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The dominant view of cerebellar function has been that it
is exclusively concerned with motor control and coordi-
nation. Recent findings from neuroanatomical, behav-
ioral, and imaging studies have profoundly changed this
view. Neuroanatomical studies using virus transneuro-
nal tracers have demonstrated that cerebellar output
reaches vast areas of the neocortex, including regions
of prefrontal and posterior parietal cortex. Furthermore,
it has recently become clear that the cerebellum is
reciprocally connected with the basal ganglia, which
suggests that the two subcortical structures are part
of a densely interconnected network. Taken together,
these findings elucidate the neuroanatomical substrate
for cerebellar involvement in non-motor functions medi-
ated by the prefrontal and posterior parietal cortex, as
well as in processes traditionally associated with the
basal ganglia.

Changing views of cerebellar connections and function
The classical view of cerebro-cerebellar interconnections
held that the cerebellum receives information from wide-
spread neocortical areas, including portions of the frontal,
parietal, temporal, and occipital lobes (Figure 1) [1,2]. The
cerebellum was thought to funnel this information —
through the ventrolateral nucleus of the thalamus — back
to a single area of the cerebrum, the primary motor cortex
(M1) (e.g., [3]). Thus, cerebellar connections with the
cerebral cortex were viewed as a means of collecting
information from diverse regions of the cerebral cortex
in order to influence the generation and control of move-
ment at the level of M1. According to this view, cerebellar
output was entirely within the domain of motor control
and abnormal activity in this circuit would lead to purely
motor deficits.

More recent analyses of cerebellar output have resulted
in a dramatic shift in this view (e.g., [4—12]). It is now clear
that efferents from the cerebellar nuclei project to multiple
subdivisions of the thalamus (for a classic review, see [13]),
which, in turn, project to a myriad of neocortical areas,
including premotor, prefrontal, and posterior parietal areas
of the cerebral cortex. Moreover, recent findings have shown
that the cerebellum and basal ganglia are densely inter-
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connected [14,15]. Taken together, these neuroanatomical
findings, along with results from behavioral and imaging
studies, provide a new framework for understanding cere-
bellar involvement in motor, as well as non-motor function.
Specifically, it is now clear that the cerebellum can influence
the generation and control of movement not only at the level
of M1, but also through interactions with premotor cortical
areas and sensorimotor regions of the basal ganglia. Fur-
thermore, the cerebellum can no longer be considered an
exclusively motor structure. Instead it contributes to non-
motor processes mediated by the prefrontal and parietal
cortex, such as cognition and visuospatial reasoning. In
addition, it is involved in non-motor aspects of basal ganglia
function, such as reward-related learning.

We begin our review by presenting evidence which
demonstrates that cerebellar output reaches not only M1,
but also premotor, prefrontal, and posterior parietal areas of
the cerebral cortex. These findings are important because
they provide the anatomical substrate for the output of the
cerebellum to influence non-motor behavior. We then pres-
ent data that delineate segregated motor and non-motor
domains in a major output nucleus of the cerebellum, the
dentate, and in the cerebellar cortex. Additionally, we con-
sider evidence which shows that the fundamental unit of
cerebro-cerebellar operations is a closed-loop circuit. Final-
ly, we describe the new findings for interconnections be-
tween the cerebellum and basal ganglia. Throughout, we
discuss how these new anatomical results provide the neu-
ral substrate for cerebellar contributions to a wide range
of behaviors.

Cerebellar output

The use of neurotropic viruses as transneuronal tracers
(Box 1) has been essential for the identification of the areas
of the cerebral cortex that are the targets of cerebellar
output [4-12,16,17]. These studies have shown that cere-
bellar projections to M1 originate largely from neurons in
the dentate nucleus. Furthermore, there is a rostral to
caudal sequence of dentate outputs to the leg, arm, and face
representations in M1 (Figure 2). This arrangement cor-
responds well with the somatotopic organization of the
dentate previously proposed on the basis of physiological
studies (e.g., [18-20]).

The region of the dentate that contains neurons that
project to M1 occupies only 30% of the nucleus [6,21]. This
implies that a substantial portion of the dentate projects to
neocortical targets other than M1. A series of experiments

Trends in Cognitive Sciences xx (2012) 1-14 1


http://dx.doi.org/10.1016/j.tics.2013.03.003
mailto:strickp@pitt.edu

TICS-1183; No. of Pages 14

Trends in Cognitive Sciences xxx xxxx, Vol. xxx, No. x

(A)

(B)

Number of labeled cells/mm

11 10 9 8 6 4 3 5 7
46 1

19 18 17 25 23 13 22 27 20 21 Al

Brodmann area

24 14

TRENDS in Cognitive Sciences

Figure 1. Origin of projections from the cerebral cortex to the cerebellum and the cortical targets of cerebellar output. (A) The relative density of cerebro-pontine neurons is
indicated by gray dots on the lateral and medial views of the monkey brain. Red labels indicate areas of the cerebral cortex that are the target of cerebellar output. Blue
labels indicate areas that are not targets of cerebellar output. The numbers refer to cytoarchitectonic areas. (B) Histogram of relative density of cerebro-pontine cells in the

different cytoarchitectonic areas of the monkey. Adapted from [17].

