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Abstract

Cerebellum and basal ganglia are reciprocally interconnected with the neocortex via oligosynaptic loops. The signal pathways
of these loops predominantly converge in motor areas of the frontal cortex and are mainly segregated on subcortical level.
Recent evidence, however, indicates subcortical interaction of these systems. We have reviewed literature that addresses the
question whether, and to what extent, projections of main output nuclei of basal ganglia (reticular part of the substantia nigra,
internal segment of the globus pallidus) and cerebellum (deep cerebellar nuclei) interact with each other in the thalamus. To
this end, we compiled data from electrophysiological and anatomical studies in rats, cats, dogs, and non-human primates.
Evidence suggests the existence of convergence of thalamic projections originating in basal ganglia and cerebellum, albeit
sparse and restricted to certain regions. Four regions come into question to contain converging inputs: (1) lateral parts of
medial dorsal nucleus (MD); (2) parts of anterior intralaminar nuclei and centromedian and parafascicular nuclei (CM/Pf);
(3) ventromedial nucleus (VM); and (4) border regions of cerebellar and ganglia terminal territories in ventral anterior and
ventral lateral nuclei (VA—VL). The amount of convergences was found to exhibit marked interspecies differences. To explain
the rather sparse convergences of projection territories and to estimate their physiological relevance, we present two conceiv-
able principles of anatomical organization: (1) a “core-and-shell” organization, in which a central core is exclusive to one
projection system, while peripheral shell regions intermingle and occasionally converge with other projection systems and
(2) convergences that are characteristic to distinct functional networks. The physiological relevance of these convergences
is not yet clear. An oculomotor network proposed in this work is an interesting candidate to examine potential ganglia and
cerebellar subcortical interactions.
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Introduction
Anatomical background
Cerebellum and basal ganglia are oligosynaptically intercon-

nected with the cerebral cortex (Nieuwenhuys et al. 2008;
Haber et al. 2012; Voogd and Ruigrok 2012). Both structures
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receive the bulk of their afferences from the cerebral cortex
and send major projections back to the cortex via the thala-
mus. The cerebellum receives its cortical input from motor
and sensory areas. These projections are mainly relayed in
the pontine nuclei and traverse the medial cerebellar pedun-
cle to innervate the cerebellar cortex. Here, microcircuitry
processes this input and sends the resulting output via its
Purkinje cells almost entirely to the deep cerebellar nuclei
(DCN). These constitute the main output structures of the
cerebellum and project to a great extent via the superior
cerebellar peduncle to the thalamus. The main neurotrans-
mitter of these projections is glutamate, which elicits mostly
excitatory cell responses. Other neurotransmitters, as well
as inhibitory and complex response patterns, have also been
described (Uusisaari and Knopfel 2012; Buford et al. 1996).
In the thalamus, these signals are relayed for the most part
to the primary motor area of the cortex; further projec-
tions to premotor and prefrontal areas exhibit a decreasing
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density gradient (Sakai et al. 2002). The information flow
between cerebral cortex and basal ganglia is organized sim-
ilarly: afferences originating from motor, prefrontal, and
orbitofrontal cortical areas innervate the striatum; interac-
tions between their projection territories at the level of the
striatum are extensive. These interactions occur in specific
regions in which convergence of terminal fields from differ-
ent functional cortical regions is found. Incoming signals
are processed within internal basal ganglia circuitries and
outcome is conveyed to the main output structures: the inter-
nal part of the globus pallidus (GPi) and the reticular part of
the substantia nigra (SNr). The bulk of this output reaches
the thalamus and exerts a GABAergic inhibitory influence
on projection neurons that target the cerebral cortex. This
anatomy suggests a circular information flow (Haber 2016).

These cerebello-thalamo-cortical and basal ganglio-
thalamo-cortical loops are topographically organized, con-
stituting anatomically and functionally segregated channels
which are relayed in different thalamic nuclei [see Fig. 7
in Middleton and Strick (2000)]. An interaction of cerebel-
lar and basal ganglia loops occurs mainly in motor regions
of the cerebral cortex (Kuramoto et al. 2009). Subcortical
interactions, however, are often neglected when modeling
brain function on a systemic level (Doya 2000). Transneu-
ronal tracing studies in primates point towards substantial
subcortical interactions of these two systems. Those stud-
ies revealed trisynaptic projections of the cerebellum via
thalamus and striatum into the external part of the globus
pallidus (Hoshi et al. 2005). Similar projections of the basal
ganglia to the cerebellum have been shown to originate in
the subthalamic nucleus, being relayed to the cerebellar
cortex via pontine nuclei and/or tegmental pontine reticular
nucleus (Bostan et al. 2010). Further evidence of subcortical
interaction exists in the brainstem [e.g., superior colliculus
in Westby et al. (1994)] and in the thalamus (Chevalier and
Deniau 1982; Nambu et al. 1988; Sakai and Patton 1993;
Sakai et al. 1996). However, discrepancies exist concerning
the amount of these convergences. It is rather difficult to
compare the quantification of investigated neurons in elec-
trophysiological studies, light microscopy, retrograde tracing
studies, and anterograde studies. Descriptions of projection
density were commonly performed using categories such as
“sparse”, “moderate”, “substantial”, or “dense”. Although
synapses cannot be resolved by light microscopy, the gen-
eral morphology of axon terminals allows for an estima-
tion of the density of the projection. This information is,
e.g., inaccessible by retrograde tracing studies. Since the
morphology of axon terminals can differ substantially in
its collateralization and number of developed synapses,
the meaningfulness of such quantifications is limited. To
enable a better comparability between such studies, we indi-
cate the relative frequency of neurons in which converging
inputs could be shown in relation with the total number of
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investigated neurons. In this work, we investigated to what
degree convergences occur in the thalamus. To provide
potential explanatory approaches for conflicting reports, we
sorted the studies by species, employed methods as well as
thalamic regions.

Inclusion criteria, definitions,
and procedures

Animal models

Studies in species of three taxonomic orders were included
in this work: (1) rodents, consisting of studies in rats; (2)
carnivores, mainly consisting of studies in cats and occa-
sional studies in dogs; and (3) primates, mainly consisting
of investigations in representatives of the genus macaca and
sporadic studies in other genera (e.g., squirrel monkeys).
This allows for a coarse interspecies comparison of interac-
tions in the thalamus. In rodents, we have limited ourselves
to the example of studies in rats, as these are to date more
extensively discussed; for work on anatomical organization
in mice, please refer, e.g., to the Allen Mouse Connectivity
Atlas (http://connectivity.brain-map.org) or, specifically, for
basal ganglia and cerebellar interaction in mice, e.g., Chen
et al. (2014), Neychev et al. (2008).

Projection pattern definition

We name regions that are innervated by a given structure
the (terminal) territory of that structure (Percheron et al.
1996). Two territories within a thalamic nucleus are defined
as being segregated if they are not innervated by the same
region (Fig. 1a) and have no informational exchange with
adjacent regions. Due to resolution by the applied methods,
a differentiation from partial overlap especially in boundary
regions is, however, discussable. To that end, it also needs
to be noted that any empirical approaches for discovering
connections have apertures that are tuned to particular scales
and data features: a given method has only access to a lim-
ited range of features and can only partially capture connec-
tions at a certain level of detail, i.e., at a restricted level of
organization. Hence, a distinct segregation, while theoretical
possible, will be empirically hard to be evidenced. Converg-
ing projections are such in which a thalamic neuron receives
input from both projection systems, i.e., projections end in
the same terminal field; this overlap makes an informational
exchange between two (or more) projections possible. Elec-
trophysiological and electronmicroscopical studies provide
solid means in the case of convergences being present, but
due to relatively small sample sizes, the lack of convergences
being observed does not prove that they indeed do not exist.
Anatomical tracing studies employing light microscopy
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(A)

Fig.1 Projection patterns. Three principle projection patterns have
been described in studies that examined the relation of cerebellar and
ganglia territories: a two territories within a thalamic nucleus are
defined as being segregated if they do not innervate the same region

on the other hand provide a relatively complete picture of
the projection territories, but cannot prove convergence in
regions of overlapping territories due to the limited resolu-
tion. Therefore, we consider overlapping territories as being
sites of potential convergence (Fig. 1b). Another putative
pattern of interrelations between terminal territories is often
termed “interdigitating” in the reviewed literature (Fig. 1c).
Here, territories lie in close proximity and reach into each
other, mostly without overlapping [cf. Fig. 5, left side in
Sakai et al. (1996)], connections can form patches of varied
regularity (Goldman-Rakic 1984), or their terminal fields
can display striking interrelation. This projection pattern
thus indicates rather segregated territories. On the other
hand, convergences in border areas have been observed,
and oligosynaptic communication via local interneurons, as
well as modulatory effects via volume transmission, are also
conceivable.

