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The cerebellum has a long history in terms of research on its network structures and
motor functions, yet our understanding of them has further advanced in recent years
owing to technical developments, such as viral tracers, optogenetic and chemogenetic
manipulation, and single cell gene expression analyses. Specifically, it is now widely
accepted that the cerebellum is also involved in non-motor functions, such as cognitive
and psychological functions, mainly from studies that have clarified neuronal pathways
from the cerebellum to other brain regions that are relevant to these functions.
The techniques to manipulate specific neuronal pathways were effectively utilized to
demonstrate the involvement of the cerebellum and its pathways in specific brain
functions, without altering motor activity. In particular, the cerebellar efferent pathways
that have recently gained attention are not only monosynaptic connections to other
brain regions, including the periaqueductal gray and ventral tegmental area, but also
polysynaptic connections to other brain regions, including the non-primary motor
cortex and hippocampus. Besides these efferent pathways associated with non-
motor functions, recent studies using sophisticated experimental techniques further
characterized the historically studied efferent pathways that are primarily associated
with motor functions. Nevertheless, to our knowledge, there are no articles that
comprehensively describe various cerebellar efferent pathways, although there are
many interesting review articles focusing on specific functions or pathways. Here, we
summarize the recent findings on neuronal networks projecting from the cerebellum
to several brain regions. We also introduce various techniques that have enabled
us to advance our understanding of the cerebellar efferent pathways, and further
discuss possible directions for future research regarding these efferent pathways and
their functions.

Keywords: cerebellum, viral tracers, optogenetics, chemogenetics, higher cognitive functions, neuronal
networks, deep cerebellar nuclei (DCN)
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INTRODUCTION

The cerebellum is a region of the brain that is anatomically
separated from the other regions, and is morphologically unique
in several aspects. The foliated structure of the cerebellum is
composed of three well-defined layers, i.e., the granular layer,
Purkinje cell layer, and molecular layer, with white matter in the
center of each lobule (Eccles et al., 1967). There are only a few
major types of neurons in the cerebellar cortex, and they are
strictly located in their designated layers. One of the two major
cerebellar inputs comes from mossy fibers, which originate from
several regions of the brainstem and spinal cord, and indirectly
innervates Purkinje cells (PCs) through granule cells. Another
type of major inputs, from climbing fibers, directly innervates
PCs. PCs are inhibitory output neurons from the cerebellar
cortex, and their axons mainly project to the deep cerebellar
nuclei (DCN), from where cerebellar efferent projections are sent
to other brain regions.

Whereas the cerebellum has traditionally been considered
to be important solely for motor coordination and learning, it
became apparent that it is also involved in non-motor functions,
such as cognitive and psychological functions (Rochefort et al.,
2013; Phillips et al., 2015; Moreno-Rius, 2019; Hull, 2020;
Wagner and Luo, 2020). Because the basic network architectures
are uniform throughout the cerebellum (Cerminara et al.,
2015; Beckinghausen and Sillitoe, 2019), the cerebellum is
thought to utilize the same network structures for various brain
functions, via segregated regions within the cerebellum that
receive different types of mossy fiber or climbing fiber inputs
and send neuronal signals to different brain regions. Indeed,
beyond the traditional cerebellar functions in supervised motor
learning utilizing prediction error, lines of evidence suggest
that the cerebellar network machinery is widely involved in the
processing, generating, and testing of motor and non-motor
predictions (Sokolov et al., 2017; Popa and Ebner, 2018; Hull,
2020). Furthermore, it has been shown that the cerebellum makes
broad projections to multiple brain regions through both direct
and indirect pathways (Kebschull et al., 2020). Thus, specific
anatomical efferent connections appear to at least be partly
responsible for specific cerebellar functions.

The DCN, which is a source of cerebellar outputs, is basically
composed of three nuclei, namely, the dentate (DN), interpositus
(IPN), and fastigial (FN) nuclei (Sugihara, 2011; Ruigrok and
Teune, 2014; Thanawalla et al., 2020), and the IPN can be further
subdivided to two regions, anterior and posterior IPN. Owing
to the zonal organization between the cerebellar cortex and
DCN (Houck and Person, 2015), the DN, IPN, and FN mainly
receive synaptic inputs from PCs located in the hemisphere, pars
intermedia (paravermis), and vermis of the ipsilateral cerebellar
cortex, respectively. Whereas PCs send gamma-aminobutyric
acid-ergic (GABAergic) inhibitory inputs to DCN neurons,
collaterals of mossy fibers and climbing fibers send glutamatergic
excitatory inputs to them (Sugihara, 2011; Thanawalla et al.,
2020). All three nuclei of the DCN are embedded in the deep
central area of the cerebellum. Even though DCN neurons in
general project to a broad area, the overall projecting targets from
each nucleus have different characteristics (Teune et al., 2000;

Kebschull et al., 2020), such as more projections to the
brainstem from the FN and more projections to the thalamus
or midbrain from the IPN or DN. The anterior and posterior
IPNs were also shown to have different projecting patterns
(Teune et al., 2000; Lu et al., 2012). This suggests that each
nucleus contributes to distinct functions. Detailed analyses
further demonstrated different projection patterns from distinct
groups of neurons in the same nucleus (Fujita et al., 2020;
Kebschull et al., 2020). Heterogeneity in the electrophysiological
and anatomical properties has also been reported in DCN
neurons (Czubayko et al., 2001; Aizenman et al., 2003; Sultan
et al., 2003; Uusisaari and Knöpfel, 2012; Canto et al., 2016),
although their functional relevance is not completely understood.
A part of the heterogeneity arises from the three different types of
projecting neurons (Baumel et al., 2009; Thanawalla et al., 2020).
The majority of projecting neurons are glutamatergic neurons,
which project to most of the extracerebellar target regions and
send feedback signals to the cerebellar cortex (Houck and Person,
2015; Gao et al., 2016). Other well-known projecting neurons are
GABAergic neurons, which specifically send feedback projections
to the origin of the climbing fibers, i.e., the inferior olive (IO)
(De Zeeuw et al., 1998), although a very recent study observed
broad projections of GABAergic DCN neurons (Judd et al.,
2021). A small population of glycinergic projecting neurons
are also found in the FN (Bagnall et al., 2009). In addition to
the outputs from the DCN, particular populations of PCs also
directly project to specific nuclei in the brainstem (Sekirnjak et al.,
2003; Schwarz et al., 2015; Hashimoto et al., 2018). Thus, unlike
relatively uniform network structures in the cerebellar cortex,
efferent projections mostly from DCN neurons and occasionally
from PCs are highly heterogeneous, and the investigation
of efferent pathways is essential toward understanding the
multifunctionality of the cerebellum. Fortunately, studies on
cerebellar efferent pathways have been actively conducted in
recent years. In this review article, we introduce information
obtained from these studies mainly in rodents using cutting-edge
techniques. We first briefly touch on the long-known cerebellar
efferent pathways and their motor functions, and then describe
recent evidence on efferent pathways to other brain regions
from the aspect of non-motor cerebellar functions. Behavioral
functions of efferent pathways demonstrated in recent studies are
summarized in Table 1, although further studies are necessary to
test possibilities that these individual pathways are also involved
in other functions. We acknowledge the possibility that the
compartmental organization of the DCN is relevant to functions
of the efferent pathways, because this organization is closely
associated with the striped modular organization of the cerebellar
cortex that is based on the expression of zebrin II (also known
as aldorase C) in PCs (Sugihara, 2011). Various studies have
shown the functional and structural relevance of the striped
modular organization of the cerebellar cortex (De Zeeuw and Ten
Brinke, 2015; Tsutsumi et al., 2015; Zhou J. et al., 2020; Beekhof
et al., 2021). However, we will not consider the compartmental
organization of the DCN in this article, because it is not yet
clear how this organization is associated with the historically less
well studied efferent pathways involved in non-motor cerebellar
functions, which are the main topics of this article.
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TABLE 1 | Behavioral analyses demonstrating non-primary motor functions of cerebellar efferent pathways that have been recently demonstrated (gray and pink).