aimed to test this proposal and to define the neocortical
targets of the unlabeled regions of the dentate. Briefly,
these experiments demonstrated that the arm representa-
tions in multiple premotor areas, including the ventral
premotor area (PMv), dorsal premotor cortex (PMd), and
supplementary motor area (SMA), are targets of cerebellar
output [4,22,23]. Cerebellar outputs to these premotor
areas originate from the same dorsal region of the dentate
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that provides output to arm M1 (Figure 2). The clustering
of output channels to M1 and the premotor areas in the
dorsal region of the dentate creates a motor domain within
the nucleus [21]. The outputs to the arm representations of
M1, PMv, PMd, and SMA appear to be in register within
the dorsal region of the dentate. This raises the possibility
that a single, integrated map of the body is represented
within the motor domain of the dentate (Box 2).
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Prior neuroanatomical approaches for examining cerebro-cerebellar
and cerebello-basal ganglia circuits have been hindered by a number
of technical limitations. Chief among these limitations is the multi-
synaptic nature of these pathways and the inability of conventional
tracers to label more than the direct inputs or outputs of an area. To
overcome these and other problems, neurotropic viruses have been
used as transneuronal tracers in the central nervous system of
primates (for references and a review, see [10,135]). Selected strains
of virus move transneuronally in either the retrograde or anterograde
direction [10]. Thus, one can examine either the inputs to or the
outputs from a site. The viruses used as tracers move from neuron to
neuron exclusively at synapses and the transneuronal transport
occurs in a time-dependent fashion. Careful adjustment of the
survival time after a virus injection allows for the study of neural
circuits composed of two (2nd order), three (3rd order), or four (4th
order) synaptically connected neurons [136].

In an initial series of studies, the retrograde transneuronal
transport of the Mclntyre-B strain of herpes simplex virus type 1
(HSV1) was used to identify cerebellar outputs to selected neocor-
tical areas [11]. In subsequent studies, retrograde transneuronal
transport of the CVS-11 (challenge virus strain 11) and N2c strains of
rabies virus (RV) were used to identify cerebellar outputs to selected
neocortical areas and to the basal ganglia [4,9,10,15,22]. In other
studies, anterograde transneuronal transport of the H129 strain of
HSV1 was used to identify neocortical inputs to the cerebellar cortex
[10]. Figure | displays a schematic of the retrograde transneuronal

Remarkably, even after establishing the origin of cere-
bellar output to multiple motor areas of the cerebral cortex,
the cortical targets of a large portion of the dentate
remained unidentified. Therefore, several experiments
were performed to determine whether regions of prefrontal
and posterior parietal cortex are targets of cerebellar
output (Figure 2) [8,9,12,16,24]. When the results of all
of these experiments are considered together, it is clear
that the dentate contains distinct output channels that
project to areas 9m, 91, and 46d, 7b, the anterior intrapar-
ietal area (AIP), medial intraparietal area (MIP), and
ventral lateral intraparietal area (LIPv), but not to areas
12, 46v, 7a or inferotemporal cortex (TE) (Figures 1 and 2).
Importantly, the extent of the dentate that is occupied by
an output channel to a specific area of prefrontal or poste-
rior parietal cortex is comparable to that occupied by an
output channel to a cerebral motor area (Figure 2). Thus, it
is likely that the signal from the dentate to prefrontal and
posterior parietal areas of cortex is as important to their
function as the signal the nucleus sends to motor areas of
the cerebral cortex.

The output channels to prefrontal cortex are clustered
together in a ventral region of the nucleus that is entirely
outside the more dorsally located motor domain. The output
channels to the prefrontal cortex are also rostral to the
output channel that targets the frontal eye field [11]. Inter-
estingly, the topographic arrangement of output channels in
the dentate nucleus does not mirror the arrangement of
their targets in the cerebral cortex. For example, the pre-
supplementary motor area (pre-SMA) is adjacent to the
SMA on the medial surface of the hemisphere (Figure 1),
but the output channels to these neocortical areas are
spatially separate in the dentate (Figure 2B). Although
the pre-SMA has traditionally been included with the motor
areas of the frontal lobe, evidence indicates that it should be
considered a region of prefrontal cortex (for review, see [25]).

transport of RV (red) and anterograde transneuronal transport of the
H129 strain of HSV1 (blue) following neocortical injections in
separate animals.
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Figure I. Schematic of the retrograde transneuronal transport of RV (red) and
anterograde transneuronal transport of the H129 strain of HSV1 (blue) following
neocortical injections in separate animals.