Thalamus nomenclature and nuclei border
definitions

The thalamus can be divided into a multitude of differ-
ent nuclei with varieties based on interspecies differences
(Hassler 1950; Olszewski 1952; Snider and Niemer 1961;
Pellegrino and Cushman 1967; Berman 1968; Schalten-
brand et al. 1977; Berman and Jones 1982; Paxinos and
Watson 2006; Jones 2007), different approaches to define
borders (Krauth et al. 2010)], and different schools of
nomenclature (Dewulf and van Winsen 1971). Conse-
quently, the attribution of interspecies equivalent regions
is highly ambiguous. A list of nuclei and their interspe-
cies equivalents, as well as synonyms between different
nomenclatures can be found in Jones (2007). To enable a
comparison of results in different species, we explored the
nomenclature and border definitions of individual nuclei

©

and have no informational exchange with adjacent regions. b Con-
verging projections are discussed if projections appear in the same
terminal field. ¢ Interdigitating territories lie close together and reach
into each other, mostly without overlapping

and their interspecies equivalents wherever possible. In
general, two regions regarding inputs from cerebellum and
basal ganglia can be recognized: (1) parts of the thala-
mus that lie medial to and include the internal medullary
lamina; (2) parts of the thalamus that are situated later-
ally and anteriorly hereto. Figure 2 shows a schematically
overview of the involved region, adapted from Nieuwen-
huys et al. (2008). The latter is generally termed “motor
thalamus” and consists of the ventral anterior and ven-
tral lateral nuclei (VA-VL). VA-VL concavely clings to
the medial thalamic region. The medial border is defined
by the internal medullary lamina as well as anterior and
lateral thalamic nuclei. Posteriorly, it transitions into the
ventral posterior nucleus (VP). Based on Jones (2007),
the following subnuclei are distinguished in primates. A
ventral anterior nucleus (VA) contains a magnocellular
(VAmc) component. VAmc misses in cats and dogs, and a
paralaminar region (VApl) might represent its equivalent
(Sakai and Patton 1993). Furthermore, a ventral lateral
nucleus (VL) with an anterior (VLa; pallidal territory) and
a posterior (VLp; cerebellar territory) component is distin-
guished. Olszewski (1952) divided the primate VLp into
four further subdivisions: area X (X; anteromedial); pars
postrema of ventral lateral nucleus (VLps; posterodor-
sal); the oral part of the ventral posterior lateral nucleus
(VPLo; ventral); and a ventromedial nucleus (VM), which
is sometimes also referred to as medial part of the ventral
lateral nucleus (VLm). It is difficult to differentiate VM
from other nuclei based on cytoarchitectonic features.
Hence, the interspecies equivalent of this nucleus is con-
troversial, some assigning it to VA, others to VL or VP
(Jones 2007). In cats and dogs, a main division (VL) and
a dorsal part (VLd) are distinguished (Sakai and Patton
1993). According to Jones (2007), VPLo represents the
equivalent of the ventral intermediate nucleus (Vim) in
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Fig.2 Thalamic nuclei with ‘
cerebellar or pallidal afferents.

In this horizontal view, nuclei l
receiving input from either the

cerebellum, substantia nigra, ‘
or pallidum are highlighted in

green. Modified after Nieuwen-

huys (2008). Abbreviations of Am
thalamic nuclei are based on
Jones nomenclature (2007) Ad
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humans (Hassler 1950), an important target in deep brain
stimulation to alleviate symptoms in Parkinson’s disease.
The relevant nuclei in the medial region comprise of the
medial dorsal (MD) and intralaminar (IL) nuclei. The MD
is situated centrally in the thalamus, almost completely
surrounded by the internal medullary lamina. Only medi-
ally, it does border the third ventricle. The MD consists
of three subdivisions: a medially situated magnocellular
component (MDmc); a centrally located parvocellular
part (MDpc), which constitutes the major portion of this
nucleus; and a lateral division in close proximity to the
internal medullary lamina. According to its location, this
division is called “paralaminar” (MDpl). It is also marked
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by alternating patterns of complementary fiber densities
that traverse this portion of the MD, hence inspiring the
term “multiformis” (MDmf). Some authors also distin-
guish MDpl and MDmf as two distinct entities (Jones
2007). The intralaminar nuclei are a number of cell groups
situated within the internal medullary lamina that exhibit
a common ontogenetic development. These nuclei can
be identified employing immunohistochemical labeling
(calbindin, calretinin, parvalbumin, and acetylcholinest-
erase). They can be subdivided into rostral, central, and
caudal groups. The centromedian (CM) and parafascicular
(Pf) nuclei are designated as the central or caudal group,
depending on how many groups are differentiated. These
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nuclei are commonly viewed as a complex (CM/Pf). CM
misses in some species, for instance, rodents. The central
lateral (CL), paracentral (Pc), and central medial (CeM)
nuclei are ascribed to the rostral group.

Study design of reviewed literature

Two general methods (i.e., anatomical and electrophysiologi-
cal) have been widely used to uncover connectivity of projec-
tion systems. (1) Anatomical studies place lesions or tracers in
the region of interest to label cell bodies, axons, and terminals
(Morecraft et al. 2009). Most tracers prefer one direction of
intracellular transport and either propagate towards the cell
body (retrograde tracers, e.g., Fluoro-Gold) or towards the
synapses (anterograde tracers, e.g., Phaseolus vulgaris-leuco-
agglutinin). Some tracers are bidirectional (e.g., wheat-germ
agglutinin). A relatively recent development of this technique
allows for labeling of multisynaptic connections via transneu-
ronal tracers (e.g., rabies virus, HSV-1). Lesions show pat-
terns of anterograde and retrograde degeneration, which can be
labeled subsequently. Concerning the study design of anatomi-
cal studies, convergences were most commonly investigated
interindividually. The comparison of projection territories
was carried out by orientation via anatomical landmarks (e.g.,
cytoarchitectonics, stereotaxis). More convincing evidence
can be found in intraindividual studies, in which several trac-
ers are injected into different structures in the same animal.
This approach allows for a direct comparison of the resulting
labeling on the same or adjacent slices. These methods were
most commonly combined with light microscopic analyses of
the material. The limited resolution of light microscopy limits
the power of evidence concerning the question of converg-
ing projections in regions in which projection territories come
into close contact with each other, since synapses cannot be
resolved. Relatively few studies employed electron microscopy
to tackle this issue. Another limitation concerns the rate of
tracer uptake into the neurons and the intracellular transport
along the axon. Different tracers have been shown to have dif-
ferent sensitivities. This may explain some conflicting reports
and might be indicative of an underestimation of projection
territories in most anatomical studies. (2) Electrophysiological
studies can reveal connectivity by stimulating one structure
and measuring cell responses in another region using elec-
trodes. By considering the approximate distance, the signal
has to travel and the latency of the cell response, and one can
determine whether a connection is monosynaptically activating
postsynaptic ionotropic receptors (fast cell responses). Longer
latencies might be caused by either oligosynaptic connections
or slower cell responses elicited by intracellular signal cas-
cades initiated by metabotropic receptors. Electrodes are usu-
ally placed using stereotactic coordinates and activity profiles
that are specific for different regions. In extracellular single

unit recording studies, electrodes are placed close to a neuron
to measure its spiking behavior. A single unit is defined as a
single firing neuron, whose spike potentials are distinctly iso-
lated by a recording microelectrode. In intracellular single-unit
studies, neurons are impaled by a microelectrode to measure
the voltage change over time across the membrane during cell
responses. This allows the spiking behavior of a neuron to be
measured, as well as postsynaptic potentials that do not elicit
an action potential. Accordingly, connections that do not elicit
obvious changes in spiking behavior can also be revealed. In
some studies, the exact localization of the investigated neurons
is accurately determined by electrophoretic labeling or elec-
trolytic lesions. Because these procedures are very intricate
and time-consuming, sample sizes are often relatively small
(Boulton et al. 1990).

