nucleus (DN) that innervate the first-order
neurons. Striatal neurons that receive cerebellar inputs include neurons in the “indirect”
pathway that send projections to the external globus pallidus (GPe). The right panel of the
figure depicts the experimental paradigm and results from Bostan et al. 2010, describing
basal ganglia output to the cerebellum (purple circuit). We injected rabies virus into the
cerebellar cortex. The virus went through two stages of transport: retrograde transport to
first-order neurons in the pontine nuclei (PN) that innervate the injection site and then,
retrograde transneuronal transport to second-order neurons in the subthalamic nucleus
(STN) that innervate the first-order neurons. These interconnections enable two-way
communication between the basal ganglia and the cerebellum. Each of these subcortical
structures has separate parallel interconnections with the cerebral cortex (up and down large
black arrows). The small black arrows in both panels indicate the direction of virus
transport. DN: dentate nucleus; GPe: external segment of the globus pallidus; GPi: internal
segment of the globus pallidus; PN: pontine nuclei; STN: subthalamic nucleus
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Dentate nucleus projection to the external segment of the globus pallidus: The left panel
shows selected cross-sections of the dentate nucleus. Dots represent the location of thirdorder neurons labeled by retrograde transneuronal transport of rabies virus from the external
segment of the globus pallidus. Black arrows indicate the level of the horizontal line through
the middle of the dentate in the middle and right panels. The middle panel shows the
distribution of labeled neurons on an unfolded map of the dentate. The arrows at the top of
the map indicate the locations of slices in the left panel. The vertical dashed line marks the
rostro-caudal center of the nucleus. Filled squares indicate the density of labeled neurons
found in 200 μm×200 μm bins through the nucleus. The right panel shows the motor and
nonmotor domains of the dentate. This map shows the origin of dentate projections to
different cortical areas (M1 face, M1 arm, M1 leg: face, arm and leg representations in
primary motor cortex; PMv arm: arm representation in the ventral premotor area; SMA arm:
arm representation in the supplementary motor area; 7b: area 7b in the posterior parietal
cortex; FEF: frontal eye fields; pre-SMA: pre-supplementary motor area; 9, 46d: areas 9 and
dorsal area 46 in the prefrontal cortex). The curved dotted line indicates the border between
motor and nonmotor domains of the dentate. The vertical dashed line marks the rostrocaudal center of the nucleus. C: caudal; D: dorsal. (The left and middle panels of this figure
are from Hoshi et al. 2005; the right panel is modified from Hoshi et al. 2005 to include
additional data, see Strick et al. 2009)
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Fig. 3.

STN projection to the cerebellar hemisphere: a Histogram of the rostro-caudal distribution
of second-order neurons labeled in the STN by retrograde transport of virus from Crus IIp
(red bars) and HVIIB (blue bars). Missing bars correspond to missing sections. b Charts of
labeled neurons in STN after rabies virus injections into Crus IIp (red dots) and HVIIB (blue
dots) are overlapped to illustrate the topographic differences in distribution of STN secondorder neurons in the two cases. c Schematic representation of STN organization, according
to the tripartite functional subdivisions of the basal ganglia (Parent and Hazrati 1995b; Joel
and Weiner 1997; Hamani et al. 2004). d Schematic summary of the known connections
between STN and areas of the cerebral cortex. C: caudal; D: dorsal; M: medial; STN:
subthalamic nucleus. (Figure from Bostan et al. 2010)
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