The location of the output channel to the pre-SMA in the
non-motor domain of the dentate nucleus supports this
proposal. Overall, these results support the notion that
the topographic arrangement of output channels in the
dentate nucleus reflects their connectional and functional
relationship, rather than spatial relationships of the neo-
cortical areas they innervate.

The division ofthe dentate into separate motor and non-
motor domains is reinforced by underlying molecular
gradients within the nucleus of cebus monkeys and maca-
ques [4,5,26]. Immunoreactivity for a monoclonal antibody
(8B3) is most intense in ventral regions of the dentate
nucleus that project to prefrontal and posterior parietal
areas of cortex. Thus, 8B3 may ‘recognize’ a significant
portion of the non-motor domain within the dentate nu-
cleus. If this is the case, measurements indicate that the
non-motor domain occupies approximately 40% of the
dentate nucleus.

Anatomical and imaging studies provide evidence for a
similar organization of the human dentate nucleus. For
example, it has long been recognized that the human
dentate nucleus is composed of a dorsal, microgyric portion
and a ventral, macrogyric portion (for references and illus-
tration, see [27]). Comparative studies suggest that the
dentate nucleus has expanded in great apes and humans
relative to the other cerebellar nuclei [28]. In fact, most of
this increase appears to be due to an expansion in the
relative size of the ventral dentate nucleus [29]. If the
human ventral dentate nucleus has cortical outputs like
that of the monkey, then the non-motor portion of the
dentate nucleus grows in size and importance in great
apes and humans.

There have been relatively few imaging studies of
the human deep cerebellar nuclei, due to the challenges
that their small size and high iron content pose to mag-
netic resonance imaging (MRI) [30,31]. The available
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Box 2. Questions for future research

e Is there an integrated map of the body within the motor domain of
the dentate nucleus?

e What are all the neocortical targets of the dentate, interpositus,

and fastigial nuclei?

What is the functional organization of the non-motor domain in

the cerebellar cortex?

What is the nature of the information exchanged between the

cerebellum and the basal ganglia?

e How does cerebellar input improve basal ganglia function?

e How does basal ganglia input improve cerebellar function?

e How do the cerebellum and basal ganglia interact during different
forms of learning?

e How do the cerebellum and basal ganglia interact and contribute
to disorders of movement, cognition, and affect?

experiments, using resting state imaging to establish
functional connectivity (fcMRI), report that the human
dentate nucleus is connected with both motor and non-
motor networks of the cerebral cortex [32,33]. In addition,
the few studies that have examined functional activation
of the dentate nucleus during task performance (fMRI)
report activation of the dentate nucleus during both motor
and non-motor tasks (see [34], for a review). Furthermore,
the results of a recent fMRI study provided evidence for
segregated motor activation in dorsal and rostral regions
of the dentate nucleus, whereas cognitive tasks led to
activation in caudal aspects of the dentate nucleus [35].
Taken together, the results in human studies are remark-
ably consistent with the neuroanatomical findings in
monkeys. They support the conclusion that the dentate
nucleus has separate motor and non-motor domains that
influence motor and non-motor areas of the cerebral
cortex.

Cerebro-cerebellar loops

A number of general principles have emerged from a
comparison of the areas of the cerebral cortex that project
to the cerebellum and the areas of the cerebral cortex that
are the target of cerebellar output (Figures 1 and 2). To
date, all of the areas in the cerebral cortex that are targets
of cerebellar output (e.g., M1, premotor areas in the frontal
lobe, and selected regions of prefrontal and posterior pari-
etal cortex) also have prominent projections to the cerebel-
lum (Figure 1). By contrast, several areas of the cerebral
cortex that lack substantial projections to the cerebellum
(e.g., areas 46v, 12, and TE) do not appear to be major
targets of cerebellar output (Figure 1). If these principles
apply to all cerebro-cerebellar networks, then all of the
areas of cerebral cortex that project to the cerebellum may
be the targets of cerebellar output. This would include such
diverse areas as regions of extrastriate cortex, cingulate
cortex, and the parahippocampal gyrus (Figure 1) [1,36—
41]. Portions of the dentate nucleus with currently uniden-
tified cortical targets (Figure 2) may project to these
regions. In addition, the interpositus and fastigial nuclei
send efferents to the thalamus (e.g., [19], [42—-44]). The
neocortical targets of these deep nuclei remain to be fully
determined, but are likely to include both motor and non-
motor areas. For example, there is evidence for projections
from the interpositus nucleus to primary motor cortex [6]
and neocortical areas in the intraparietal sulcus [24].
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Additionally, classic electrophysiological evidence sug-
gests that cerebellar stimulation, especially in portions
of the fastigial nucleus and associated regions of vermal
cortex, evokes responses at limbic sites, including regions
of cingulate cortex and the amygdala [45,46]. Therefore,
the fastigial nucleus may be a source of input to a number
of sites within the limbic system. This possibility needs to
be more fully explored (Box 2). Even so, it should be clear
from current evidence that the output of the cerebellum,
and its impact on non-motor function, is more extensive
than previously suspected.