Main output structures and their terminal
territories

The cerebellum mediates the bulk of its output via the cer-
ebellar nuclei, which lie deep in the cerebellar white matter
(Asanuma et al. 1983a). Usually, four deep cerebellar nuclei
(DCN) are distinguished: the dentate nucleus, which is situ-
ated laterally and is very large in primates; the medially
situated fastigial nucleus; the interjacent interposed nuclei,
which are distinguished by their relative position to each
other; the anterior interposed (AIN); and posterior inter-
posed (PIN) nuclei. The main cerebellar projection targets
the VL. All DCN target this nucleus with different densities.
At least in primates, the territories of the individual DCN are
mainly segregated and display a somatotopic organization
(Asanuma et al. 1983b). Further thalamic regions with cer-
ebellar innervations are IL and MD. The basal ganglia struc-
tures are interconnected among each other and with other
structures in a complex manner. Two grey matter regions
constitute the main output structures and project mainly to
the thalamus: GPi and SNr (Kuo and Carpenter 1973; Car-
penter et al. 1976). In rodents, the entopeduncular nucleus
is considered to be equivalent to the GPi and will hereafter
be addressed as the GPi. The SNr mainly projects to VAmc,
VLm, and MD (Carpenter et al. 1976) and, moreover, to the
CM/Pf (Sidib et al. 2002). The GPi mainly projects to VL
and VApc and in addition also to CM/Pf (Kuo and Carpen-
ter 1973). The connections of the basal ganglia exhibit a
topographical organization with motoric, associative, and
limbic components (Ilinsky et al. 1985; Parent and Hazrati
1995a, b).
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Evidence suggesting convergences
Rats, anatomical evidence

Anatomical studies in rats repeatedly provided evidence
for overlapping territories, although the extent was evalu-
ated differently. Such overlapping territories can mainly be
assumed in nuclei such as CL and Pf [please note that in rats,
a CM is not described; (Faull and Carman 1978; Di Chiara
et al. 1979; Haroian et al. 1981; Gerfen et al. 1982; Wiklund
and Cuénod 1984; Cornwall and Phillipson 1988; Deniau
et al. 1992)], in MDpl (Di Chiara et al. 1979; Haroian et al.
1981; Gerfen et al. 1982) and in VM (Faull and Carman
1968, 1978; Di Chiara et al. 1979; Herkenham and Nauta
1979; Kultas-Ilinsky et al. 1980; Gerfen et al. 1982; Deniau
et al. 1992). Furthermore, interdigitating projections have
been described in VA-VL. These are located in adjacent
regions of cerebellar and pallidal territories (Deniau et al.
1992). Convergences in VA-VL are, therefore, likely to be
limited to border regions of such interdigitations. Deniau
et al. (1992) adopted a multitracer approach to investigate
the relation of cerebellar and basal ganglia territories. They
mainly found the territories to be segregated, but in VM and
Pf, these consistently overlapped. The cerebellar innervation
of these nuclei was significantly less dense. Terminations
seemed to occur via thin axon collaterals in an en passant
fashion. Investigations of afferent projections to Pf (Corn-
wall and Phillipson 1988) and VM (Herkenham and Nauta
1979) employing retrograde tracers found labeled neurons
mainly in GPi and SNr. In both instances, labeled neurons
were also found in the DCN. Recent histochemical evidence
supports the notion of complementary cerebellar and basal
ganglial territories in that glutamate and GABA receptors
were found in complementary densities in the thalamus
(Kuramoto et al. 2010). The presented evidence suggests
that territories of cerebellar and basal ganglia projections
are mainly segregated in the rat thalamus. Regions of over-
lap (border regions of VA-VL, Pf, and VM) exhibit clear
dominance of one projection system.

Rats, electrophysiological evidence

Evidence for converging projections of basal ganglia and
cerebellum in rodents can be found in several electro-
physiological studies (MacLeod et al. 1980; Chevalier and
Deniau 1982; Buee et al. 1986; MacLeod and James 1984).
MacLeod et al. (1980) placed stimulating electrodes in vari-
ous areas and extracellularly recorded the spiking behavior
in VM and Pf neurons. Stimulated regions included SNr
and the contralateral superior cerebellar peduncle (bra-
chium conjunctivum)—which carries the bulk of cerebellar
efferents, including those to the thalamus. In this study, the
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brachium conjunctivum was stimulated to establish a sta-
ble activity in VM and Pf neurons, which otherwise exhib-
ited a low level of spontaneous activity. Thus, the excita-
tory effect of cerebellar projections embodied the basis of
observations made in this study. Under such conditions,
intranigral applications of muscimol (GABA-agonist) led
to a significant increase of spiking activity in VM and Pf
neurons. Conversely, intranigral bicucullin (GABA-antag-
onist) increased nigral activity that inhibited the excitatory
drive elicited by the superior cerebellar peduncle stimula-
tion. A study with similar experimental design found very
similar results (Buee et al. 1986). These studies, however,
cannot determine whether such interactions are monosyn-
aptic or mediated in other ways, such as local interneurons
or alternative pathways (e.g., via superior colliculus). Other
observations support the notion of monosynaptic conver-
gences (MacLeod and James 1984): here, individual VM
neurons were characterized by antidromical stimulations.
Of 500 investigated VM neurons, approximately 72% were
innervated by the DCN and exhibited an excitatory effect.
Approximately 88% were innervated by SNr and exhibited
an inhibitory effect. These observations suggest substantial
convergences (at least~22%) with significant physiological
relevance in rat VM and most likely also Pf. VM neurons
with cerebellar input displayed short latencies following
stimulations in SN, reticular formation, superior collicu-
lus, and frontal cortical areas. Confirmatory evidence was
reported by Chevalier and Deniau (1982): in similar experi-
ments with extracellular as well as intracellular recordings,
they found converging inputs from DCN and SNr in ~58%
of investigated neurons. The evidence presented above
strongly suggests significant interactions of cerebellum and
basal ganglia (i.e., SNr) in VM and Pf of rats. Regarding
potential convergences of cerebellar and pallidal output, no
studies in rats were found.