Category Cerebellar efferent pathways Functions Behavior test (species used) References

Historically studied
pathways

Motor Flocculus – vestibular nucleus Motor learning VOR (mouse) Jang et al., 2020
functions Anterior IPN – mRN Associated motor learning Delay eyeblink conditioning Freeman and Steinmetz, 2011

(review)

Vermis – FN – ventral medullary reticular Associated motor learning Delay eyeblink conditioning (mouse) Wang et al., 2020

formation

IPN/DN – ventral anterolateral Context-dependent movement initiation Cued forelimb push task (mouse) Dacre et al., 2021

thalamus – motor cortex (caudal

forelimb area)

Lateral Crus I – motor thalamus Control of voluntary movements Whisker tracking (mouse) Proville et al., 2014

-primary sensory/motor cortex

Anterior IPN – ventral anterior, ventral Modulation of limb movements Skilled reaching task Gait analyses of Low et al., 2018

lateral thalamus or mRN freely moving mice (mouse)

Anterior IPN – ipsilateral cervical spinal Skilled forelimb performance Single pellet reaching task (mouse) Sathyamurthy et al., 2020

cord

FN/posterior IPN – contralateral cervical Skilled locomotor learning Accelerating rotarod task (mouse)

spinal cord

Anterior IPN – IO Extinction of associated motor learning Eyeblink conditioning (mouse) Kim et al., 2020

FN – IO State changes underlying skilled Targeted arm-reaching task (mouse) Wagner et al., 2021

movement

Recently demonstrated
pathways

FN – ventral anterior lateral thalamic Motor planning Sensory discrimination task and learned Gao et al., 2018
nucleus – ALM directional movement (mouse)

DN – ALM Preparatory behavior prior to Virtual reality conditioning task (mouse) Chabrol et al., 2019

goal-directed movement

Non-motor DCN – VTA Reward Conditioned place preference test Carta et al., 2019

functions (mouse)

Social behavior Three-chamber social behavior task

(mouse)

Crus I – DN, IPN – dorsolateral Development of depressive symptoms Tail suspension test, forced swim test, Baek et al., 2021

posterior VTA novelty-suppressed feeding test, sucrose

splash test (mouse)

FN – vlPAG Control of fear memory Fear conditioning (mouse) Frontera et al., 2020

FN – vlPAG – magnocellular reticular Freezing behavior Motion detection (mouse) Vaaga et al., 2020

nucleus

Anterior vermis – FN – DRN Antidepressant action Forced swim test, novelty-suppressed Bambico et al., 2018

feeding test, sucrose preference test (rat)

Crus I – DN – ventromedial thalamus– Regulation of autism-relevant behaviors Three-chamber social behavior task, Kelly et al., 2020

mPFC social olfaction, self-grooming behavior

(mouse)

(Continued)
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HISTORICALLY STUDIED EFFERENT
PATHWAYS OF THE CEREBELLUM

As is clear from cerebellar motor functions, the cerebellum
has efferent pathways to regions associated with motor control
(Figure 1A; Manto et al., 2012; Ruigrok and Teune, 2014).
Recent studies have further advanced our understanding of the
complexity or precise motor functions of these efferent pathways
(Table 1), by taking advantage of historically accumulated
information about these pathways and their functional relevance.

One of the long-studied cerebellar efferent pathways is the
cerebellovestibular tract, an efferent pathway from the cerebellum
to the vestibular nucleus in the brainstem (Walberg, 1972;
Barmack, 2003; Kheradmand and Zee, 2011; Beh et al., 2017).
The cerebellovestibular tract is an exceptional efferent pathway
with respect to its direct projections from PCs (Sekirnjak et al.,
2003), although neurons in the FN also project to the vestibular
nucleus. The cerebellovestibular tract is known to be important
for oculomotor control, and three cerebellar regions are known to
be closely associated with oculomotor control (Kheradmand and
Zee, 2011; Beh et al., 2017). One is the paraflocculus and flocculus,
which control sustained pursuit of eye movements (voluntary
motor activity) and vestibulo-ocular reflex (VOR) or optokinetic
reflex (reflexive motor activity), respectively. The second region
is the nodulus and ventral uvula (lobules IX and X of the vermis),
which are responsible for low-frequency vestibular responses.
The third region is the dorsal oculomotor vermis around lobules
V to VII, and their target in the FN, which is involved in
saccade and pursuit initiation. PCs in flocculus, paraflocculus,
and lobules IX and X directly project to the vestibular nucleus,
while PCs in lobules V to VII appear to have both direct and
indirect projections through the FN (Kheradmand and Zee, 2011;
Hashimoto et al., 2018). In addition, there is a well-known direct
projection from PCs in the lateral part of the vermis to the lateral
vestibular nucleus, which is known as Deiters’ nucleus, an origin
of the lateral vestibulospinal tract (Voogd, 2016). Among these
efferent pathways, the functions of the pathway from the flocculus
to the vestibular nucleus have been frequently studied, because of
its relevance to VOR, which is a reflex to stabilize gaze during
head movement by moving the eyes using the vestibular system,
and is recognized as an appropriate model system to analyze
cerebellar motor learning (Ito, 1998). An interesting idea was
proposed that VOR memory is first formed in the cerebellar
cortex and then transferred to the vestibular nucleus (Shutoh
et al., 2006). This idea was further supported by a recent study,
which showed a temporal correlation between the transfer of
intrinsic plasticity from PCs to vestibular nucleus neurons and
VOR memory consolidation (Jang et al., 2020).

The red nucleus (RN) is another well-known target region
of cerebellar efferent projections. The RN is located in the most
rostral part of the ventral midbrain, and receives inputs from the
IPN and the DN (Flumerfelt et al., 1973; Stanton, 1980; Asanuma
et al., 1983; Kennedy et al., 1986). Interestingly, the RN shows
a large evolutionary difference (Cacciola et al., 2019; Basile et al.,
2021). The RN is divided into a caudal magnocellular part (mRN)
and a rostral parvocellular part (pRN), which send projections to
the spinal cord and IO, respectively (Onodera and Hicks, 2009).
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Whereas the RN in primitive animals is mostly composed
of magnocellular-type neurons, the division of the two parts
becomes clearer and the mRN tends to be smaller in primates.
The mRN receives inputs from the IPN, but the pRN receives
inputs from the DN (Basile et al., 2021). Consistent with the
evolutionary difference, the IPN-mRN appears to be involved in
motor functions. Specifically, studies have demonstrated that the
pathway from the simplex lobule of the cerebellar cortex to the
anterior IPN, and then to the mRN, is responsible for the delay
eyeblink conditioning, which has often been used as a model
system to investigate cerebellum-dependent associative motor
learning (Freeman and Steinmetz, 2011). Whereas the functions
of DN-pRN are not clarified, the evolutionary difference raises
the possibility that the DN-pRN may be involved in higher
cognitive functions.

The reticular formation includes many interconnected nuclei
throughout the brainstem, and acts as a relay center for many
fundamental brain functions, including somatic motor control
(Mangold and Das, 2021). The DCN sends prominent projections
to the reticular formation (Teune et al., 2000; Ruigrok and
Teune, 2014). Three nuclei in the DCN, except for the posterior
IPN, appear to contribute substantially to regulation of the
pontomedullary reticular formation, which is the main source
of the reticulospinal tract controlling posture and locomotion
(Prentice and Drew, 2001; Stapley and Drew, 2009). In addition,
a recent study demonstrated that the pathway from the cerebellar
vermis to the contralateral ventral medullary reticular formation
through the FN contributes to the delay eyeblink conditioning
by cooperating with the canonical pathway of simplex lobule-
anterior IPN-RN (Wang et al., 2020).

The thalamus is also a well-known target of DCN neurons,
and mediates the communications between the cerebellum and
the sensorimotor cerebral cortex to control movement (Bosch-
Bouju et al., 2013; Hintzen et al., 2018). All three DCNs project
to wide areas of the thalamus (Teune et al., 2000; Gornati et al.,
2018; Fujita et al., 2020), although regions projected by the IPN
shifted dorsolaterally and regions projected by the FN shifted
ventromedially relative to the DN (Kebschull et al., 2020). In
terms of cerebellar projections to the motor thalamus, such as the
ventrolateral and ventromedial nuclei, which have connections
with the premotor and motor cortex, motor control through
the specific cerebellothalamic pathways has been continuously
revealed. For example, a pathway from crus I to the ventrolateral
thalamus via unidentified region of the DCN was shown to
be involved in sensorimotor integration (Proville et al., 2014).
A specific population of DCN neurons in the anterior IPN, which
project to the caudal forelimb area of motor cortex through
ventral anterior-ventral lateral thalamus, was shown to regulate
the positioning and timing of forelimb movements (Low et al.,
2018). Furthermore, a recent study demonstrated that the ventral
anterolateral subdivision in motor thalamus was a transit point
of a pathway from the IPN and the DN to the caudal forelimb
area of motor cortex, and this pathway was responsible for
context-dependent movement initiation (Dacre et al., 2021).
The thalamic regions receiving cerebellar inputs include not
only the motor thalamus, but also the intralaminar thalamus,
such as the mediodorsal, parafascicular, and centrolateral nuclei

(Fujita et al., 2020). Consistently, the cerebellothalamic pathways
have been shown to be important also for cerebellar cognitive
functions, which will be described later (see the section “Pathways
From the Cerebellum to the Cerebral Cortex for Non-primary
Motor Functions”).