Another important implication of the general patterns
of their connectivity is that multiple ‘closed-loops’ may
characterize the input—output organization of cerebro-cer-
ebellar networks. This possibility has been tested for two
cortical areas: M1 and area 46 [10]. In essence, anterograde
transneuronal transport of the H129 strain of herpes
simplex virus type 1 was used to determine the regions
of the cerebellar cortex that receive input from M1 and the
regions that receive input from area 46. Then, retrograde
transneuronal transport of rabies virus was subsequently
used to define the regions of the cerebellar cortex that
project to M1 and the regions that project to area 46. This
approach demonstrated that lobules IV-V, HVIIB, and
HVIII receive input from M1 and project to M1
(Figure 3). Similarly, lobule VII (largely hemispheric Crus
I1, but also vermis) receives input from area 46 and projects
to area 46 (Figure 3). These results suggest that the
fundamental macro-architectural unit of cerebro-cerebel-
lar circuits is a closed-loop circuit.

The obvious spatial separation of the cerebellar regions
that are interconnected with M1 and area 46 indicate that
the distinct motor and non-motor domains observed in the
dentate nucleus (Figure 2B) have their counterparts in
cerebellar cortex. Specifically, the motor domain includes
two regions: one largely in the anterior lobe (lobules ITI-VI)
and another largely in the paramedial lobule and adjacent
posterior lobe (HVIIB and HVIII). The non-motor domain
involves cerebellar territory between these areas of motor
representation, including portions of the vermis and
hemisphere.

Considerable support for the separation of cerebellar
cortex into motor and non-motor domains comes from
considering both classical and recent electrophysiological
and imaging studies. Early electrophysiological studies in
cats and monkeys demonstrated the presence of two
somatotopic representations of the body in the cerebellar
cortex (for review, see [47]). These maps are located in
regions that are directly interconnected with the primary
motor cortex (Figure 3) and reciprocally linked with the
medial and dorsal accessory nuclei of the inferior olivary
complex, which in turn receive afferents from the spinal
cord [48]. Imaging studies have confirmed these repre-
sentations in humans using fcMRI and fMRI (Figure 4)
[49-51]. The orientation of the body map is inverted in the
anterior lobe and upright in lobule VIII of the posterior
lobe (Figure 4).

The functional organization of the extensive non-motor
domain in cerebellar cortex remains under active investi-
gation. As noted above, a portion of this domain in the
monkey is interconnected with the prefrontal cortex



TICS-1183; No. of Pages 14

Trends in Cognitive Sciences xxx xxxx, Vol. xxx, No. x

M1 face

Key: W 13-16 Key: M11-13 Key: W 10-11
M10-12 M0 [ E]
89 79 78
47 3-6

Area 46 Area 9L

Dentate
summary map

——> Dorsal

Dorsal «<——— Ventral

- Dorsal

——> Dorsal
——— \entral

Dorsal «——— Ventral
Dorsal

TRENDS in Cognitive Sciences

Figure 2. Output channels in the dentate nucleus. (A) Top: dorsal location of output channels to primary motor cortex (M1). Note the somatotopic organization of
output channels to leg, arm, and face M1. Bottom: ventral location of output channels to prefrontal cortex. The key below each diagram indicates density of neurons in
bins through the nucleus. (B) Summary map of dentate nucleus topography. The lettering on the unfolded map indicates the neocortical target of different output
channels. The location of different output channels divides the dentate nucleus into motor and non-motor domains. Staining for monoclonal antibody 8B3 is
most intense in the non-motor domain. The dashed line marks the limits of intense staining for this antibody. The numbers refer to cytoarchitectonic areas. Adapted

from [17].

(Figure 3). There is also evidence, in the monkey, that this
domain has interconnections with selected regions of pos-
terior parietal cortex [24]. In the human, experiments
using fcMRI have provided complementary evidence that
the non-motor domain in cerebellar cortex is functionally
coupled to association areas of the cerebral cortex
(Figure 5A). Across various studies, activity in large por-
tions of the cerebellar cortex, including hemispheric lobule
VII, is correlated with activity in fronto-parietal associa-
tion areas, including the cognitive control and default
networks [33,50,52,53]. The extensive functional coupling
of the cerebellar cortex with neocortical association areas
likely reflects an expanded role for the human cerebellum
in non-motor function. This notion is supported by
the finding that the non-motor domain in the cerebellar
cortex of great apes and humans has expanded to mirror
the enlargement of the prefrontal cortex [54]. Diffusion