Cats and dogs, anatomical evidence
VA-VLand VM

In cats, territories of basal ganglia were found mainly ante-
riorly and laterally, whereas cerebellar territories were situ-
ated more posteriorly and medially. Pallidal and cerebellar
territories interdigitated with minor overlaps (Ilinsky and
Kultas-Ilinsky 1984). However, data from intraindividual
tracing studies that pursue a multi-tracer approach are miss-
ing. In dogs, such techniques were employed to investi-
gate the relation of cerebellar and nigral territories in the
thalamus (Sakai and Patton 1993). The findings support the
notion of interdigitating territories of cerebellar and basal
ganglia projections with minor overlap in VA-VL of cats
and dogs. Evidence for overlapping territories in the thal-
amus was provided by a retrograde tracing study in cats:
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Anderson and DeVito (1987) placed multiple very small
tracer injections in different regions of VA-VL, VM, IL,
and MDpl. They found the following patterns of retrogradely
labeled neurons: (1) injections in dorsal parts of VL (VLd,
n=73) labeled numerous neurons in DCN (338-1089 neu-
rons), few-to-moderate amounts in GPi (2-318 neurons), and
no-to-moderate amounts in SNr (0-102 neurons); (2) injec-
tions in caudal and caudolateral VL (VLc, n=6) labeled few
to moderate amounts of neurons in DCN (21-506 neurons),
no-to-moderate amounts in GPi (0-94 neurons), and none
up to few in SNr (0-2 neurons); (3) injections in CL and
MDpl (n=1) labeled few neurons in DCN (14 neurons),
moderate amounts in GPi (116 neurons), and few in SNr
(4 neurons); (4) injections in VM (n=2) labeled few-to-
moderate amounts of neurons in DCN (10-72 neurons), few-
to-moderate amounts in GPi (9-86 neurons), and moderate
amounts in SNr (82-107 neurons). We considered the rela-
tive frequencies of labeled neurons between these structures
in selected experiments of this study to reveal the comple-
mentary relation of these projections in the different nuclei:
(1) VLd: BG 0.28, DCN 0.72; (2) VLec: BG 0.21, DCN
0.79; (3) IL: BG 0.9, DCN 0.1; and (4) VM: BG 0.73, DCN
0.27. These observations might be interpreted as evidence
for overlapping territories with complementary projection
densities. However, tracer placement in regions of interdigi-
tating territories would label the projecting structures, even
if no overlap was present. This especially concerns the injec-
tions into VLd and VLec. (Ilinsky and Kultas-Ilinsky 1984)
describe the relationship of pallidal and cerebellar territo-
ries in an interindividual anterograde tracing study in cats
as being complementary in the whole thalamus. However,
they admit that a small zone of overlap in border regions of
the territories cannot be ruled out by this evidence. Similar
evidence was provided by another interindividual antero-
grade tracing study in cats with injections in DCN, GPi, and
SNr (Hendry et al. 1979). It is worth mentioning that in this
study, no projections of the DCN to VM were found, contra-
dicting evidence from other studies in cats (Kultas-Ilinsky
et al. 1978; Sugimoto et al. 1981; Anderson and DeVito
1987; Ilinsky and Kultas-Ilinsky 1984). In dogs, the VM was
found to be a site of clearly overlapping cerebellar and nigral
territories [see Fig. 4 in Sakai and Patton (1993)]. Further-
more, it was identified as being the main territory of fastigial
projections in dogs (Person et al. 1986; Sugimoto et al. 1981;
Jimenez-Castellanos and Reinoso-Su rez 1985). One could
hypothesize that these inconsistencies might be due to an
incomplete coverage of the DCN, differences in nomencla-
ture or interspecies differences in dogs and cats. Indeed, the
fastigial nucleus has been neglected in some studies without
addressing this issue sufficiently (Ilinsky and Kultas-Ilinsky
1984). Other studies did not show the injection sites (Hendry
et al. 1979). Thus, it is not clear to what extent the discrep-
ancy between observations can be attributed to an omission

of the fastigial nucleus. For a detailed discussion, see the
section, “Interspecies differences—VM”.

ILand MD

In an interindividual anterograde tracing study with injec-
tions in SNr, GPi, and DCN, nigral projections to CL, Pc,
and CeM and pallidal projections to CM were found to be
clearly overlapping with cerebellar projections (Hendry et al.
1979). We propose a potential involvement of MDpl as well,
based on reevaluations of the presented figures and the con-
sideration of the difficult distinction between CL and MDpl
[(Hendry et al. 1979), please see also Figs. 1, 2 and 3 in Mai
and Forutan (2012)]. Retrograde tracing studies in CM/Pf
(Royce et al. 1991), Pc, and CL (Anderson and DeVito 1987,
Niimi et al. 1990), as well as MD (Ono and Niimi 1986;
Anderson and DeVito 1987) support these observations.
Projections arising from SNr and GPi were always found to
be stronger than those from the cerebellum. This suggests
a complementary projection pattern of cerebellar and basal
ganglia structures. Furthermore, cerebellar projections seem
to invade basal ganglia territories rather than reversed, pos-
sibly indicating a cerebellar modulation of restricted regions
of basal ganglia territories in the thalamus. Some authors
express doubt concerning the labeling in CM and argue that
these might represent passing fibers rather than terminating
projections (Carpenter et al. 1958; McMasters and Russell
1958; Sugimoto et al. 1981; Ono and Niimi 1986; Ilinsky
and Kultas-Ilinsky 1984). Based on this interpretation, these
authors conclude that territories of cerebellum and basal
ganglia are also segregated in the IL. In contrast, retrograde
tracing studies are indicative that terminations do exist. It is
conceivable that axons emit collaterals during their course
through the CM/Pf. Such collaterals of pallidal projections
terminating in the CM/Pf have been shown in intracellular
tracings (Arecchi-Bouchhioua et al. 1997). Furthermore, en
passant contacts could exist (Sakai et al. 1996). It is pos-
sible that certain anterograde tracers employed are not suf-
ficiently sensitive to reveal such filigree structures. Various
tracer substances do differ substantially in this regard (Royce
et al. 1991). Since the presented anterograde investigations
were conducted inter-individually, and no intra-individual
comparison via multi tracer approach is available, it is not
possible to reach a final conclusion regarding the existence
of overlap in MD and IL of cats. Morphological studies in
cats (Yamamoto et al. 1985; Tseng and Royce 1986) and pri-
mates (Pearson et al. 1984) indicate that a subpopulation of
IL neurons—especially in CM/Pf—have dendrites with up
to 1 mm length (Tseng and Royce 1986). This circumstance
increases the likelihood of converging signals in this region.
In dogs, cerebellar projections to CM/Pf and posterior parts
of MD have been described (Person et al. 1986; Sakai and
Patton 1993). It is unclear if such conflicting observations
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Tanibuchi et al., 2009
Yamamoto et al., 1992
Hendry et al., 1979
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Deniau et al., 1992
Chevalier et al., 1982
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Sakai et al., 1996
Nambu et al., 1988
Deniau et al.,, 1992
llinsky et al., 1984
Hendry et al., 1979

[ cerebellar territories
[ Basal ganglial territories

. Regions with potentially converging territories

Gradient resulting from interdigitating
projection pattern in VA-VL

Fig.3 Relation of projections from cerebellum and basal ganglia in
the thalamus. In this schematic, we summarize the relation of the
projection territories of cerebellum and basal ganglia to each other.
Cerebellar territories are colored orange, basal ganglia ones green
and regions with potentially converging territories are indicated by

are due to interspecies differences or methodological limita-
tions. An evaluation of this question is impeded by a very
limited number of studies in dogs. Evidence suggests mainly
segregated territories of cerebellar, nigral, and pallidal pro-
jections in VA-VL of cats. Overlap, if any, was only found
in adjacent border regions of the territories. In dogs, VM is
highly likely to be a site of convergence of nigral and cer-
ebellar projections. Evidence in cats does not support this
observation, although this might be due to methodological
issues. The IL and MDpl of cats are consistently described
as being regions of overlapping territories of cerebellar and
basal ganglial projections. Projections arising from SNr and
GPi were always found to be stronger than those from the
cerebellum. Data in dogs are very limited.
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fasciated patterns. The interdigitating projection territories in VA—
VL lead to the anteroposterior density gradient described by Sakai
(1996). Interspecies differences as well as projection densities are not
accounted for in this schematic

