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SUMMARY

To understand the neural basis of behavior, it is important to reveal how movements are planned,
executed, and refined by networks of neurons distributed throughout the nervous system. Here, we
report the neuroanatomical organization and behavioral roles of cerebellospinal (CeS) neurons.
Using intersectional genetic techniques, we find that CeS neurons constitute a small minority of
excitatory neurons in the fastigial and interpositus deep cerebellar nuclei, target pre-motor circuits
in the ventral spinal cord and the brain, and control distinct aspects of movement. CeS neurons
that project to the ipsilateral cervical cord are required for skilled forelimb performance, while
CeS neurons that project to the contralateral cervical cord are involved in skilled locomotor
learning. Together, this work establishes CeS neurons as a critical component of the neural
circuitry for skilled movements and provides insights into the organizational logic of motor
networks.

In Brief

Sathyamurthy et al. define the organization, function, and targets of cerebellospinal neurons,
revealing a direct link between the deep cerebellar nuclei and motor execution circuits in the spinal
cord and demonstrating a role for these neurons in motor control.
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INTRODUCTION

Seamless movements are accomplished by the concerted action of diverse motor areas,
including the cortex, basal ganglia, red nucleus, brainstem, cerebellum, and spinal cord.
Over the past century, there have been great strides toward defining the neural computations
of each of these areas and their contribution to motor control. However, to truly understand
the neural basis of behavior, it is essential to reveal how individual motor areas are bound
into coordinated networks to accomplish purposeful movement. All neural information must
flow through the “final common pathway” of spinal motoneurons to drive movement
(Sherrington, 1911). While motor areas in the brain may encode discrete aspects of
movement such as the neural commands for the initiation, speed, and direction of
movement, the spinal cord integrates and transforms these complementary motor commands
into precise patterns of muscle contractions (Armstrong, 1986; Shik and Orlovsky, 1976).
The intricate processing capabilities of the cord are sustained by a diverse array of
functionally specialized interneurons, which serve as rich substrates for finetuning,
diversifying, and coordinating motor output (Jankowska, 1992). Therefore, deconstructing
motor circuits with reference to their terminal targets among spinal networks can provide a
powerful framework for decoding the neural mechanisms underlying motor control.

To exert precise temporal and spatial control over the body’s musculature, it is essential to
accurately time the neural activity of multiple motor areas, a task that is thought to be served
by the cerebellum (Arshavsky et al., 1983). Indeed, loss of motor coordination or ataxia is a
hallmark of cerebellar damage (Holmes, 1917; Sprague and Chambers, 1953; Carrea and
Mettler, 1947). This critical role for the cerebellum in motor coordination is attributed to its
ability to learn and predict errors and to ultimately transform error predictions into corrected
motor commands (Wolpert et al., 1998). However, the organizational logic of efferent
cerebellar pathways that convey cerebellar computations to the appropriate spinal segments
for movement are not clear (Thach et al., 1992). Nearly all cerebellar output flows from
Purkinje neurons to the rest of the nervous system via the deep cerebellar nuclei (DCN): the
dentate, fastigial, and interpositus nuclei (Thach et al., 1992). Rather than acting as passive
relays, these nuclei integrate sensori-motor information and play essential roles in motor
control (Becker and Person, 2019; Brooks et al., 2015; Chabrol et al., 2019; Low et al.,
2018; Martin et al., 2000; Mason et al., 1998; Mori et al., 1999; Perciavalle et al., 2013;
Sprague and Chambers, 1953; Strick et al., 2009; Yu and Eidelberg, 1983). DCN neurons
project to the thalamus, red nucleus, and brainstem nuclei, sites where cerebellar instructions
are likely integrated with other sensori-motor information and relayed to spinal circuits that
execute movements. (Angaut and Bowsher, 1965; Asanuma et al., 1983; Batton et al., 1977;
Brodal and Szikla, 1972; Courville, 1966; Kelly and Strick, 2003; Tolbert et al., 1980).
Accordingly, most contemporary and classic studies of motor control have posited that the
cerebellum influences movement onl/y through indirect, poly-synaptic relays in these brain
areas (Kandel, 2013; Perciavalle et al., 2013; Ruigrok, 2012). However, a direct projection
from the DCN to the spinal cord has been reported.