tractography MRI results also provide evidence for corre-
sponding increases in prefrontal contributions to the cor-
tico-ponto-cerebellar system in humans [55]. Interestingly,
some cortical association regions that have limited or no
known projections to the cerebellum in the monkey (such
as ventral area 46 and regions in orbitofrontal cortex; see
[1] and Figure 1) show functional coupling to cerebellar
cortex in the human. Thus, an expanded array of neocorti-
cal areas may interact with the cerebellum in humans.
There is abundant evidence for activation of cerebellar
cortex in a wide variety of non-motor processes, including
executive function, working memory, language, timing,
music, and emotion (Figure 5B). Because several recent
reviews discuss results from functional imaging of the
human cerebellum and provide considerations on the func-
tional topography of cerebellar cortex (e.g., [17,56—60]),
this topic will not be presented in detail here. However,
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Figure 3. Input-output organization of cerebellar loops with M1 and with area 46.
(A) Organization of cerebellar loops with M1. Left: the distribution of Purkinje
cells (small dots) that project to the arm area of M1. These neurons were labeled
after retrograde transneuronal transport of rabies from injections into the arm
area of M1. Right: the distribution of granule cells (fine lines) that receive input
from the arm area of M1. These neurons were labeled after anterograde
transneuronal transport of the H129 strain of HSV1 from injections into the arm
area of M1. (B) Organization of cerebellar loops with area 46. Left: the
distribution of Purkinje cells (small dots) that project to area 46. These neurons
were labeled after retrograde transneuronal transport of rabies virus from
injections into area 46. Bottom: the distribution of granule cells (fine lines) that
receive input from the area 46. These neurons were labeled after anterograde
transneuronal transport of the H129 strain of HSV1 from injections into the area
46. Adapted from [10].
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we do want to point out that the results of these studies are
fully consistent with the idea that cerebellar cortex has
distinct motor and non-motor domains. For example, cog-
nitive and emotion tasks consistently activate regions in
lobule VI, lateral lobule VII (Crus I, Crus II, VIIB), and
medial lobule VII, regions that are functionally coupled
with associative regions of the cerebral cortex (Figure 5A).
Although future research is needed to reveal the detailed
topography of the cerebellar cortex (Box 2), it is clear that
the sites of activation in cognitive and emotion tasks are
quite separate from those observed in motor tasks
(Figure 4).

The concept that the cerebellar cortex and dentate
nucleus contain distinct motor and non-motor domains
provides an anatomical explanation for the observation
that global dysfunction of the cerebellar cortex has
wide-ranging effects on behavior (e.g., [61]), whereas
localized dysfunction of a portion of the cerebellar
cortex leads to more limited motor or non-motor deficits
(e.g., [62-65]). The non-motor disorders produced by
cerebellar dysfunction, by their very nature, may be less
obvious that the disorders of movement, but they are no
less real.

The results we have summarized concerning the func-
tional organization of the cerebellum highlight the inad-
equacy of the term ‘cerebellar patient’. For comparison,
no neuroscientist would ever characterize a subject as a
‘cerebral cortex patient’. Everyone recognizes that the
site of a lesion in the cerebral cortex is of paramount
importance in determining the nature of the ensuing
deficits. The cerebellar cortex, like the neocortex, is
not functionally homogenous. Therefore, the precise
localization of damage or activation is just as important
for studies of the cerebellum as it is for the cerebral
cortex.

The cerebellum is interconnected with the basal ganglia
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 [66,67]. The outputs from the
cerebellum and basal ganglia to the cerebral cortex are
relayed through distinct thalamic nuclei [13,68]. Any
interactions between cerebro-cerebellar and cerebro-basal
ganglia loops were thought to occur primarily at the
neocortical level. Results from recent anatomical experi-
ments challenge this perspective and provide evidence for
disynaptic pathways that directly link the cerebellum
with the basal ganglia. These experiments used retro-
grade transneuronal transport of rabies virus from injec-
tions into nuclei of the basal ganglia and cerebellar cortex
(Figure 6).

Virus transport demonstrated that the dentate nucleus
projects disynaptically to the striatum (caudate and puta-
men) (Figure 6) [15]. Projections to the striatum originate
from motor and non-motor domains in the dentate nucleus.
Furthermore, the projections terminate in regions of the
putamen and caudate known to be within the ‘sensorimo-
tor’ and ‘associative territories’ of these nuclei (for an
overview of the organization of the striatum, see [69]).
These findings indicate that the disynaptic pathway from
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Figure 4. Somatomotor topography in the cerebellar cortex. (A) The cerebral (right hemisphere) and cerebellar (left hemisphere) locations of the foot (green), hand (red),
and face (blue) somatomotor representations in the monkey, from physiological responses evoked by stimulation. (B) Somatomotor topography in the cerebral cortex
related to the foot (green), hand (red), and tongue (blue). Left hemisphere shows sites of fMRI activation during motor tasks. Right hemisphere shows seed regions for
studies of functional connectivity MRI (fcMRI). (C) Cerebellar somatomotor topography as measured by task fMRI (right hemisphere) and fcMRI (left hemisphere, the seed
regions are shown on B, right hemisphere). (D) Three views of somatomotor representation within the cerebellar cortex. Displayed coordinates represent the plane in MNI

atlas space. Adapted, with permission, from [50].

the dentate nucleus to the striatum enables an output from
the cerebellum to influence non-motor, as well as motor,
function within the basal ganglia.