Cats and dogs, electrophysiological evidence

Two of the electrophysiological studies in cats reviewed
here did not find any evidence for converging projections
of basal ganglia and cerebellum on thalamic neurons (Ueki
1983; Ueki et al. 1977). Stimulating electrodes were placed
bilaterally in the superior cerebellar peduncle as well as uni-
laterally in GPi and/or SNr. Several electrodes were placed
in SNr and GPi to optimize coverage. In this way, 75 (Ueki
et al. 1977) and 42 (Ueki 1983) VA-VL and VM neurons
were recorded in several animals. Neurons with monosynap-
tic cerebellar input were frequently found to be interdigitat-
ing with ones that received monosynaptic pallidal or nigral
input. Since in these studies, the sample sizes were relatively
small—especially when considering the size of the investi-
gated regions—it cannot be excluded that convergences were
simply overlooked. A number of studies in cats contradict
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these findings and report convergences with varying degrees
(Desiraju and Purpura 1969; Uno and Yoshida 1975; Deniau
et al. 1978; Uno et al. 1978; Yamamoto et al. 1984; Gaz-
zara et al. 1986). These studies also focus on VA-VL and
VM. In two studies with similar experimental design, Uno
and colleagues found monosynaptic convergences in ~5.6%
(n=289) and ~3.7% (n=218) of investigated neurons in bor-
der regions of pallidal and cerebellar territories in VA-VL
(Uno and Yoshida 1975; Uno et al. 1978). They unilaterally
stimulated GPi with six electrodes and the superior cerebel-
lar peduncle bilaterally with two electrodes; recordings were
conducted throughout VA-VL. Similar results were found
by Yamamoto et al. (1984) in investigations of VA-VL as
well as VM (~3.7%; n=163). In addition, Gazzara et al.
(1986) reported a similar relation (~3%, n=32). The latter
study also quantified convergences with longer latencies,
which were found substantially more often (~53%; n=32).
Long latencies were interpreted to represent oligosynaptic
connections. Another study reported markedly larger num-
bers of monosynaptic convergences in VL (~20%; n=60)
and convergences with longer latencies were found “in a
somewhat larger portion of VL neurons” (Desiraju and
Purpura 1969). Longer latencies were also interpreted as
oligosynaptic connections. We propose to also consider
the possibility that such longer latencies might occur due
to intracellular signal cascades mediated by G-protein-
coupled receptors. Furthermore, it cannot be excluded that
glutamate is released via volume transmission or spillover,
diffusing to and activating nearby synapses (Agnati et al.
2010; Okubo and Iino 2011); for discussion see the sec-
tion, “physiological relevance”. Two of the studies reviewed
here addressed nigral and cerebellar convergences. One did
not find any convergences (Ueki 1983), which is in stark
contrast to observations reported by Deniau et al. (1978).
They found approximately 27% (n =~ 100) of relay neurons
in VL to receive monosynaptic input both from DCN and
SNr. No studies were found in either cats or dogs that inves-
tigated convergences in IL or MD. However, stimulations
of the fastigial nucleus have been shown to elicit spiking
activity in CM/Pf (Bava et al. 1967). Approximately 69%
of investigated neurons that exhibited spontaneous activity
exhibited such responses. Convergence of pallidal and cer-
ebellar projections on neurons of VA—VL and VM in cats
has been shown repeatedly, albeit with notably differing
degrees; convergences of nigral with cerebellar projections
have been shown but are controversial. Convergences in MD
and IL have not been shown, but some data indicate that
such convergences are likely to exist in CM/Pf. Equivalent
electrophysiological data in the dog are virtually missing.

Primates, anatomical evidence
VA-VL

Sakai et al. (1996) compared cerebellothalamic and pal-
lidothalamic projections in macaca fuscata by injecting two
anterograde tracers simultaneously in the same individual.
These were subsequently labeled in the same section, which
allows for a direct comparison of terminal territories. Large
injections in DCN and GPi revealed three general patterns
of labeling. First, dense pallidal labeling was found in VApc
and VLo, whereas dense cerebellar labeling was situated in
VPLo and X. Second, interdigitating patterns of cerebellar
and pallidal labeling were found in the transitional zones
of both territories. Third, the density of labeling displayed
a complementary anteroposterior gradient [see Fig. 5, left
in Sakai et al. (1996)]. Overlap was observed occasionally,
but interdigitations that indicated segregated territories pre-
dominated. Because such interdigitations were found fre-
quently, the question arises whether dendrites of thalamic
neurons in those border zones invade both territories. The
functional significance of these interdigitations is entirely
unknown. Supporting evidence was reported in an earlier
study that also described an anteroposterior gradient of pal-
lidal and cerebellar territories. They also employed two trac-
ers in the same individual to compare these territories, but
tracers were labeled on successive slices, providing slightly
less reliable data. The extent of overlap in VA-VL was esti-
mated at approximately 2.5 mm? [see Fig. 15 E in Rouiller
et al. (1994)]. This evidence is contrasted by a number of
interindividual comparisons—employing a single tracer
substance—concluding that the territories of basal ganglia
and cerebellum are segregated (Kuo and Carpenter 1973;
Asanuma et al. 1983a; Schell and Strick 1984; Ilinsky and
Kultas-Ilinsky 1987; Percheron et al. 1996): Percheron et al.
(1996) investigated thalamic projection territories by inject-
ing an anterograde tracer into DCN, GPi, and SNr; inter-
subject comparisons of territories were carried out using
stereotactic orientation techniques. Intersubject variabilities
cannot be accounted for in this manner. Other studies with
similar experimental design used cytoarchitectonic land-
marks as a tool for intersubject territory comparison (Nauta
and Mehler 1966; Kuo and Carpenter 1973; Carpenter et al.
1976; Kim et al. 1976; Stanton 1980; Kalil 1981; Asanuma
et al. 1983a; Ilinsky and Kultas-Ilinsky 1987; Schell and
Strick 1984). These studies distinguished a “cell sparse
zone” (X, VPLo, and VLc) from other regions of VA-VL
with higher cell densities (especially VLo). The cell sparse
zone was defined as the cerebellar territory and was used as
a landmark to compare pallidal and cerebellar territories.
Regarding this approach of orientation, Sakai et al. (1996)
emphasized that they didnt find such a clear association of
territories to the cytoarchitectonic landscape. This view is
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reinforced by findings in electrophysiological investigations
(Nambu et al. 1988). Hence, the interindividual comparison
of territories by means of stereotactic as well as cytoarchi-
tectonic orientation might have led to underestimations of
overlap in these studies. Moreover, careful inspection of the
pictorial material provided by Percheron et al. (1996) also
indicates overlap—especially in border regions of cerebel-
lar and pallidal territories [please see Fig. 16 in Percheron
et al. (1996)].

VLm

Anterograde tracing studies reported nigral (Carpenter et al.
1976) and pallidal (Kuo and Carpenter 1973; Inase and Tanji
1995) efferents to VLm; cerebellar fibers mainly traverse this
nucleus, terminations are less obvious (Stanton 1980; Kalil
1981; Sakai et al. 1996). If territories of cerebellar and basal
ganglia projections overlap in this nucleus, these are likely
to be sparse. This is peculiar, since in rats, cats, and dogs,
VM is a conspicuous candidate to be a site of convergence
of cerebellar and basal ganglial territories. This discrepancy
will be discussed in detail in the “Interspecies differences”.

IL and MD

Pallidal and nigral projections to primate CM/Pf are well
known (Sidibé et al. 1997; Sidib et al. 2002; Parent et al.
1983). Labeling of cerebellar axons in CM/Pf was described
to be mainly fibers of passage on their way to CL (Kalil
1981; Ilinsky and Kultas-Ilinsky 1987). Some authors also
consider the possibility of some cerebellar terminations,
although sparse (Kusama et al. 1971; Sakai et al. 1996,
2000; Rouiller et al. 1994; Chan-Palay 1977; Percheron
1977). Electronmicroscopic investigations of CM follow-
ing lesions in the DCN did not find any degenerated ter-
minals (Harding 1973). Cerebellar projections to CL were
frequently shown (Kalil 1981; Asanuma et al. 1983a; Ilinsky
and Kultas-Ilinsky 1987; Percheron et al. 1996), terminating
in “patchy clusters” (Sakai et al. 1996). Admittedly, no study
in primates reported projections of the basal ganglia to that
nucleus. However, a number of anterograde tracing studies
reported nigral terminals in the adjacent MDpl (Carpenter
et al. 1976; Ilinsky et al. 1985; Percheron et al. 1996; Sidib
et al. 2002). The differentiation of MDpl and CL has been
assessed to be very difficult (Jones 2007; Mai and Forutan
2012). Furthermore, cerebellar projections to MDpl were
also found (Ilinsky and Kultas-Ilinsky 1987; Yamamoto
et al. 1992; Sakai et al. 1996). Some overlap in the region
of CL and MDpl is, therefore, likely. Although a numer-
ous amount of studies postulate a strong segregation of the
BG and cerebellar system, some studies have found existing
interdigitating patterns, indicating a potential informational
exchange between these two systems; on a closer look, even
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some studies have demonstrated overlap regions of pallidal
and cerebellar projections; this was specifically located in
border regions between both territories.