Beginning with anatomical circuit tracing studies over a century ago, direct cerebellospinal
(CeS) neurons have been observed in a wide variety of tetrapod animals (Asanuma et al.,
1980; Cajal, 2012; Carrea and Mettler, 1954; Fukushima et al., 1977; Gray, 1926; Jakob,
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1942; Liang et al., 2011; Matsushita and Hosoya, 1978; Nudo and Masterton, 1988; Thomas
etal., 1956; Wang et al., 2018; Wilson et al., 1978), but their initial descriptions were
debated (Barker, 1901; Gray, 1918). Nevertheless, anatomical descriptions of the CeS
pathway were corroborated by electrophysiological recordings (Alstermark et al., 1987;
Orioli, 1961; Wilson et al., 1978). Notably, despite the potential importance of CeS neurons
in mediating movement, these neurons remain poorly characterized and have not been
incorporated into the framework for studies of motor control.

Here, we investigated the anatomy, function, and targets of CeS neurons in the adult mouse
and reveal that they play critical roles in motor performance and motor learning. We first
defined three groups of excitatory CeS neurons based on their location within the DCN and
their pattern of connectivity with the spinal cord. Next, we found that CeS neurons that
project to the ipsilateral cervical spinal cord are critical for skilled forelimb movement,
while those that project to the contralateral cervical spinal cord are important for skilled
locomotor learning. Finally, we found that CeS neurons target segmental and long-range
intersegmental neurons in the cervical cord, thereby providing a direct link between the
cerebellum and spinal substrates for motor coordination. Together, this work establishes CeS
neurons as important players in the descending control of movement.

A Neuroanatomical Characterization of CeS Neurons

We first sought to elucidate the basic neuroanatomical features of CeS neurons. To reliably
identify and label CeS neurons, we used a recently developed retrograde viral labeling tool,
rAAV2-retro, that offers an efficient way to retrogradely label neurons when delivered to
their target locations (Tervo et al., 2016). We injected rAAV2-retro:EBFP-Cre bilaterally
into the cervical region of Cre-dependent fluorescent reporter mice (Figure 1A) and found
retro-labeled neurons within the cortex, red nucleus, vestibular nucleus, and discrete nuclei
in the medullary and pontine reticular formation. These are well-known sources of direct
descending inputs to the spinal cord, thereby attesting to the reliability of this viral tool for
labeling descending neurons (Figures 1B and S1A-S1G). Within the cerebellum, we found
pre-spinal cells in the interpositus and fastigial DCN (Figure 1C) (n = 9 mice), thereby
corroborating the existence of a direct CeS tract to the cervical spinal cord, which controls
the neck and forelimbs. Since distinct regions of the spinal cord control different parts of the
body, we sought to determine if the thoracic and lumbar segments—which control the trunk
and the hindlimbs, respectively—are also targeted by CeS neurons. To address this, we
retrogradely labeled neurons projecting to the thoracic (n = 4 mice) and lumbar regions (n =
7 mice), and in each case, we found retro-labeled neurons enriched in the interpositus
nucleus, indicating that the DCN communicate with all major motor divisions of the cord
(Figures S1L-S1P).