In a comparable set of experiments, virus transport
demonstrated that the subthalamic nucleus (STN) projects
disynaptically to cerebellar cortex (Figures 6 and 7) [14].
Projections to the cerebellar cortex originate from motor
and non-motor domains within the STN (for an overview of
the organization of the STN, see [70]). Furthermore, the
projections terminate in motor and non-motor regions of
the cerebellar cortex. These findings indicate that the
disynaptic pathway from the STN to the cerebellar cortex
enables an output from the basal ganglia to influence non-
motor, as well as motor function within the cerebellum
(Figure 7).

Taken together, these studies indicate that the cerebel-
lum and basal ganglia are components of a densely inter-
connected network concerned with motor and non-motor
aspects of behavior. As a consequence, these major subcor-
tical systems are likely to interact as part of their normal
function. Such interactions imply that abnormal activity in
one system would have important effects on the other.
Several observations support these predictions (Figure 8).
Below, we provide evidence that implicates both the cere-
bellum and the basal ganglia in associative reward-related
learning, as well as in the manifestations of neuropsychiat-
ric and motor disorders.

The cerebellum and basal ganglia are typically viewed
as segregated modules that participate in different
aspects of learning. The cerebellum is thought to be
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Figure 5. Topography in the non-motor regions of the cerebellar cortex. (A) Maps of the human cerebellum (panels on the right) based on functional connectivity with 7
major networks in the cerebrum (leftmost panel, based on [137]). Every voxel within the cerebellum is colored based on its maximal functional correlation with a cerebral
network in a sample of 1000 subjects. The coordinates at the bottom right of the cerebellar panels represent the section level in the MNI atlas space. Adapted, with
permission, from [50]. (B) Cerebellar non-motor topography from a meta-analysis of published imaging data, a single case study, and a group study. Consistently active
clusters during working memory (purple), language (blue), and spatial (green) paradigms are shown on coronal cerebellar slices. y coordinates represent the section level in

MNI atlas space. Adapted, with permission, from [138].

involved in adaptive modification of behavior and error-
based learning, whereas the basal ganglia are thought to
be involved in reward prediction and reward-based learn-
ing (see [66,71] and Figure 6C). Future research is needed
to determine the computational benefits of interconnect-
ing a reinforcement learning module with a supervised
learning module in order to better understand how the
basal ganglia and cerebellum may interact (Box 2). So far,
accounts of reward-related learning have strongly em-
phasized the role of the basal ganglia because of the
hypothesis that dopamine neurons reflect reward-related
prediction error and facilitate reinforcement learning in
striatal target neurons [72]. Indeed, lesions and inactiva-
tions of the ventral striatum significantly impair previ-
ously acquired conditioned responses to food [73,74].
Human fMRI studies have also shown that activity in
the striatum is correlated with reward prediction error in
Pavlovian reward association tasks [75,76]. Strikingly,
reward prediction error in these imaging studies is also
strongly correlated with cerebellar signals (Figure 8A)
[75]. In light of the findings that the cerebellum is closely
interconnected with the basal ganglia, such a result need
not be surprising. There is substantial evidence for cere-
bellar contributions to associative learning (for reviews,
see [77,78]). Early studies indicate that the cerebellum is
both necessary and sufficient for the establishment of
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classical conditioning with aversive stimuli [79]. The
cerebellum is activated in neuroimaging studies of aver-
sive conditioning in humans, along with regions in the
striatum (Figure 8B) [80,81]. Co-activations of the cere-
bellum and the basal ganglia (Figure 8A, B) [75,80-82]
suggest that they may interact in support of processes
involving reward-related learning. Although there is con-
vincing evidence that both the cerebellum and the basal
ganglia contribute to reward-related learning (for
reviews, see [78,83]), further work is needed to determine
precisely how these systems interact during this and
other processes (Box 2).

Cerebellar and basal ganglia interactions in reward-
related learning may explain, in part, why lesions in both
regions impair reward-based reversal learning [84,85] and
may help interpret findings that implicate the cerebellum
in addiction. Although dopaminergic function and rein-
forcement learning implemented in the basal ganglia are
considered key elements in the process of addiction (for
reviews, see [86,87]), the cerebellum may also play an
important role in this disorder (for a review, see [88]).
Neuroimaging studies in addicted individuals provide com-
pelling evidence for this perspective (see Figure 8C). For
example, neuroimaging studies have reported that cogni-
tive deficits in addicted individuals are associated with
abnormal cerebellar activity [89]. Furthermore, imaging
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Figure 6. Experimental paradigms and circuits interconnecting the cerebellum and
the basal ganglia. (A) The experimental paradigm and results from [15] describing
cerebellar (blue) output to the basal ganglia (orange). Rabies virus was injected
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. Adapted, with permission,
from [139]. (B) The experimental paradigm and results from [14], describing basal
ganglia (orange) output to the cerebellum (blue). Rabies virus was injected 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
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studies consistently reveal that the cerebellum is active
when addicted individuals interact with conditioned drug
cues that increase craving (Figure 8C). Such activations
have been observed across addiction studies irrespective of
the drug of abuse and include responses to smoking cues
[90], alcohol cues [91], heroin cues [92], and cocaine cues
[93,94].