Primates, electrophysiological evidence

Electrophysiological investigations regarding convergences
of cerebellar and pallidal projections to the thalamus focused
on the motor thalamus (VA-VL). Some studies found neu-
rons with converging input, albeit very few [between ~0.5%,
n=180 and ~3.4%, n=_86; Yamamoto et al. (1983); Nambu
et al. (1988); Jinnai et al. (1993)]. In these studies, stimu-
lations covered the DCN and GPi as much as possible.
Multiple neurons were recorded along the electrode track
through various regions of VA—VL and tested for monosyn-
aptic responsiveness following GPi and DCN stimulation.
Two studies did not find any neurons with converging input
(Anderson and Turner 1991; Buford et al. 1996). Anderson
and Turner (1991) confined the stimulated regions in GPi
and superior cerebellar peduncle to those that were involved
in arm movements. An observation in this study that con-
flicts with common findings was the very small number of
neurons receiving pallidal input in relation with those with
cerebellar input. In addition, Buford et al. (1996) focused
on regions that are associated with arm movements. They
stimulated regions in GPi and VA-VL, aiming to distin-
guish cerebellar and pallidal territories based on their “micro
excitability”, i.e., eliciting an arm movement following a
stimulus. Micro-excitable regions were assumed to be cer-
ebellar territories. Indeed, an injection of a retrograde tracer
into a micro-excitable region that was directly adjacent to a
region with pallidal input (border region of VLc and VLo)
did label neurons in DCN but not GPi. This evidence rather
supports the notion that the interdigitating projection pat-
tern in VA-VL resembles segregated territories. Regions for
which anatomical evidence of cerebellar interactions with
nigral projections exists (especially MDpl and surrounding
regions) have not yet been examined with electrophysiologi-
cal methods. One study found that nigral stimulation elicited
spiking behavior in lateral and paralaminar regions of MD
(Tanibuchi et al. 2009). Convergences with cerebellar input
to this area, therefore, seem likely.

Interspecies differences

Observations regarding the question as to whether thalamic
efferents of the main basal ganglia output structures (GPi/
SNr) converge with cerebellar output mediated by the DCN
are partially conflicting.
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VA-VLand VM

Projections from cerebellum and basal ganglia to VA-VL
were found to be mainly segregated in rats, cats, dogs as well
as primates. Comparisons of pallidal and cerebellar territo-
ries in primates employing anterograde tracing techniques
revealed a complementary anteroposterior density gradient
and interdigitating projection patterns [Fig. 2 and 6; Rouiller
et al. (1994); Sakai et al. 1996]. Such interdigitations were
also found in cats (Ilinsky and Kultas-Ilinsky 1984), dogs
(Sakai and Patton 1993), and rats (Deniau et al. 1992). These
observations indicate a consistency of this organizational
principle in VA-VL across different taxonomical orders.
It is controversial which regions in the primate thalamus
correspond to the VM of rats, cats, and dogs (Jones 2007).
Some authors designated VM to the “unspecific” nuclei and,
therefore, being related to the intralaminar nuclei, because
it diffusely projects to lamina I of large portions of the
cerebral cortex (Krettek and Price 1977; Herkenham and
Nauta 1979). In primates, VLm was proposed as being its
equivalent (Olszewski 1952), other authors assigned it to a
rostral nucleus (Percheron et al. 1996), medial portions of
VA (Paxinos et al. 1999), or VP (Jones 2007). We assume
that medial portions of VL (VLm) in primates represent the
interspecies equivalent of the rat VM. No electrophysiologi-
cal study in primates found convergences in that region that
exhibited a greater extent than was found in the remain-
ing VA-VL [<4%; Uno and Yoshida (1975); Yamamoto
et al. (1983); Nambu et al. (1988); Anderson and Turner
(1991); Jinnai et al. (1993); Buford et al. (1996)]. In addi-
tion, anatomical studies employing tracing techniques did
not provide any evidence of substantial overlap in VLm.
Contrasting observations were made in the rat VM, reveal-
ing notable overlap of cerebellar and nigral territories (Faull
and Carman 1968; Di Chiara et al. 1979; Herkenham and
Nauta 1979; Kultas-Ilinsky et al. 1980; Gerfen et al. 1982;
Deniau et al. 1992). Nigral projections dominated this
nucleus, whereas cerebellar fibers were found to be thinner
and less dense. Electrophysiological studies support these
findings (MacLeod et al. 1980; Chevalier and Deniau 1982;
Buee et al. 1986; MacLeod and James 1984). Evidence from
anatomical studies in dogs forms a similar picture (Person
et al. 1986; Sakai and Patton 1993). In cats, anatomical as
well as electrophysiological evidence is heterogeneous, but
rather suggests limited convergences comparable to ratios in
primates (Hendry et al. 1979; Anderson and DeVito 1987;
Desiraju and Purpura 1969; Chevalier and Deniau 1982;
Yamamoto et al. 1984; Gazzara et al. 1986; Ilinsky and
Kultas-Ilinsky 1984). On the basis of the existing studies,
we assume that the amount of convergences in VA-VL has
diminished from rodents > carnivores > primates. Because
intraorder variabilities do exist, one should be careful to
extrapolate findings concerning the amount of convergences

in one representative of a taxonomic order to another (e.g.,
macaca to human). The available evidence is not sufficient
to draw a final conclusion in this matter: in rats, no elec-
trophysiological studies examining pallidal and cerebellar
interactions were conducted; investigations in mice seem to
be completely missing and would be valuable to allow for
further comparison of species within one taxonomic order;
in cats, studies employing multiple tracers to intraindividu-
ally compare terminal territories are missing; electrophysi-
ological evidence is missing in dogs; in primates, and elec-
trophysiological evidence should be extended, especially
concerning nigral and cerebellar interactions in the VA-VL.

IL

Besides the anterior group (CL, Pc, and CeM), this particu-
larly holds for the caudal group (CM/Pf). Cerebellar pro-
jections to the anterior group have frequently been shown
in rats (Faull and Carman 1978; Haroian et al. 1981), cats
(Hendry et al. 1979; Anderson and DeVito 1987; Niimi et al.
1990), dogs (Person et al. 1986; Sakai and Patton 1993), and
primates (Kalil 1981; Asanuma et al. 1983a; Ilinsky and
Kultas-Ilinsky 1987; Percheron et al. 1996). Indications of
nigral projections to this region can be found in rats (Gerfen
et al. 1982), cats (Hendry et al. 1979; Anderson and DeVito
1987; Niimi et al. 1990), and dogs (Sakai and Patton 1993),
but not in primates. It is possible that missing observations
of such projections in primates can be ascribed to the dif-
ficult differentiation of CL and MDpl (Jones 2007; Mai
and Forutan 2012). Nigral and cerebellar projections to the
primate MDpl are well described (see below). In cats and
primates, studies employing multiple tracers and electro-
physiological techniques to determine cerebellar and nigral
territories in the same animal are missing. Indications of
convergence in the rat Pf can be frequently found in anatomi-
cal (Faull and Carman 1978; Di Chiara et al. 1979; Haroian
et al. 1981; Deniau et al. 1992; Gerfen et al. 1982; Wiklund
and Cuénod 1984; Cornwall and Phillipson 1988) and elec-
trophysiological studies (MacLeod et al. 1980; MacLeod and
James 1984). In cats (Carpenter et al. 1958; McMasters and
Russell 1958; Hendry et al. 1979; Sugimoto et al. 1981;
Royce et al. 1991; Ilinsky and Kultas-Ilinsky 1984) and pri-
mates (Kusama et al. 1971; Chan-Palay 1977; Percheron
1977; Rouiller et al. 1994; Sakai et al. 1996, 2000), similar
evidence points towards CM. Since no CM is defined in
rats, such observations indicate that Pf constitutes equivalent
connectivities and functions. Some studies in cats, however,
reported cellular responses in this region that were elicited
by cerebellar (Bava et al. 1967, 1979) and nigral (Gauchy
et al. 1983; Miyamoto and Jinnai 1994) stimulation.
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MD

In all species included in this review, convergences of cer-
ebellar and nigral projections were likely to be found in lat-
eral regions of MD (MDpl, MDmf, and MDpc). Anatomi-
cal studies in rats (Haroian et al. 1981; Gerfen et al. 1982),
cats (Ono and Niimi 1986), dogs (Person et al. 1986), and
primates (Carpenter et al. 1976; Stanton 1980; Asanuma
et al. 1983a; Ilinsky et al. 1985; Ilinsky and Kultas-Ilinsky
1987; Yamamoto et al. 1992; Percheron et al. 1996) provide
evidence that indicates substantial projections arising from
these structures. In cats, these projections were described
to be arranged in a complementary fashion with cerebel-
lar projections being located posteriorly and those arising
from SNr anteriorly (Ono and Niimi 1986). In primates, such
an arrangement was not described (Yamamoto et al. 1992;
Tanibuchi et al. 2009). Further indications suggesting con-
vergence exist when considering the difficult differentiation
of MDpl and CL (Jones 2007; Mai and Forutan 2012). In
this way, conflicting reports from electrophysiological stud-
ies might be explained that found neuronal responses in CL
but not MD following stimulations of the fastigial nucleus
(Bava et al. 1967). The frequently described cerebellar pro-
jections to CL very likely also invade the MDpl (Person et al.
1986). The nigral territory in MD was recently described
employing electrophysiological techniques (Tanibuchi et al.
2009). Investigations specifically exploring potential interac-
tions of SNr and DCN in the MD are lacking in all animals
included in this review.