Since DCN differ from each other in terms of connectivity and function (Clarke and Horsley,
1905; Jansen and Brodal, 1940; Thach et al., 1992), we comprehensively mapped the
distribution of pre-cervical and pre-lumbar CeS neurons within these nuclei. Unilateral
injection of rAAV2-retro virus expressing either nuclear-localized GFP or mCherry
fluorescent protein into the cervical (n = 7 mice) and lumbar regions (n = 4 mice) revealed
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clear distinctions in the organization of CeS neurons projecting to the ipsilateral and
contralateral halves of the cervical and lumbar spinal cord (Figures 2A, 2B, and S2A-S2C).
Neurons retro-labeled from the cervical region were enriched in the ipsilateral anterior
interpositus nucleus (IntA) (42% of all pre-cervical CeS neurons) and the contralateral
fastigial (18%) and posterior interpositus nuclei (IntP) (18%), while those labeled from the
lumbar region were enriched in the ipsilateral IntA (90% of all pre-lumbar CeS neurons),
suggestive of anatomical specificity and functional diversity of CeS neurons. Moreover,
precervical and pre-lumbar CeS neurons were clearly segregated within the IntA. While pre-
cervical CeS neurons were located in the middle third of the IntA, pre-lumbar CeS neurons
were confined to the medial third of this nucleus (Figure 2B, row 2). This somatotopic
segregation of CeS neurons is a general pattern shared with pre-spinal neurons in the motor
cortex and red nucleus (Figures SIH-S1K).

Next, we estimated the prevalence of CeS neurons among the DCN in which they reside and
found that pre-cervical and prelumbar CeS neurons constitute a small proportion (~5%-—
10%) of neurons in their respective DCN (Figures 2C and S2D), indicating that only a small
minority of DCN neurons have direct access to spinal circuits.

Finally, how do CeS neurons compare to previously described DCN cell types, which have
been categorized by neurotransmitter status and size (Bagnall et al., 2009; Uusisaari and
Knopfel, 2012)? Analysis of the neurotransmitter status of these neurons using fluorescence
in situhybridization (FISH) revealed that 97% of CeS neurons (367 neurons from two mice)
co-expressed the glutamatergic marker, S/c17a6, indicative of the excitatory phenotype of
these neurons (Figures 1D-1F). In addition, we found that the mean area occupied by CeS
neurons was 254 + 2 um?2 and that the mean diameter was 24 + 1 pm (Figures S2E-S2H; n =
1942 neurons from seven mice), which roughly corresponds to a subset of the “large”
category of presumptive excitatory neurons in the DCN (Canto et al., 2016; Chan-Palay,
2013; Uusisaari et al., 2007), in keeping with our FISH results.

Overall, these results indicate that CeS neurons represent a small, somatotopically organized
population of excitatory DCN neurons and contact each of the major regions of the spinal
cord. Based on laterality and connectivity patterns with the spinal cord, we classified them
into three groups: (1) an ipsilateral group that targets the cervical spinal cord (CeScer-ipsi),
(2) a contralateral group that targets the cervical spinal cord (CeSCer-¢ontra) ‘and (3) a smaller
ipsilateral group that targets the lumbar spinal cord (CeS!U™-1Psi) (Figure 2D). These studies
establish an anatomical framework for functional studies of CeS neurons.

Cesceripsi Neurons Are Required for Skilled Forelimb Movement

Next, we sought to elucidate the function of CeS neurons. The topographic organization of
direct inputs from the DCN to the spinal cord provides powerful experimental access points
to dissect the function of specific subsets of CeS neurons. Accordingly, we leveraged CeS
topography to specifically manipulate the two distinct populations of pre-cervical neurons,
CeScer-ipsi and CeScer-contra nilateral injections of rAAV2-retro:Cre virus into the cervical
spinal cord combined with injections of Cre-dependent hM4Di (Roth, 2016; Zhu et al.,
2014) into either the ipsilateral or contralateral DCN allowed specific silencing of these CeS
neurons (Figures 3A-3C, 4A, and 4B).
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While the interpositus nuclei are known to be necessary for skilled forelimb control (Becker
and Person, 2019; Chambers and Sprague, 1955; Cooper et al., 2000; Low et al., 2018;
Martin et al., 2000; Milak et al., 1997; Uno et al., 1973), the underlying neural substrates
have remained obscure. We hypothesized that the small, specific fraction of interpositus
neurons that project directly to the ipsilateral cervical spinal cord (CeS®®"iPSi neurons) would
represent a critical component of the circuitry. To test the requirement for CeS®€"iPSi neurons
in mediating interpositus’ role in skilled forelimb movement, we silenced their activity using
virally delivered pharmacogenetics and subjected the mice to a classic single-pellet retrieval
assay (Figures 3A-3D; Castro, 1972; Whishaw et al., 2008).