The efferent pathway from the cerebellum to the superior
colliculus (SC) has also been long known (Angaut, 1969; Batton
et al., 1977; Roldán and Reinoso-Suárez, 1981; Kawamura et al.,
1982). All three nuclei of the DCN appear to project to the SC in a
topographically distinct manner, although the DN and IPN send
stronger projections than the FN (Roldán and Reinoso-Suárez,
1981; Doykos et al., 2020). The SC is thought to be an area for
sensorimotor integration to initiate motor behaviors, including
eye and head movements (Ito and Feldheim, 2018), leading to
the idea that the DCN-SC pathway directly controls eye and head
movements, apart from the function of the cerebellovestibular
tract in oculomotor control (Roldán and Reinoso-Suárez, 1981).
Alternatively, considering the functions of the SC in visually
guided limb movement (Courjon et al., 2004; Steinmetz et al.,
2019) and the importance of the cerebellum in controlling the
precision of limb positions (Becker and Person, 2019; Wagner
et al., 2021), the DCN-SC pathway may provide predictive
information of limb positions to successfully achieve a target, as
proposed (Doykos et al., 2020). The precise motor functions of
this pathway need to be determined in further studies.

In addition to the abovementioned cerebellar efferent
pathways to other brain regions associated with motor control,
it has been long known that the cerebellum also sends direct
projections to the spinal cord [e.g. (Thomas et al., 1956;
Fukushima et al., 1977; Matsushita and Hosoya, 1978; Asanuma
et al., 1980; Liang et al., 2011; Wang et al., 2018)]. A study using
retrograde labeling further characterized the cerebellospinal
pathways, demonstrating that distinct populations of DCN
neurons in the anterior IPN send ipsilateral projections to
the cervical, thoracic, and lumbar cords, whereas contralateral
connections from the posterior IPN and FN are limited to the
cervical cord (Sathyamurthy et al., 2020). In contrast to the IPN
and FN, projections from the DN to the spinal cord were not
observed. The study also suggested that the direct projections
from the cerebellum to the spinal cord are involved in pathway-
specific, skilled motor control.

The cerebellar nucleo-olivary pathway consists of efferent
projections from the DCN to the IO, and has the unique property
of GABAergic projecting neurons, unlike most other efferent
pathways (Bengtsson and Hesslow, 2013; Voogd et al., 2013).
Interestingly, as nucleo-olivary, olivo-cortical, and corticonuclear
pathways follow zonal network arrangements, a closed loop
appears to be formed between the cerebellar cortex, DCN, and IO
(Bengtsson and Hesslow, 2013; Chaumont et al., 2013). Thus, this
nucleo-olivary pathway is thought to send feedback information
to the IO, and was suggested to provide negative feedback
mechanisms to block associative motor learning assessed in
the eyeblink conditioning (Kim et al., 1998). A recent study
demonstrated that the nucleo-olivary pathway generated negative
prediction error signals that proactively trigger the extinction
of associative motor memory (Kim et al., 2020). In addition,
the nucleo-olivary projections have been proposed to control
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synchronous activity of IO neurons (Lefler et al., 2014), which
are electrically coupled through gap junctions. Indeed, another
recent study showed that the inhibition of nucleo-olivary
projections triggered synchronous activity of IO neurons, and
this was the mechanism of state changes underlying skilled
movement (Wagner et al., 2021).

NEW LINES OF EVIDENCE ON
EFFERENT PATHWAYS ASSOCIATED
WITH NON-MOTOR FUNCTIONS:
DIRECT PATHWAYS

Besides the abovementioned well-known efferent pathways,
cerebellar efferent axons also directly project to other brain
regions (Figure 1B). Although the existence of some of these
pathways was identified some time ago (Teune et al., 2000),
detailed investigations were not performed until recently. There
are two possible reasons for this. First, the cerebellum has
traditionally been thought to be important solely for motor
control, yet these other brain regions receiving cerebellar
projections are not primarily associated with motor functions.
This may have led to the idea that, as the functional relevance
of these projections is unclear, their investigations is not very
important. Second, owing to the lack of appropriate techniques,
it was difficult to precisely characterize or manipulate the
relatively minor projecting pathways. In recent years, various
lines of evidence, including accurate diagnoses in clinical studies
[see, e.g. (Schmahmann and Sherman, 1998; Koziol et al.,
2014; Adamaszek et al., 2017; Habas, 2021)], have suggested
that the importance of the cerebellum in non-motor functions
should be re-evaluated. There are now many techniques that
can be used to trigger network-specific molecular expression,
and cutting-edge analyses have been performed to clarify the
properties of new networks and their functions. Thus, there
are no reasons not to investigate these historically less well
studied projecting pathways, and in fact, these direct pathways
and their non-motor functions (Table 1), particularly functions
associated with emotions or mental conditions, have recently
been gaining attention, although they may also be involved in
motor functions.

Cerebellar Projections to the Ventral
Tegmental Area
The ventral tegmental area (VTA), which is located in the
midbrain, is a major sources of dopamine neurons in the brain,
and is involved in a variety of brain functions (Morales and
Margolis, 2017). Specifically, dopamine neurons in the VTA
are best characterized as a key regulator of reward- and stress-
associated behaviors (Russo and Nestler, 2013; Fox and Lobo,
2019). The VTA receives inputs from many brain regions (Zahm
et al., 2011; Watabe-Uchida et al., 2012; Beier et al., 2015),
and the DCN was shown to be a region projecting to the
VTA (Snider et al., 1976; Parker et al., 2014; Beier et al., 2015;
Carta et al., 2019). Presumably owing to the relatively minor
connections, cerebellar projections to the VTA were not always

detected (Teune et al., 2000). Nevertheless, sophisticated viral-
genetic tracing of the input-output organization of the VTA
clearly demonstrated the monosynaptic connection from the
DCN to the VTA (Beier et al., 2015). Functional excitatory
synaptic connections from the DCN neurons were also confirmed
in not only dopamine neurons, but also GABAergic neurons in
the VTA, using optogenetic stimulation of DCN neurons (Carta
et al., 2019). Thus, even though anatomical connections from the
DCN to the VTA appear to be minor, the VTA receives direct
inputs from the DCN. It was originally suggested that projections
originate from the FN and DN (Parker et al., 2014), yet a study
in preprint at this moment showed using adeno-associated virus
(AAV)-based circuit mapping that the DCN-VTA connections
were contralateral, and originated mainly from the DN and partly
from the IPN (Baek et al., 2021). The study also showed that
among all the VTA regions, the dorsolateral posterior VTA was
the main target of the DCN projections.

Consistent with the functional connections from the DCN to
the VTA, activation of this pathway was shown to contribute
to reward- and stress-associated behaviors (Figure 1B). Using
optogenetic manipulation of axons of DCN neurons in the VTA,
activation of this pathway was demonstrated to be rewarding and
to be required for social behaviors (Carta et al., 2019). On the
other hand, it was demonstrated in the abovementioned preprint
study using chemogenetic manipulation of VTA-projecting
DCN neurons that chronic activation of these neurons triggers
depression-like behaviors (Baek et al., 2021). Although it is
still unknown as to how the activation of the DCN efferent
pathways projecting to the VTA can positively and negatively
affect mental conditions, i.e., rewarding and depression, this may
be reasonable given the heterogeneous functions of the VTA
(Morales and Margolis, 2017).

Where the VTA neurons receiving inputs from the cerebellum
project to is an important question. It was shown that cerebellar
activation triggers dopamine release in the medial prefrontal
cortex (mPFC) (Rogers et al., 2011, 2013), suggesting that
the cerebellum affects emotional states via the regulation
of dopamine release in the mPFC. It would be interesting
to further analyze these cerebellum-VTA neuronal circuits
by additional anatomical studies using transsynaptic tracing
and by physiological studies measuring dopamine release and
neuronal activity.

Cerebellar Projections to the
Periaqueductal Gray
The periaqueductal gray (PAG) in the midbrain takes the form of
a longitudinal column (Bandler and Shipley, 1994), and receives
many types of neuronal inputs (Tovote et al., 2015; George
et al., 2019). The PAG is known to be associated with active and
passive responses to threat (Gross and Canteras, 2012; Tovote
et al., 2015; George et al., 2019), including freezing behavior,
which has often been used to measure fear responses in rodent
(Roelofs, 2017). Both learned and innate freezing behaviors
are mediated by the activity of glutamatergic neurons in the
ventrolateral PAG (vlPAG) that project to the magnocellular
nucleus, and their activity is regulated by different types of inputs,
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FIGURE 1 | Efferent pathways from the cerebellum. Left: Schematic diagrams of historically studied efferent pathways related to motor functions (A), and of direct
(B) or indirect (C,D) efferent pathways that are considered to be associated with non-motor functions. Indirect pathways are further categorized according to the
target brain regions, i.e., cortex (C), basal ganglia (D), and hippocampus or amygdala (E). Solid lines are pathways that were experimentally confirmed, and dashed
lines are pathways that were suggested. Brain regions written in small size of letters in E are positioned independent of the actual locations in the brain. Middle:
Target brain regions that each DCN subregion connects with are shown by color-coded symbols (e.g., in A, light blue symbol is shown in the FN, but not in the IPN
or DN, indicating that the vestibular nucleus (VN) receives connections from the FN, but not from the IPN or DN). Note that DCN subregions projecting to the LC (B)
and to the amygdala via PB (E) are not determined, so that these symbols are shown outside of ellipses showing DCN subregions. Right: Functions of pathways that
are experimentally demonstrated or suggested are summarized. Colors correspond to the pathways of target brain regions shown in the middle. Th, thalamus; RF,
reticular formation; SMC, sensorimotor cortex; SpC, spinal cord; ZI, zona incerta; RTN, reticulotegmental nuclei; PPN, pedunculopontine tegmental nuclei; VM,
ventromedial thalamus; MD, mediodorsal thalamus; VAL, ventral anterior lateral thalamus; VL, ventrolateral thalamus; STR, striatum; CL, centrolateral thalamus; IL,
intralaminar thalamus; Pf, parafascicular thalamus; HP, hippocampus; HY, hypothalamus; MS, medial septum; RC, rhinal cortex; RSC, retrosplenial cortex; S,
subiculum; PB, parabrachial nucleus; CeA, central amygdala; BLA, basolateral amygdala. See text for other abbreviations.