Studies in the human species

As in vivo tracer studies are not applicable in humans, evi-
dence on thalamic interconnectivity with the cerebellum and
basal ganglia in humans is rather sparse. Few studies either
relate to either postmortem studies or MRI-based diffusion
tractography.

An influencial postmortem study in the human brain
regarding cerebello- and basal ganglia-thalamic projec-
tions is reported by Gallay et al. (2008). Using multiple
immunohistochemical staining procedures, these authors
demonstrate that the majority of the cerebellothalamic and
pallidothalamic tracts are clearly separated relative to their
thalamic entrance; yet, exchanges between the two fiber
systems could not be completely excluded. At subthalamic
level, however, evidence for a clearer separation between the
two tracts was apparent. At thalamic level, Kultas-Ilinsky
et al. (2011) recently also provided data on basis of GAD65
immunoreactivity for GABAergic nigro- and pallido-tha-
lamic as well as cerebellar afferent territories in different
motor nuclei of the human thalamus; in principle, the gross
distribution pattern of GAD65 was similar in human thalami
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to those in resus monkeys. This view, however, has been
challenged by multiple studies in non-human primates (see
above): evidence for a convergence of pallido- and cere-
bello-thalamic fibers in the same thalamic nuclei on basis
of anatomical tracing has been demonstrated only by experi-
mental studies in monkeys yet (Rouiller et al. 1994; Sakai
et al. 1996; Sakai et al. 1999, 2000). Whether this incon-
gruence is due to methodological limitation of post-mortem
studies (e.g., Schmierer et al. 2010; Stiiber et al. 2014; van
Duijn et al. 2011), or indeed, a divergence in the organiza-
tion in the human brain has to be investigated by alternative
approaches.

Diffusion MRI and tractography provides such an alter-
native, yet less well validated method to identifying ana-
tomical connections in the living human brain (for further
detail and a discussion on limitations, see Jbabdi et al. 2015;
Lerch et al. 2017). Briefly, in the analysis of connectivity
distributions, two different approaches can be taken: (1)
tractography-based parcellation as recently shown for the
thalamic connections with the cerebellum and basal ganglia
in (Lambert et al. 2016) or (2) characterization of projec-
tions and atlas-based assessment of connectivity fingerprints
per thalamic regions as recently demonstrated by our group
(Pelzer et al. 2017).

Parcellation approaches as those applied by Lambert et al.
(2016) have the inherent limitation of grouping connections
into segregated subdivisions (according to the principle “the
winner takes it all”’): Putative regions of convergence cannot
be deduced from this. The authors report cerebellar connec-
tions in the posterior-anterior group (consisting of lateral
posterior nucleus and medial pulvinar) and the ventrolat-
eral thalamic group. Connections of the thalamus with the
basal ganglia were associated with the mediodorsal group
and the ventroanterior group. Cerebellar connections to the
thalamus, however, did not exhibit the typical fiber crossing
at the decussation of the superior cerebellar peduncle, which
is not in line with the actual anatomical literature and calls
validity into question [see Fig. 6h in Lambert et al. (2016)].

Conversely, we (Pelzer et al. 2017) demonstrated a
decreasing anterior-to-posterior gradient for pallido-tha-
lamic connections in: (1) the ventral-anterior thalamus; (2)
the intralaminar nuclei; and (3) midline regions. Moreover,
we presented evidence for a decreasing posterior-to-anterior
gradient for dentato-thalamic projections predominantly
in: (1) the ventral-lateral and posterior nucleus; (2) dorsal
parts of the intralaminar nuclei and the subparafascicular
nucleus, and (3) the medioventral and lateral mediodorsal
nucleus. By our approach, a considerable overlap of con-
nectivity pattern between basal ganglia and cerebellum was
apparent in intralaminar nuclei and midline regions. Yet,
also here, results need to be carefully considered with uncer-
tainty due to limitations of the applied technique, diffusion
tractography: the approach cannot, by principle, differentiate
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converging synapses from interdigitating projection patterns,
and it does neither lead to discriminate direction of informa-
tion transfer nor to determine an axonal termination. Still, it
greatly holds promise to define thalamic territories that are
likely for projection overlaps.

Nevertheless, next to putatively overlapping regions,
however, also direct communication in the human brain
between basal ganglia and cerebellum, via the internal part
of the pallidum, has been described by (Milardi et al. 2016;
Pelzer et al. 2013), which is in accordance with transneu-
ronal tracing studies in nonhuman primate studies (Hoshi
et al. 2005).

Organizational principles of territories

The key results of our extensive literature research are
summed up in Fig. 3. Based on our detailed inspection of
the enlisted studies above, we propose two different organi-
zation principles: (1) a network specific convergence and (2)
a “core and shell” projection.

Network-specific convergences

Network-specific convergence is a general principal in infor-
mation transfer; here, only one “pipe” is used to deliver all
forms of communication. This means that all neurons that
are involved in, e.g., the oculomotor network project to one
“pipe” that initiates, for example, the movement of the eye.
There is evidence to suggest that the oculomotor network
receives substantial converging input from cerebellum and
basal ganglia. Such a network comprises structures of the
brainstem (reticular formation, superior colliculus, and red
nucleus), thalamus (CM/Pf, MD), basal ganglia, and cortex
(frontal eye fields). Nigral and cerebellar projections have
been shown to converge on neurons of the superior collicu-
lus in the rat (Westby et al. 1994). Similarly, these two struc-
tures seem to interact in the reticular formation (Shammah-
Lagnado et al. 1983, 1987, 1992; Schneider et al. 1985) and
the nucleus of Darkschewitsch, which has been associated
with the red nucleus based on its similar connectivity pat-
terns (Onodera and Hicks 2009, 1995, 1998). The involved
nuclei in the thalamus—that is, MDpl and CM/Pf—receive
input from all structures mentioned here in the context of
the assumed oculomotor network (Ono and Niimi 1986;
Royce et al. 1991; MacLeod and James 1984) and project to
the frontal eye fields (Sadikot and Rymar 2009; Tanaka and
Kunimatsu 2011). Furthermore, monosynaptic projections
arising in SN pars compacta and the ventral tegmental area
have been shown to project to the vermis of the cerebel-
lum, which is associated with oculomotor function (Ikai
et al. 1992; Melchitzky 2000). Another potential network

receiving converging inputs on a subcortical level might be
associated with facial movements (Bava et al. 1979; Pong
et al. 2008).

“Core and shell” organization

Another discussable idea is the one of a “core and shell”
projection pattern. Years ago, Berkley (1983) introduced
this idea for the thalamic region VPL; this region could not
be sharply separated from each other or from more rostral
regions by their pattern of afferent input, their efferent output
or their cytoarchitecture; he defined it as consisting of (1)
an inner “core” that receives dense afferents that exclusively
arise from one projection system and (2) an outer “shell”
that is characterized by decreasing projection densities and
an intermingling with afferents of other projection systems
[see Fig. 6 in Berkley (1983)]. A “core and shell” organiza-
tion seems to be present in cerebellar and pallidal projection
territories in VA—VL: regions with high projection densi-
ties that are virtually exclusive to one projection system are
found in the bigger parts of VA (pallidal) and VL (cerebel-
lar). An anteroposterior density gradient has been described
that suggests a successive blending of cerebellar and pallidal
territories. This blending is characterized by interdigitating
projection patterns that only overlap sparsely in adjacent
border regions [Fig. 1 B/C; Sakai et al. (1996); Rouiller et al.
(1994)]. Such observations support the notion of a “core and
shell” organization of these output systems of basal ganglia
and cerebellum.