There have been two main explanations for cerebellar
activations in cue-reactivity paradigms. First, it has been
proposed that the cerebellum (through its connections
with the prefrontal cortex) is active as part of a distrib-
uted memory network that supports emotional and cog-
nitive links between the environment and drug craving
[93]. Second, it has been proposed that the cerebellum
(through its connections with motor and premotor neo-
cortical areas) is active as part of a distributed sensori-
motor network that supports automatized behavioral
reactions towards drug-related stimuli [95,96]. Co-
activations between the cerebellum and the basal ganglia
in cue-induced craving paradigms have been observed in
several studies (e.g., [90,96-98]). Therefore, future
accounts may benefit from considering interactions with
the basal ganglia as another potential neural substrate
for cerebellar involvement in cue-induced craving and
addiction.

Cerebellar interactions with the basal ganglia have
been shown to contribute to the symptoms of certain motor
disorders, particularly Parkinson’s disease and dystonia
(for reviews, see [99-101]). Briefly, in Parkinson’s disease,
the loss of dopaminergic neurons of the substantia nigra
pars compacta results in the manifestation of tremor,
rigidity, bradykinesia, and akinesia [102]. However, cere-
bellar activity is also abnormal in Parkinson’s disease
[103-105]. In Parkinsonian patients [106,107] and in
monkey models of the disease [108], oscillatory activity
at tremor frequencies has been recorded in regions of the
thalamus that receive cerebellar, not basal ganglia, effer-
ents. Furthermore, the cerebellar-receiving thalamus is
one of the most effective surgical sites for treating Parkin-
sonian tremor [109]. These results suggest that abnormal
activity in cerebellar circuits may account for such tremor.
Furthermore, deep brain stimulation of the STN is not
only highly effective in reducing the motor symptoms in
Parkinson’s disease [110], but also normalizes cerebellar
activity and function [111-115]. The disynaptic connec-
tion from the STN to the cerebellum may be the anatomi-
cal substrate that mediates this effect of STN stimulation.
Overall, these lines of evidence suggest that interactions
between the basal ganglia and cerebellum contribute to

the cerebellum. The small red arrows in panels (A) and (B) indicate the direction of
virus transport. Adapted, with permission, from [139]. (C) The theoretical
specialization of the cerebellum, the basal ganglia, and the cerebral cortex for
different types of learning, according to [66]. The cerebellum is specialized for
supervised learning, guided by the error signal from the inferior olive. The basal
ganglia are specialized for reinforcement learning, guided by the reward signal
encoded in the dopaminergic input from the substantia nigra pars compacta. The
cerebral cortex is specialized for unsupervised learning, guided by statistical
properties of the input and neuromodulatory inputs. Interconnections between
different structures are shown by large arrows (black arrows for interconnections
with the cerebral cortex, orange arrow for the connection from the basal ganglia to
the cerebellum, blue arrow for the connection from the cerebellum to the basal
ganglia). Adapted, with permission, from [66].
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Figure 7. Subthalamic nucleus (STN) projection to the cerebellar hemisphere. (A)
Rabies virus injection sites into the cerebellar cortex. Left: flattened map of the
cerebellar cortex in cebus monkeys. Right: shaded region on the left side is
expanded to show two injection sites, one into Crus llp (AB2, red) and one into
HVIIB (AB3, blue). (B) Charts of retrogradely labeled neurons in STN after rabies
virus injections into Crus llp (red dots) and HVIIB (blue dots) are overlaid to
illustrate the topographic differences in distribution of STN second-order neurons
in the two cases. (C) Schematic representation of STN organization, according to
the tripartite functional subdivisions of the basal ganglia. (D) Schematic summary
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the expression of the motor abnormalities observed in
Parkinson’s disease.