such as GABAergic inputs from the amygdala and glutamatergic
inputs from the prefrontal cortex (Tovote et al., 2016;
Rozeske et al., 2018). The vlPAG includes not only glutamatergic
neurons, but also diverse populations of neurons, including

GABAergic, serotonergic, and dopaminergic neurons (Suckow
et al., 2013; Taylor et al., 2019).

Anterograde tracing studies demonstrated that DCN neurons,
mainly in the FN and DN, send axonal projections to the
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PAG (Gonzalo-Ruiz and Leichnetz, 1990; Teune et al., 2000),
and direct projections from the FN to the vlPAG were further
confirmed by recent studies using AAV- or retrograde tracing-
based mapping (Frontera et al., 2020; Vaaga et al., 2020). DCN
neurons in the FN make synapses onto diverse types of neurons
in the vlPAG, because studies have demonstrated anatomical and
functional synaptic connections onto glutamatergic, GABAergic,
and dopaminergic neurons of the vlPAG (Frontera et al.,
2020; Vaaga et al., 2020). Considering the possible involvement
of the cerebellum in freezing behaviors (Supple et al., 1987,
1988; Sacchetti et al., 2002, 2004; Koutsikou et al., 2014), the
identification of network connections would lead to the idea
that the cerebellar regulation of vlPAG plays a role in freezing
behaviors. One study supported this idea by showing that
cerebellar inputs from the FN modulate dopamine interneurons
in the vlPAG and in turn regulate the activity of Chx10-expressing
glutamatergic neurons in the vlPAG, which reliably triggered
freezing upon activation (Vaaga et al., 2020). Another study using
direct chemogenetic manipulation of the FN-vlPAG pathway
further demonstrated that this pathway bidirectionally regulates
the strength of the fear memory formed during conditioning:
increased activity weakened the memory, and decreased activity
strengthened the memory (Frontera et al., 2020). As altered
synaptic regulation in the cerebellum led to the enhancement
of fear memory, and such cerebellum-mediated fear memory
correlated with the increase in activity of the fear circuitry, in
regions such as the amygdala and prefrontal cortex (Han et al.,
2021), the FN-vlPAG pathway may not only regulate freezing
behaviors as a fear response, but also fine tune the formation of
fear memory through affecting fear circuitry (Figure 1B).

Cerebellar Projections to the Dorsal
Raphe
The dorsal raphe nucleus (DRN) is located in the midbrain
and the pons, and is implicated in many functions through its
projections to broad areas (Walker and Tadi, 2021). The DRN is
composed of a heterogeneous population of neurons, in terms
of the types of neurotransmitters, their molecular expression,
and projection patterns (Huang et al., 2019; Ren et al., 2019).
It is well known that the DRN is a major source of serotonin
neurons, yet other neurotransmitters also play important roles
in DRN functions (Liu et al., 2014; Li et al., 2016; Lin et al.,
2020). One important function of the DRN is reward processing
(Luo et al., 2015). Serotonergic neurons in the DRN have also
been shown to have antidepressive effects (Urban et al., 2016;
You et al., 2016; Nishitani et al., 2019), which are presumably
linked to reward processing. The heterogeneity of the DRN also
arises from the complex and diverse inputs from many brain
regions, one of which is the DN (Pollak Dorocic et al., 2014;
Ren et al., 2018). Although the role of the DN-DRN pathway has
not been clarified, it may cooperate with the DN-VTA pathway
to regulate reward- and stress-associated behaviors. Mapping
studies of inputs to the DRN (Pollak Dorocic et al., 2014; Ren
et al., 2018) demonstrated that the DRN receives direct inputs
from the DN, but not from the FN that is innervated by PCs in the
cerebellar vermis. On the other hand, electrical stimulation of the

vermis of depressed animals led to their recovery from depressive
symptoms and an increase in firing of DRN serotonergic neurons
(Bambico et al., 2018). Considering these studies, there may be
an indirect pathway from the vermis and FN to the DRN that
causes antidepressive effects (Figure 1B), in addition to the direct
pathway from the DN to the DRN.

Cerebellar Projections to the Locus
Coeruleus
In concurrence with dopamine and serotonin, noradrenaline is
also an important neuromodulator that affects mental conditions
(Ruhé et al., 2007; Nutt, 2008). The locus coeruleus (LC), which
is located in the brainstem just under the cerebellum, is a
major noradrenergic source in the brain. The LC-noradrenaline
system is involved in a wide range of behaviors, such as arousal,
attention, motivation, and stress responses (Benarroch, 2009;
Eschenko et al., 2017; Poe et al., 2020; Ross and Van Bockstaele,
2020), although the dopamine release from LC neurons has
also been shown to have various functions (Kempadoo et al.,
2016; Takeuchi et al., 2016; Beas et al., 2018). Like other brain
regions discussed in this section, the LC also receives inputs
from and sends outputs to a wide variety of brain regions.
Interestingly, not only DCN neurons, but also cerebellar PCs
directly send axonal projections to the LC (Schwarz et al., 2015;
Breton-Provencher and Sur, 2019). As the vestibular nucleus,
which is another structure receiving direct inputs from PCs,
is also located in the brainstem just under the cerebellum,
direct PC projections might be a common feature among
these brainstem regions. The LC-projecting PCs are distributed
throughout the ipsilateral cerebellar vermis (Schwarz et al., 2015),
and innervate both GABAergic and noradrenergic neurons in the
LC (Breton-Provencher and Sur, 2019). It would be interesting
to establish a technique to specifically manipulate LC-projecting
PCs or LC neurons regulated by PCs, and to investigate their
specific functions.

Direct Cerebellar Projections to a Wide
Variety of Other Brain Regions
In addition to the abovementioned brain regions, DCN neurons
directly project to a wide variety of other brain regions, such
as parafascicular thalamic nucleus, zona incerta, substantia
nigra (SN), parabrachial nucleus, laterodorsal tegmental nucleus,
pedunculopontine tegmental nucleus, nucleus incertus, and
supramammillary region (Teune et al., 2000; Fujita et al., 2020;
Kebschull et al., 2020). Although some of them will be described
in the next section regarding indirect pathways, we don’t discuss
many of them in this article, because their precise functions and
network properties have not yet been identified. Nevertheless,
we hope that these pathways will be studied in the near future.
Specifically, the direct projections to the SN and the zona incerta
from the DN (Teune et al., 2000; Watabe-Uchida et al., 2012;
Kebschull et al., 2020) might be worth investigation, given their
close association with the basal ganglia, which is another brain
region responsible primarily for motor control, and is also
associated with non-motor functions. As the cerebellum and
the basal ganglia have indirect network connections, and their
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functional interactions have often been described, we will discuss
them in the next section. The cerebellum is generally considered
to operate prediction of motor and non-motor events (Sokolov
et al., 2017; Hull, 2020) by integrating efferent copy and sensory
feedback. The signals to fine-tune specific functions are likely
then delivered through designated efferent projections to other
brain regions responsible for the functions. Thus, projections
to a broad range of brain regions may be crucial for cerebellar
multifunctionality.