Extrathalamic cerebello-BG communication

Next to the described “network specific convergence” and
“core and shell” organization principle, which may exist
inside the thalamus, it has to be considered that also extrath-
alamic regions with cerebellar and basal ganglia projections
may be part of a subcortical communication. To this end, one
imminent region is the subthalamic region, which embraces
the subthalamic nucleus, zona incerta, Forel’s fields (H, H1,
and H2) and their nucleus (McKenzie 2009). Both, the cer-
ebellum and the basal ganglia, project to this subthalamic
region. For the subthalamic nucleus, recent findings reveal
the existence of an anatomical substrate for the bidirectional
communication between cerebellum and basal ganglia, as
shown in rats (Ichinohe et al. 2000) and monkeys (Bostan
et al. 2010, 2013; Bostan and Strick 2010) sending disynap-
tic projections to the cerebellar cortex by way of the pontine
nuclei. Similar evidence has been recently reported in the
human brain (Pelzer et al. 2013; Milardi et al. 2016), con-
sciously that these techniques are not able to dissolve direct
synaptic relay. Next to a direct basal ganglia-cerebellar com-
munication, the dentate nucleus sends efferent projections
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to the subthalamic region via red nucleus. In the rostral part
of the red nucleus, a large bundle of fibers turns dorso-ros-
trally away from the ascending limb of the crossed superior
cerebellar peduncle. The bundle sends some fibers to the
external lamina of the thalamus and the rest traverse the
centrum medianum and parafascicular nucleus to continue
in the internal lamina of the thalamus. Further rostrally,
another large bundle turns away from the ascending limb;
these traverses the prerubral field and Forel’s field (H1). The
fibers from the dentate nucleus pass the dorsal part of the red
nucleus, reach the pre-rubral field, and enter the ventral part
of the VL nucleus of the thalamus, and finally terminate in
the ventral anterior nucleus (VA). A small fascicle of fibers
leaves the field of Forel and passes laterally into this nucleus
and the zona incerta [page 299 and ff in Chan-Palay (1977)].
In addition, the interposite nucleus (Plaha et al. 2008) and
the basal ganglia (Chivileva and Gorbachevskaya 2008) pro-
ject to the zona incerta making a subcortical communica-
tion between the cerebellum and the basal ganglia highly
probable. For the dentate nucleus, a direct communication
between this nucleus and the pallidum has been described
(Hoshi et al. 2005).

Physiological relevance

The physiological relevance of subcortical interactions of
basal ganglia and cerebellum is mostly unknown and has not
been addressed as yet. In the light of the studies presented
in this review, the question arises whether the observed
convergences represent casual overlaps of territories in the
sense of a “core—shell” principle (Berkley 1983) or if they
represent distinct functional networks that differ in their
mode of information processing from such networks with-
out convergences, as mentioned above. Considering their
limited occurrence in the thalamus, the functional impact
might indeed be vanishingly low. We propose that this con-
nectivity pattern might be of physiological significance if
it is a distinct property of specific functional networks as
proposed above. Assuming that convergences are specific
to certain functional networks (as described in the network-
specific convergences), it is likely that signal processing in
networks with convergences in the thalamus substantially
differs from such without convergences. One conceivable
function of convergences could be a competitive gating
mechanism. Here, inhibitory and excitatory signals from
basal ganglia and cerebellum would be integrated in tha-
lamic projection neurons, which would convey the results
of that computation to the cortex. Since projection densi-
ties were found to be complementary in regions of overlap,
such a scenario seems to be less likely. A modulation of the
excitability of thalamic projection neurons seems more suit-
able to the available data. One transmitter that influences the
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excitability of the two systems is glutamate. This transmit-
ter is well known to have neuromodulatory functions that
are conveyed via metabotropic glutamate receptors (Bonsi
et al. 2005). These trigger intracellular signal cascades that
can have various effects on the responsiveness of a neuron
(Platt 2007). Such effects take longer to reach full effect
than ligand-gated ion channels. This coincides with observa-
tions from several studies that report converging inputs with
longer latencies and complex neuronal response patterns
(Desiraju and Purpura 1969; Gazzara et al. 1986; Deniau
et al. 1992; Sakai et al. 1996, 2000; Buford et al. 1996). In
these studies, longer latencies were interpreted as oligosyn-
aptic connections. Such indirect interactions might be medi-
ated by local interneurons, intrathalamic circuitries (e.g.,
IL or reticular thalamic nucleus), or cerebral cortex (Niimi
et al. 1990). The impact of such neuromodulation might be
increased by volume transmission or spill-over effects. By
such means, the neuromodulatory substance diffuses from
the location of release to nearby receptors that are not neces-
sarily strictly related to a synapse. Such modi of transmitter
release have been shown for glutamate (Agnati et al. 2010;
Okubo and Iino 2011). Observations of en passant varicosi-
ties in cerebellar projection territories further support this
notion (Sakai et al. 1996; Deniau et al. 1992). In this way,
sparse and diffuse projections might also exert a substantial
influence on a terminal territory. In addition, the interdigitat-
ing projections in VA—VL might be related in such a fashion.
Reports of longer latencies and substantial convergences in
this region support this supposition (Desiraju and Purpura
1969; Deniau et al. 1978; Gazzara et al. 1986). Assuming
the existence of a trend of decreasing subcortical conver-
gences—as described in the section, “Interspecies differ-
ences”, one could infer that the interaction of basal ganglia
and cerebellum was progressively translocated to the cere-
bral cortex during brain development. This might have led to
enhanced flexibility of the organism’s behavior. Conversely,
pronounced convergences on thalamic levels might facili-
tate faster and more robust behavioral responses. In such an
organism, genetic factors might exert a stronger influence
on behavior than environmental factors when compared
to organisms with pronounced cortical signal integration.
The above considerations to explain potentially differing
organizations of signal flow within basal ganglio-thalamo-
cortical and cerebello-thalamo-cortical loops should have
a detectable effect on behavioral levels. Such effects might
be revealed by comparing behavior in networks that exhibit
different degrees of convergences on thalamic levels (e.g.,
oculomotor versus skeletomotor). Comparing changes in
their behavioral output due to pathologies of basal ganglia
(e.g., Parkinson’s disease) or cerebellum (e.g., cerebellar
ataxia) might further highlight the importance to study such
differences in network organization.
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Conclusion

Although numerous amounts of studies exist analyzing the
existence of convergences of BG and the cerebellar territory
in the thalamus, the results of these different studies are par-
tially conflicting: three neuronal patterns of information pro-
cessing are presented: (1) a segregation of the cerebellar and
BG territories; (2) an interdigitating pattern; and (3) an over-
lap between both territories. Most of these studies postulate
a segregation of the cerebellar and BG projections reflected
by interdigitating patterns and some studies described a
potential overlap, predominantly in border regions.

To sum up, the amount of convergences has diminished
from rodents to carnivores to primates. Interestingly, new
evidence from reconstruction based on phylogenetically
informative retroposons (Kriegs et al. 2006) suggests that
humans and rats developed on another branch then carni-
vores, and hence, evolution might not have a strong role here.
Despite the increasing complexity of informational flow
and processing, it might also be possible that the amount
of overlap just decreased due to extensive brain growth. In
general, a trend to greater network complexity is apparent in
larger brains indicating that this complexity is required for
maintaining stable levels of neural activation (Kaiser and
Hilgetag 2010): larger brains maintain larger-size networks
to possess a larger number of hierarchical levels or more
modules. Hence, this might call for more specialised regions
in primates.

In this review, we introduce two basal organizational
principals: (a) “core and shell” principle and (b) network-
specific convergence. Herewith, our review scratches on a
general principle in information processing, which might
change from rodents to the human being due to complexity
of informational flow. The analysis of the presence of such
convergences, however, might help to step forward to the
understanding of movement disorders such as Parkinson’s
disease or dystonia, where a dysfunction in the interplay
between these two subcortical systems is highly probable.
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