Dystonia is another motor disorder that is often attrib-
uted to the basal ganglia [116]. Dystonia is characterized
by involuntary muscle contractions, twisting movements,
and abnormal postures [117]. However, dystonia can also
arise from cerebellar dysfunction and may be better de-
scribed as a network disorder involving the basal ganglia
and cerebellum [116,118]. Human carriers of genetic
mutations associated with dystonia exhibit abnormalities
in both the basal ganglia and the cerebellum [119-125]. In
normal mice with pharmacological excitation of the cere-
bellum or mutant tottering mice, abnormal cerebellar
activity drives dystonic movements [126—130]. Additional
subclinical lesions of the basal ganglia in these animals
exaggerate the expression of dystonia, indicating that the
basal ganglia contribute to the manifestation of motor
abnormalities, even when the primary defect originates
in the cerebellum [116,130]. In fact, aberrant cerebellar
activity may even cause dystonic movements through its
effects on the basal ganglia. This view is supported by a
mouse model of rapid-onset dystonia-Parkinsonism, in
which abnormal cerebellar activity can influence the basal
ganglia via the disynaptic pathway through the thalamus
that we have described above [131]. Overall, these findings
support important functional interactions between the
cerebellum and the basal ganglia in the manifestation
of motor disorders typically associated with the basal
ganglia.

Disturbances of basal ganglia circuits are associated
with a wide range of conditions, including not only the
motor disorders discussed above, but also disorders with
non-motor components, such as Tourette syndrome, at-
tention-deficit/hyperactivity disorder, and schizophrenia
(for a review, see [87]). There is evidence that the cere-
bellum is also involved in these conditions, (for reviews,
see [17,60,132,133]). For example, in Tourette syndrome,
the cerebellum and the basal ganglia are likely to be
concurrently involved in tic generation (Figure 8D) [133].
Tourette syndrome patients can also be differentiated
from controls by an abnormal metabolic pattern that
includes increased cerebellar and decreased basal gan-
glia metabolism [134]. Thus, cerebellar interactions with
the basal ganglia are likely to be as important for neu-
ropsychiatric disturbances, as they are in the motor
disorders.

Overall, multiple lines of evidence provide support for
functionally relevant interactions of the cerebello-basal
ganglia network. We have provided evidence that the
cerebellum and basal ganglia operate concurrently in
the process of associative reward-based learning, that
they interact in the manifestation of motor disorders
(Parkinson’s disease and dystonia), and that their inter-
action may contribute to neuropsychiatric disorders (ad-
diction and Tourette syndrome). Further work is needed to
explore how the communication between the cerebellum
and the basal ganglia contributes to these and other
normal and abnormal behaviors (Box 2).

of the known connections between STN and areas of the cerebral cortex. Adapted
from [14].
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Figure 8. Cerebellar activation associated with learning paradigms and neuropsychiatric conditions. (A) Functional MRI study of appetitive conditioning with a pleasant
taste reward. Activation (white) in the basal ganglia and the cerebellum correlates with temporal difference prediction error. Adapted, with permission, from [75]. (B)
Functional MRI study of higher-order aversive conditioning. Activation (yellow/orange colors) in the basal ganglia and cerebellum correlates with temporal difference
prediction error. Adapted, with permission, from [80]. (C) Cerebellar involvement in addiction. Summary results of cerebellar activation associated with cue-induced
craving. Different shapes indicate results from different studies. Adapted, with permission, from [95]. (D) Tics in Tourette syndrome (tics minus sleep contrast) activate both
the cerebellum and basal ganglia. Adapted, with permission, from [134]. In all panels, blue arrows point to sites of cerebellar activation and orange arrows point to sites of

basal ganglia activation.

Concluding remarks

The dominant view of cerebellar function over the past
century has been that it is concerned with the coordination
and control of motor activity through its connections with
M1. Here, we have reviewed data that have led to a radical
change in current conceptualizations of cerebellar struc-
ture and function. The cerebellum not only receives input
from a vast array of areas of the cerebral cortex, but also
has outputs that influence many, if not all, of these neo-
cortical areas. Indeed, a significant portion of the output
from the dentate nucleus of the cerebellum projects to non-
motor areas of the cerebral cortex, including regions of
prefrontal and posterior parietal cortex. Motor and non-
motor functions are spatially separated, with distinct
domains in the dentate nucleus and cerebellar cortex.
Thus, the anatomical substrate exists for cerebellar output
to influence the cognitive and visuospatial computations
performed in prefrontal and posterior parietal cortex, as

well as the generation and control of movement at the level
of the cortical motor areas.

Another dramatic change in current views of cerebellar
circuits is the observation that this major subcortical
structure is densely interconnected with the basal ganglia.
The interconnections between the cerebellum and the
basal ganglia link the motor and non-motor domains of
one subcortical system with the corresponding domain in
the other system. Thus, the anatomical substrate exists for
cerebellar output to influence the input stage of the basal
ganglia and vice-versa. These interconnections provide the
neural basis for cerebellar involvement in what have typi-
cally been considered to be basal ganglia operations, such
as reward-related learning, and in so-called basal ganglia
disorders, such as Parkinson’s disease, dystonia, or Tour-
ette syndrome. These new results challenge researchers to
discover the entire range of behaviors that are influenced
by the cerebro-cerebellar-basal ganglia network and the

11
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neural computations that are subserved by these inter-
connections.
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