NEW LINES OF EVIDENCE ON
EFFERENT PATHWAYS ASSOCIATED
WITH NON-MOTOR FUNCTIONS:
INDIRECT PATHWAYS

Cerebellar non-motor functions are mediated not only via
the direct pathways to non-motor brain regions, but also via
pathways that indirectly connect to brain regions responsible
for higher cognitive functions. Similar to the abovementioned
connections between the cerebellum and motor cortex, the
cerebellar indirect efferent pathway for cognitive functions
is expected to pass through the thalamus, considering the
involvement of the thalamus in many types of cognitive
functions. Although many functionally divided thalamic nuclei
are thought to simply relay relevant information, lines of evidence
have indicated more complex functions of the thalamus by
the interplay between different thalamic nuclei and efferent
pathways (Fama and Sullivan, 2015; Sherman, 2016; Halassa and
Kastner, 2017; Halassa and Sherman, 2019; Wolff and Vann, 2019;
Nelson, 2021). The cerebellum projects to wider areas of the
thalamus than expected from cerebellar motor functions (Fujita
et al., 2020; Kebschull et al., 2020), yet their functions cannot
simply be described only by understanding which nuclei of the
thalamus receive cerebellar efferent projections, because of the
complex functions of the thalamus. It is therefore important
to identify cerebellar disynaptic or polysynaptic connections to
other brain regions through the thalamus and to link them with
specific functions. Alternatively, it is easy to imagine that the
cerebellum indirectly affects the functions of some brain regions
via the abovementioned direct pathway. Indeed, several studies
have demonstrated cerebellar projections to specific areas of
the cerebral cortex, hippocampus, basal ganglia, and amygdala
through the thalamus or VTA, and have identified their non-
primary motor functions, as described in this section.

Pathways From the Cerebellum to the
Cerebral Cortex for Non-primary Motor
Functions
The mPFC is implicated in various cognitive functions, such
as emotional control, motivation, fear extinction, sociability,
decision making, and long-term and short-term memory (Euston
et al., 2012; Grossmann, 2013; Peters et al., 2013; Domenech and
Koechlin, 2015; Giustino and Maren, 2015; Xu et al., 2019). Given
such a wide range of cognitive functions, an idea was proposed
that the general role of the mPFC is to resolve conflicting

responses (Euston et al., 2012; Peters et al., 2013), presumably
by taking into account positive and negative information carried
by broad types of inputs, and providing contextually appropriate
neuronal signals. The interaction between the cerebellum and
the mPFC has been reported in several studies, including studies
recording synchronized oscillations in rodents and functional
connectomics analyses in humans or primates (Ramnani, 2006;
Kalmbach et al., 2009; Chen et al., 2016; Stoodley et al.,
2017; McAfee et al., 2019), the latter of which suggested
connections in the direction from the cerebellum to the mPFC.
Experiments in rodents showed that electrical stimulation of the
FN evoked local-field potentials in the mPFC (Watson et al.,
2014), implying that cerebellar outputs functionally connect
to the mPFC. Anatomical connections from the DN to the
mPFC through the thalamus were also demonstrated in primates
using retrograde transneuronal transport of herpes simplex virus
type 1 (Middleton and Strick, 2001). Based on these studies,
it has become clear that cerebellar neurons indirectly project
to the mPFC through the thalamus, in addition to oppositely
directed connections from the mPFC to the cerebellum through
the pontine nucleus (Kalmbach et al., 2009). A recent study
demonstrated functions of the cerebellar-mPFC pathway on
behaviors associated with autism spectrum disorders (ASDs)
(Kelly et al., 2020). Specifically, two cerebellar efferent pathways
to the mPFC were found to be responsible for the various
phenotypes observed in cerebellar dysfunction-dependent ASDs:
a pathway from crus I in the cerebellar cortex to the DN,
and another pathway from the cerebellar posterior vermis to
the FN, converging on the ventromedial thalamus projecting
to the mPFC, which were involved in the regulation of social
performance and behavioral flexibility, respectively.

The cerebellum-dependent regulation of mPFC may be in part
through dopamine release, because the electrical stimulation of
lobule IV/V PCs and the DN were shown to evoke dopamine
release in the mPFC (Mittleman et al., 2008). Two possibilities
were discussed in this previous paper regarding pathways
from the DCN that regulate dopamine release in the mPFC.
The first is the pathway from the DN or IPN to the VTA
through the reticulotegmental nuclei in the pons, and to the
pedunculopontine tegmental nuclei. The second is the pathway
from the DCN to the mediodorsal and ventrolateral thalamic
nuclei, via which glutamate neurons control dopamine release by
regulating presynaptic terminals in the mPFC. As DCN neurons
directly project to the VTA (Snider et al., 1976; Parker et al., 2014;
Beier et al., 2015; Carta et al., 2019; Baek et al., 2021), this direct
projection may in turn regulate dopamine release in the mPFC.
All pathways shown or suggested to date may mediate cerebellar-
mPFC circuits (Figure 1C), and regulation through these various
pathways appears to be reasonable, considering the functions of
the mPFC, which require broad types of inputs.

The motor cortex can be divided into the primary and
premotor areas. The primary motor cortex, which is a well-
known region that receives connections from the cerebellum
through the thalamus, is thought to have a predominant role
in motor execution. The anterolateral motor cortex (ALM) in
mice is thought to be equivalent to the premotor cortex in
primates, and to be involved in motor planning by presenting
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preparatory activity that is crucial for subsequent proper
movements (Guo et al., 2014; Li et al., 2015). In addition to
the primary motor cortex, functions of cerebellar projections
to the ALM have recently been identified, in an effort to
understand cerebellar cognitive functions. Studies have shown
that optogenetic excitation of the DCN alters preparatory
activity in the ALM, indicating the importance of cerebellar-
ALM pathways in motor planning (Gao et al., 2018; Chabrol
et al., 2019). However, two studies showed different pathways
working in motor planning, either from the FN or from the
DN to the ALM (Figure 1C). Axons of DCN neurons from
the FN and the DN were mainly present in the ventral medial
nucleus and the ventral anterior-lateral nucleus of the thalamus,
respectively. Both nuclei overlapped with thalamic regions that
projected to the ALM, although overlapping regions of axons
from the FN were much wider than those of axons from the DN
(Gao et al., 2018). As suggested in a previous study (Chabrol
et al., 2019), further analysis is required to solve questions as
to whether these efferent projections work separately on motor
planning in different behavioral paradigms, or actually cooperate
with each other.

The connections between the cerebellum and the cerebral
cortex are often bidirectional, involving the cortico-cerebellar
pathway through the pontine nucleus and the cerebello-cortical
pathway through the thalamus (Kelly and Strick, 2003; Krienen
and Buckner, 2009; Buckner et al., 2011; Proville et al., 2014;
Léna and Popa, 2016; Palesi et al., 2017; Brissenden et al., 2018;
Gao et al., 2018). Intriguingly, not only bidirectional connections,
but also closed-loop circuits are formed, which are composed
of networks of the cerebellar regions projecting to the cerebral
cortical regions that then project back to the same cerebellar
regions (Proville et al., 2014; Gao et al., 2018). These closed-
loop circuits may be effective for the precise adjustment or
amplification of neuronal signals, and indeed, the sensorimotor
cortico-cerebellar loop and the premotor cortico-cerebellar loop
were shown to be important for fine movement control and for
persistent preparatory activity, respectively (Proville et al., 2014;
Gao et al., 2018).

Pathways From the Cerebellum to the
Basal Ganglia
The basal ganglia are a group of subcortical nuclei, which
generally include the striatum consisting of the caudate and
putamen, the internal (GPi) and external (GPe) segments of
globus pallidus, the substantia nigra pars reticulata (SNr) and
pars compacta (SNc), and the subthalamic nucleus (STN)
(Lanciego et al., 2012; Purves et al., 2018). The basal ganglia
can be broadly categorized into three nuclei, namely, the input
nucleus of the striatum, the intrinsic nuclei of the GPe, SNc, and
STN, and the output nuclei of the GPi and SNr. As with the
cerebellum, the basal ganglia have also been implicated in motor
control. Although both the cerebellum and basal ganglia have
connections with the motor cortex, they are traditionally thought
to have distinct roles in movement, with the cerebellum involved
in real-time fine tuning of movement, and the basal ganglia
involved in the production of action command (Doya, 2000), by

projecting to different thalamic nuclei. This view has gradually
been revised, mainly from three aspects. First, outputs from the
cerebellum and the basal ganglia are not completely segregated,
but interact with each other in the thalamus (Bosch-Bouju
et al., 2013; Hintzen et al., 2018). Second, roles of both the
cerebellum and the basal ganglia are not limited to motor control,
but extend to cognitive functions (Doya, 2000; Middleton and
Strick, 2000; Bostan and Strick, 2018; Pierce and Péron, 2020).
Third, whereas interactions between the cerebellum and the basal
ganglia are generally considered to be through the cerebral cortex,
their reciprocal connections that do not include the cerebral
cortex have also been identified (Bostan and Strick, 2018). In
particular, there may be several pathways in the direction from
the cerebellum to the basal ganglia (Figure 1D, next paragraph).

The disynaptic anatomical connections from the cerebellum
to the basal ganglia were first demonstrated in rodents by
observation of the overlap and synaptic contacts in the central
lateral nucleus of the thalamus, between anterogradely labeled
DN neuron axons and retrogradely labeled neurons projecting
to the striatum (Ichinohe et al., 2000). Similar connections were
then confirmed in primates by the transneuronal transport of
rabies virus (Hoshi et al., 2005). Considering the time required
for transneuronal transport, cerebellar outputs, partially from the
IPN and FN, but mostly from the DN, disynaptically project to
the putamen in the striatum presumably through the thalamus,
including the central lateral nucleus. The connections from the
DN to the striatum through the intralaminar thalamic nuclei,
including the central lateral nucleus, were also functionally
confirmed in rodents (Chen et al., 2014). In this previous
study, a short latency of activity modulation was detected in
the striatum upon the electrical or optogenetic stimulation of
the DN, and the modulation was no longer detected when the
intralaminar thalamus was inhibited. Importantly, the cerebello-
striatal network through the thalamus was shown to be involved
in the cognitive flexibility observed in mice performing a
striatum-dependent reward-driven task (Xiao et al., 2018).

In addition to the connections from the DCN to the striatum
through the intralaminar thalamus, other pathways are also
likely to contribute to the functional interaction between the
cerebellum and the basal ganglia. A possibility was recently
proposed that the DCN makes disynaptic connections with
the STN through the parafascicular nucleus of the thalamus
(Watson et al., 2021). Because the nucleus accumbens (NAc)
has sometimes been considered as a part of the basal ganglia
based on its projections to the GPe and SN (Salgado and Kaplitt,
2015), one of the cerebellar-basal ganglia pathways may be from
the DCN to the NAc through the VTA, of which projection
to the NAc has been well characterized (Russo and Nestler,
2013). Although its functions are not yet determined, the direct
connections from the DCN to the SN (Teune et al., 2000; Watabe-
Uchida et al., 2012) may be involved in the cerebellar regulation
of the basal ganglia. Considering that the SN can be categorized
as an output nucleus of the basal ganglia, and that, as described
here, there are several possible pathways from the cerebellum
to the basal ganglia, the cerebellum may regulate the basal
ganglia in a variety of ways (Figure 1D). It has been suggested
that the cerebellum is involved in both pathophysiological and
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compensatory mechanisms of Parkinson’s disease (Martinu and
Monchi, 2013), and such bidirectional involvement might be
reasonable, considering that there are many pathways, through
which the cerebellum regulates the basal ganglia.

Pathways From the Cerebellum to the
Hippocampus
The hippocampus is one of the most studied regions of the brain,
and is well known to be crucial for learning, memory, and spatial
navigation (Eichenbaum, 2004; Bird and Burgess, 2008). Even
though connections from the cerebellum to the hippocampus
were suggested a long time ago by electrophysiological recordings
from the hippocampus upon cerebellar stimulation, and by
observation of degenerating axons in the hippocampus after
damage to the FN (Heath and Harper, 1974; Snider and Maiti,
1976; Heath et al., 1978; Newman and Reza, 1979), anatomical
connections have only recently been reported. Studies using viral
vector-based circuit tracing showed disynaptic and trisynaptic
connections from the cerebellum to the hippocampus (Bohne
et al., 2019; Watson et al., 2019), and specifically, tracing using
a retrograde transneuronal property of rabies virus suggested
several pathways (Figure 1E). Although the precise pathways
between the DCN and the dentate gyrus in the hippocampus still
need to be identified, vermal lobule VI and crus I of the cerebellar
cortex appear to be regions that affect the hippocampus through
the FN and the DN, respectively (Watson et al., 2019). Functional
implications of cerebellar-hippocampal circuit connections have
also been analyzed recently. Alterations of cerebellar activity were
detected during hippocampus-dependent tasks (Iglói et al., 2015;
Yu and Krook-Magnuson, 2015; Babayan et al., 2017). Cerebellar-
specific gene manipulation and optogenetic excitation affected
hippocampus-dependent behaviors (Rochefort et al., 2013; Lefort
et al., 2019; Zeidler et al., 2020). It would be interesting to identify
the precise cerebellar-hippocampal pathway, as this would enable
us to specifically manipulate the pathway and subsequently
identify its specific functions.

Pathways From the Cerebellum to the
Amygdala
Amygdala is well known to play a role in the expression of
fear and in the processing of fear-associated signals (Ehrlich
et al., 2009; Ressler, 2010). As described in the section on
direct efferent pathways, accumulating lines of evidence indicate
the involvement of the cerebellum in the presentation of fear
responses and the formation of fear memory (Sacchetti et al.,
2002, 2004; Moreno-Rius, 2018; Ernst et al., 2019; Vaaga et al.,
2020; Han et al., 2021). Consistent with the functional relevance,
connections between the cerebellum and the amygdala were
suggested in functional magnetic resonance imaging studies
in human subjects (Dean et al., 2014; Nicholson et al., 2015;
Leutgeb et al., 2016). Connections from the cerebellum to the
amygdala were also demonstrated in rodents by functional
analyses. Activation of the FN or anterior IPN resulted in the
inhibition of central amygdala activity (Magal and Mintz, 2014),
and the cerebellum-mediated enhancement of fear memory was
shown to correlate with the activity increase in the amygdala

(Han et al., 2021). Anatomical pathways were then suggested, in
which the cerebellar FN could project to the basolateral amygdala
through the parafascicular thalamus (Figure 1E; Frontera et al.,
2020). Alternatively, because the parabrachial nucleus receives
projections directly from PCs and indirectly through the FN
(Hashimoto et al., 2018), and projects to the amygdala (Saper
and Loewy, 1980; Jhamandas et al., 1996; Cai et al., 2018), the
efferent pathways to the amygdala might be mediated via the
parabrachial nucleus. Considering the potential of motor training
as a therapy for abnormal fear responses (Faria et al., 2018; Tanner
et al., 2018), the cerebellar-amygdala pathways may be worthy of
further investigation.

TECHNIQUES TO UNRAVEL THE
COMPLEXITY OF CEREBELLAR
EFFERENT PATHWAYS

In general, anatomical tracing techniques using specific labeling
lead to a better understanding of neuronal networks, and such
techniques, which are readily available, have been continuously
developed. Techniques used for the investigation of cerebellar
efferent pathways have also been changing gradually with time
(Table 2). In addition to anatomical tracing, physiological
analyses have been used to detect functional connections from
the cerebellum to other brain regions (Table 2). Furthermore,
advanced techniques have been beneficial to test functions
of specific efferent pathways on a behavioral level. In this
section, we summarize the techniques that have been used to
understand cerebellar efferent pathways. Details of the individual
pathways, including currently controversial or inconsistent
results regarding specific pathways, have been described above,
and example pathways that have been studied utilizing these
techniques are also listed in Table 2.

Techniques Used in Early Studies on
Cerebellar Efferent Pathways
In early studies, cerebellar efferent projections were tested
using the Fink-Heimer method (Fink and Heimer, 1967) in
animals with lesions in the DCN (Snider et al., 1976; Faull
and Carman, 1978; Tang et al., 1987), in which degenerated
nerve terminals of DCN neurons could be observed in target
regions. Autoradiography was also used after DCN injection
with radiolabeled amino acids that can be taken up by neurons
(Angaut et al., 1985a,b). Although there may have been potential
concerns about the observation being under unphysiological
or toxic conditions, these studies suggested the importance
of performing further research regarding cerebellar network
connections. Horseradish peroxidase (HRP) was used as a
less toxic retrograde tracer (Roldán and Reinoso-Suárez, 1981;
Kawamura et al., 1982), although the efficiency of neuronal
uptake was relatively low (Saleeba et al., 2019). In recent
years, anterograde and retrograde tracers have been developed,
improved, and frequently used owing to their convenience:
tracers without serious safety concerns are commercially available
and have sufficiently strong signals. The injection of anterograde
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TABLE 2 | A summary of techniques that have been used for studies of cerebellar efferent pathways.

Techniques Methods Examples

Species/transgenic mouse Pathways References

Anatomical
tracing

Fink-Heimer
method

Observation of degenerated axons after
lesion of the DCN or the cerebellum

Rabbit
Cat

DN – reticular formation
Cerebellum – VTA, SN

Tang et al., 1987
Snider et al., 1976

Autoradiography Tracing using radiolabeled amino acid Rat DCN – thalamus Angaut et al., 1985b

HRP
Neurohistochemical
technique

Tracing using HRP and following
staining

Cat
Cat

DCN – SC
DCN – SC

Kawamura et al., 1982
Roldán and Reinoso-Suárez,
1981

Anterograde or
retrograde tracer
conjugated with
dyes

Fluorogold
Biotinylated dextran amine
Cholera toxin subunit B,
Retrobeads

Mouse
Rat
Mouse

Mouse
Mouse

FN – reticular formation
DCN – other brain regions
Collateral of DCN neurons –
cerebellar cortex
FN – vlPAG
FN – vlPAG

Lu et al., 2013
Teune et al., 2000
Houck and Person, 2015

Frontera et al., 2020
Vaaga et al., 2020

Viral vector-based
labeling

Anterograde tracing AAV
AAV with cell-type specific expression
system

Mouse
Mouse (Vglut2-Cre)
Mouse (GAD-Cre, GlyT2-Cre)
Mouse (GAD2-Cre)
Mouse (Sox14-Cre)
Mouse (PV-Cre)

FN – vlPAG
FN – vlPAG
DCN – cerebellar cortex
DCN – IO
DCN – IO
DCN – gigantocellular reticular
nucleus

Vaaga et al., 2020
Frontera et al., 2020
Ankri et al., 2015
Lefler et al., 2014
Prekop et al., 2018
Zhou M. et al., 2020

Retrograde tracing rAAV2-retro, CAV2 Mouse

Mouse
Mouse
Mouse

Cerebellum – parabrachial
nucleus
DCN – spinal cord
DCN – vlPAG
DCN – VTA

Hashimoto et al., 2018

Sathyamurthy et al., 2020
Frontera et al., 2020
Baek et al., 2021

Disynaptic labeling Glycoprotein-deleted pseudotyped
rabies
AAV expressing WGA-Cre
AAV serotype1

Mouse

Mouse (Vglut2-Cre, GAD2-Cre)
Mouse (tdTomato+/+)

Mouse
Mouse (Ai14)

Cerebellar cortex – DCN –
thalamus –striatum
IPN, DN – SC
DCN – thalamus –
hippocampus
DCN – thalamus –striatum
DCN – thalamus – mPFC

Xiao et al., 2018

Doykos et al., 2020
Bohne et al., 2019

Xiao et al., 2018
Kelly et al., 2020

Polysynapticlabeling Rabies virus
Herpes simplex virus strain (H129)

Mouse

Mouse

Cerebellum – several regions –
hippocampus
Cerebellum – several regions –
cortex

Watson et al., 2019

Pisano et al., 2021

TRIO, cTRIO Mouse (DAT-Cre, GAD2-Cre)
Mouse (Dbh-Cre)
Mouse (Sert-Cre)

DCN – VTA
Cerebellum – LC
DCN – DRN

Beier et al., 2015
Schwarz et al., 2015
Ren et al., 2018

Comprehensive
circuit analysis with
gene expression
profiling

Characterization of DCN neurons by
projection mapping and single cell gene
expression analysis (qPCR, RNA
sequencing)

Mouse
Mouse, Chicken, Human
donors

FN output circuits
DCN (mainly DN) output circuits

Fujita et al., 2020
Kebschull et al., 2020

(Continued)
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TABLE 2 | (Continued)

Techniques Methods Examples

Species/transgenic mouse Pathways References

Functional
connections

Optogenetic manipulation and
activity recording

Applying photoactivation
(e.g., ChR2) or photoinhibition
(e.g., ArchT, HR)
to the cerebellum, while recording activity in
target brain regions by silicon probes (SP),
microelectrode (ME), electroencephalogram
(EEG), calcium imaging using GCaMP (Ca),
or immunohistochemistry (IH)

Mouse (PCP2-Cre, Ai32)
Mouse (PV-Cre, Ai32, Ai39)

Mouse (PCP2-ChR2-YFP)

Mouse
Mouse (PCP2-Cre, Ai32)
Mouse (PCP2-Cre, Ai32)

Mouse
Mouse
Mouse (PCP2-Cre)

Cerebellum – ALM (SP)
Cerebellum –hippocampus
(EEG)
Cerebellum – thalamus -motor
cortex (ME)
Cerebellum – VTA (ME)
Cerebellum – ALM (SP)
Cerebellum –hippocampus (ME
and Ca)
Cerebellum – motor cortex (SP)
Cerebellum – vlPAG (ME)
Cerebellum – several regions –
cortex (IH)

Gao et al., 2018
Krook-Magnuson et al.,
2014
Proville et al., 2014

Carta et al., 2019
Chabrol et al., 2019
Zeidler et al., 2020

Dacre et al., 2021
Frontera et al., 2020
Pisano et al., 2021

Electrical manipulation and activity
recording

Bipolar electrode stimulation onto the
cerebellum, while recording activity by
microelectrode in target regions

Rat Cerebellum – DRN
Cerebellum – mPFC

Bambico et al., 2018

Chemogenetic manipulation and
activity measurement

Chemogenetic drug administration in mice
having cell-type specific expression of
chemogenetic molecules, and
microelectrode recording (ME) or
immunohistochemistry (IH) in target regions

Mouse (PCP2-Cre)
Mouse (Vglut2-Cre)

Cerebellum – mPFC (ME)
Cerebellum – striatum (IH)

Kelly et al., 2020
Xiao et al., 2018

Ex vivo electro-physiological
recording

Whole cell patch clamp recording in slices
of target brain regions with optogenetic
stimulation on DCN neuron axons

Mouse
Mouse
Mouse
Mouse
Mouse

Cerebellum – VTA
Cerebellum – VTA
Cerebellum – thalamus
Cerebellum – vlPAG DCN –
parafascicular thalamic nucleus

Carta et al., 2019
Baek et al., 2021
Gornati et al., 2018
Vaaga et al., 2020
Xiao et al., 2018

Behavioral
functions of
specific efferent
pathways

Optogenetic manipulation of DCN
neuron axons in target brain regions

Expression of optogenetic molecules in
DCN neurons by injecting AAV, and light
application onto target brain regions during
behavioral tests

Mouse
Mouse
Mouse

Cerebellum – VTA
Cerebellum – IO
Cerebellum – thalamus -motor
cortex

Carta et al., 2019
Kim et al., 2020
Dacre et al., 2021

Chemogenetic or optogenetic
manipulation through molecular
expression in specific efferent
pathways

Expression of chemogenetic or optogenetic
molecules in DCN neurons specifically
projecting to target brain regions by utilizing
rAAV2-retro or CAV2 expressing Cre, and
their manipulation during behavioral tests

Mouse
Mouse
Mouse
Mouse

Cerebellum – spinal cord
Cerebellum – vlPAG
Cerebellum – VTA
Cerebellum – IO

Sathyamurthy et al., 2020
Frontera et al., 2020
Baek et al., 2021
Wagner et al., 2021

Chemogenetic or optogenetic
manipulation of disynaptic
cerebellar efferent pathways

Expression of chemogenetic or optogenetic
molecules in thalamic neurons receiving
inputs from the cerebellum, and
manipulation of thalamic axon terminals by
light or drug application in target brain
regions during behavioral tests

Mouse

Mouse

Cerebellum – thalamus –
striatum
Cerebellum – thalamus – mPFC

Xiao et al., 2018

Kelly et al., 2020

This table also includes examples of efferent pathways that were demonstrated by studies using the techniques. Note that types of transgenic mice are shown in this table, in case if the specific techniques were
used in combination with the transgenic mice. Vglut, vesicular glutamate transporter; GAD, glutamic acid decarboxylase; GlyT, glycine transporter; Sox, Sex-determining region Y-related high-mobility-group box; PV,
parvalbumin; DAT, dopamine transpoter; Dbh, dopamine b-hydroxylase; Sert, serotonin transporter; PCP2, Purkinje cell protein 2. See text for other abbreviations.
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tracers into the DCN increased our understanding of the overall
projection patterns from the DCN (Teune et al., 2000). On the
other hand, the injection of retrograde tracers into a target region
resulted in the labeling of a specific group of DCN neurons (Lu
et al., 2013; Houck and Person, 2015; Frontera et al., 2020; Vaaga
et al., 2020). Even though tracers are convenient tools, we also
need to understand their drawbacks (Saleeba et al., 2019). One
point to consider is that the specificity of labeling basically relies
on their localized injection.

Anatomical Mapping Analyses Using
Viral Vector-Based Labeling
Viral vector-based labeling has become a basic method for studies
on the anatomical properties of neuronal circuits (Sarno and
Robison, 2018; Haggerty et al., 2020; Liu et al., 2020; Xu et al.,
2020). Unlike chemical tracers, viral vectors generally enable cell
type- or network-specific labeling, by combining multiple viral
injections or the use of transgenic mice with the expression of
Cre recombinase (Cre). Given the heterogeneous properties of
DCN neurons, investigations using specific labeling provide an
accurate understanding of cerebellar efferent networks. Indeed,
network property analyses in a cell type-specific manner were
performed by injecting AAV with a Cre-dependent cassette into
the DCN of cell type-specific Cre transgenic mice (Lefler et al.,
2014; Ankri et al., 2015; Prekop et al., 2018; Zhou M. et al., 2020).
Some studies also used viral vectors demonstrating retrograde
transport, such as AAVs engineered to have efficient retrograde
access [rAAV2-retro, (Tervo et al., 2016)] or a canine adenoviral
vector [CAV2 (Del Rio et al., 2019)], to label projection-
specific DCN neurons (Hashimoto et al., 2018; Frontera et al.,
2020; Sathyamurthy et al., 2020; Baek et al., 2021). To observe
disynaptic connections from the DCN, anterograde transsynaptic
tracing was also performed (Xiao et al., 2018; Bohne et al.,
2019; Kelly et al., 2020) by injecting recombinase-expressing AAV
serotype 1 with transsynaptic properties (Zingg et al., 2017) or
AAV expressing Cre fused with wheat germ agglutinin (WGA)
(Gradinaru et al., 2010) into the DCN (Xiao et al., 2018; Bohne
et al., 2019; Kelly et al., 2020). In these experiments, Cre- or
flippase-dependent molecular expression was usually triggered
by AAV injection into the intermediate region or by usage of
reporter mice. Moreover, polysynaptic connections from the
cerebellum were analyzed using the retrograde and anterograde
transneuronal viral tracers, rabies virus (RV) and herpes simplex
virus strain H129, respectively, which enabled dissection of the
complex connections from the cerebellum to the hippocampus
or the neocortex (Watson et al., 2019; Pisano et al., 2021).

Advanced anatomical analyses have the potential to increase
our understanding of cerebellar efferent neuronal circuits.
Systematic analyses of single-cell gene expression and anatomical
projection mapping have characterized heterogeneous DCN
neurons (Fujita et al., 2020; Kebschull et al., 2020). The results
of these studies indicate that DCN neurons are subdivided into
finer groups than expected, and individual groups at least in
part have their own functions through their projections. These
results share common traits with the traditional idea that the
three nuclei of the DCN have different functions, yet greatly

advanced our understanding of the cerebellar efferent pathways
from the DCN. A tracing technique using a combination of
a viral-genetic tool, named TRIO, was developed to analyze
input and output organizations, and this sophisticated analysis
confirmed previously unappreciated cerebellar projections into
the neuromodulatory system, and further demonstrated the
region of projection through the disynaptic pathways (Beier et al.,
2015; Schwarz et al., 2015; Ren et al., 2018).

Analyses to Detect Functional
Connections From the Cerebellum to
Other Brain Regions
In addition to anatomical investigations, neuronal network
connections between the cerebellum and other brain regions
have been functionally tested by several techniques, including
viral vector-based expression of optogenetic molecules. The
most direct measurement method of functional connections
is electrophysiological recording from target regions during
electrical, optogenetic, or chemogenetic manipulation of
cerebellar activity (Krook-Magnuson et al., 2014; Proville
et al., 2014; Bambico et al., 2018; Gao et al., 2018; Carta et al.,
2019; Chabrol et al., 2019; Frontera et al., 2020; Kelly et al., 2020;
Zeidler et al., 2020; Dacre et al., 2021). The immunohistochemical
analysis of activity-dependent molecules in target regions can
be also used to detect activity changes in these regions after
cerebellar manipulation (Xiao et al., 2018; Zeidler et al., 2020;
Pisano et al., 2021). Alterations of molecular expression patterns
specifically in the cerebellum may disrupt the functional integrity
of the cerebellum, and in turn result in activity changes in
other brain regions (Kelly et al., 2020; Rudolph et al., 2020; Han
et al., 2021). Activity changes in these studies denote that the
cerebellum has functional effects on the recorded brain regions
through direct or indirect network connections. The direct
functional connections have been verified by recording synaptic
transmission from the neurons in target brain regions ex vivo,
upon the photostimulation of channelrhodopsin-expressing
DCN neuronal terminals (Gornati et al., 2018; Xiao et al., 2018;
Carta et al., 2019; Vaaga et al., 2020; Baek et al., 2021).

Methods Used to Identify Functions of
Specific Cerebellar Efferent Pathways on
a Behavioral Level
Optogenetic and chemogenetic tools are beneficial to understand
the roles of specific neuronal circuits in many types of brain
functions and dysfunctions [e.g. (Muir et al., 2019; Biselli
et al., 2021)]. Studies on the functions of cerebellar efferent
pathways on a behavioral level have also benefited from these
tools. In particular, optogenetic molecules were expressed in
DCN neurons by the injection of AAV into the DCN, and
photostimulation was applied to the target brain regions,
which enabled the manipulation of specific cerebellar efferent
pathways during behavioral analyses, and thus leading to an
understanding of their functions (Carta et al., 2019; Kim et al.,
2020; Dacre et al., 2021). The manipulation of specific cerebellar
efferent pathways can also be achieved by specific molecular
expression using a combination of viral vector injections. In
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these experiments, the abovementioned rAAV-retro or CAV2
expressing Cre was injected into target brain regions, and
AAVs triggering Cre-dependent expression of chemogenetic
or optogenetic molecules were injected into the DCN, which
resulted in the specific expression of molecules in the DCN
neurons projecting to the target brain regions. The manipulation
of these neurons during behavioral tests by chemogenetic drug
administration or photostimulation of the DCN clarified the
functions of these efferent pathways (Frontera et al., 2020;
Sathyamurthy et al., 2020; Baek et al., 2021; Wagner et al.,
2021). Furthermore, disynaptically connected cerebellar efferent
pathways were also investigated, as follows: AAV serotype 1
expressing Cre, or AAV expressing WGA-Cre was injected into
the DCN, and AAV triggering the Cre-dependent expression of
chemogenetic or optogenetic molecules was injected into the
intermediate regions, which resulted in the expression of these
molecules specifically in neurons of the intermediate regions
receiving inputs from the DCN. The functions of disynaptic
efferent pathways were then tested by specifically applying a
chemogenetic drug or by photostimulation to the target brain
regions during the behavioral analyses (Xiao et al., 2018; Kelly
et al., 2020).

CONCLUSION AND PERSPECTIVES

In any field of neuroscience, technical innovations by the
development of cutting-edge tools, equipment, or techniques
are often crucial not only for a better understanding or new
findings of a particular issue, but also for opening new directions
in the field or reevaluating underappreciated areas. Although
the cerebellum is a brain region with a long history of study,
research on neuronal networks emerging from the cerebellum
have benefited from these technical innovations. Indeed, several
efferent pathways covered in this review article were already
proposed decades ago, but have recently been clarified or revised,
and have been found to be involved in particular functions,
by taking advantage of these new techniques. Owing to these
clarification and findings, the cerebellum is now considered to
have multiple brain functions through projections to many other
brain regions. To facilitate further the studies on cerebellar
multifunctionality and a wide variety of efferent pathways, we
would like to propose four research directions as a next step.

(1) Further clarification of efferent pathways: As described
above (see the section “Direct Cerebellar Projections to a
Wide Variety of Other Brain Regions”), in addition to the
target brain regions discussed in this article, DCN neurons
directly project to many other brain regions, yet the precise
connective pathways have not been identified. Pathways
of indirect projections from the cerebellum to the mPFC,
hippocampus, and amygdala have not been completely
clarified, and there may be other crucial regions that are
polysynaptically affected by these cerebellar projections.
It may be possible to clarify these pathways by tracing
analyses using the appropriate labeling techniques, such as
transsynaptic labeling or a combination of retrograde and
anterograde labeling.

(2) Understanding of the collateral projections of DCN
neurons: Individual DCN neurons are known to project to
different brain regions through collateral axons (Kebschull
et al., 2020), and their collateralizing properties may be
characterized by whole brain mapping of collateral axons
after target region-specific labeling of DCN neurons, as was
previously done for DCN neurons projecting to the zona
incerta and reticular nucleus (Kebschull et al., 2020).

(3) Information integration through the cerebellum and
efferent pathways: Even though there is the idea that
different domains within the cerebellum are responsible
for different functions, considering the distribution of
receptive fields that is cerebellar regions responding to
sensory stimulation of different body parts (Manni and
Petrosini, 2004; Apps and Hawkes, 2009), functional
domains appear to be intermingled and DCN neurons may
in turn handle the integrated information. Indeed, a recent
study demonstrated that a small population of neurons
in the anterior IPN is responsible for motor coordination
of multiple body parts (Heiney et al., 2021). A possibility
is that the integrated information is distributed to several
different regions through the collateral axons of DCN
neurons, and thus it will be interesting to test the function of
collateral axons by specifically manipulating some of them,
in addition to clarifying the properties of the collateral
axons, as described in (2).

(4) Motor and non-motor functions of cerebellar efferent
pathways: The information integration described in (3) may
also be applicable to the information associated with motor
and non-motor functions. This suggests that the recently
demonstrated efferent pathways, which we discussed in this
article from the aspect of non-primary motor functions
(Table 1), may also be associated with motor functions, and
historically studied pathways may inversely be associated
with non-motor functions. Alternatively, the activity of
cerebellar efferent pathways may be affected by a wider
range of input signals than expected. The functions of
individual efferent pathways will need to be systematically
clarified by a variety of behavioral analyses, with the specific
manipulation of these pathways.

In summary, we comprehensively summarized cerebellar
efferent pathways and their functions in this article, mainly
from the aspect of non-motor cerebellar functions. The highly
heterogeneous properties of efferent pathways in the cerebellum
appear to be reasonable, considering their multiple functions.
Thus, toward understanding cerebellar multifunctionality, it is
important to further investigate the properties and functions of
individual efferent pathways, and to comprehensively interpret
various lines of evidence. For such investigation, further
technological innovations and the establishment of creative
experimental or analytic strategies are thought to be necessary.
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