We found that silencing CeS¢e"iPSi neurons significantly impaired the ability of mice to
perform skilled pellet retrieval. Control (vehicle-treated) mice displayed progressive
improvement in successful pellet retrievals over several days of training, while CNO
(clozapine N-oxide) treated mice did not improve their performance (Figure 3E). To
determine if the inability to successfully perform the task was confined to a specific phase of
the movement, we visually scored the three major phases of pellet retrieval: the outward
reach movement guiding the arm toward the pellet, the grasping of the pellet, and the
retraction of the arm to bring the pellet to the mouth for eating (Video S1). In both groups of
mice, very few trials (<3%) involved a complete inability to guide the arm to the vicinity of
the pellet. While control mice were able to successfully grasp the pellet and retract the arm
to put the pellet in the mouth, CNO-treated mice often missed the pellet and, instead,
inadvertently dislodged it. However, in trials in which these mice did secure the pellet, they
did not display an increase in the frequency of drops compared to controls (Figure S3B).
CNO treatment alone on wild-type mice had no effect on skilled reaching performance
(Figure S3C).

The deficiency in skilled reaching could reflect a failure to properly learn new movements
over time, or it could reflect an acute failure of motor control and coordination, and the
cerebellum has been implicated in both of these functions. To distinguish between these two
possibilities, we trained mice to perform skilled reaching and delivered CNO only on day
10, when the mice were already proficient at the task. Similar to results described above,
post-learning delivery of CNO caused a significant decrease in the number of successful
trials (Figure 3F), suggesting that CeSCe™IPSi neurons are necessary for online control of the
forelimb during skilled movement. Analyses of the different phases showed that in most
control trials (vehicle treatment), mice were able to perform each movement phase and to
seamlessly progress through each of these phases to successfully retrieve the pellet. In
contrast, in CNO-treated trials, mice took longer to successfully guide the arm to the vicinity
of the pellet (the duration from liftoff to complete extension of digits/touching the pellet)
(Figure 3J; Videos S2 and S3). This is similar to the motor deficits observed in patients with
acute cerebellar damage (Konczak et al., 2010; Zackowski et al., 2002) and in experimental
animals models upon silencing or cooling of the interpositus nuclei (Cooper et al., 2000;
Martin et al., 2000; Milak et al., 1997; Uno et al., 1973). Despite the increased reach
duration, these mice were able to successfully guide the arm to the vicinity of the pellet
(Figure 3G). However, they subsequently failed to retrieve the pellet (Figure 3H; Videos S2
and S3). This failure did not stem from an inherent inability to perform the grasp motion,
because mice often progressed through the grasp phase despite missing the pellet. Instead,
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failure to retrieve the pellet appeared to be due to an inability to temporally or spatially
coordinate the grasp motion to achieve endpoint precision (Figures 3H and 3I). Overall,
these results suggest that CeSCe™PSi neurons are necessary for seamlessly executing skilled
forelimb movements.

Finally, to test whether this effect was specific to reaching or if it reflected a broader motor
deficit, we treated mice that expressed hM4Di in CeS°e"1PSi neurons with CNO or vehicle
and observed their motor behaviors in the home cage and tested them on a battery of motor
tasks but did not find any differences between the two groups (Figures S3D-S3I). These data
demonstrate that a small group of neurons in the interpositus nuclei, CeSC®™iPSi neurons, are
specifically necessary for skilled pellet retrieval and suggest that the interpositus nuclei rely
on CeS neurons to exert their role in forelimb control.

CeScer-contra Neyrons Are Required for Locomotor Learning

Next, we sought to discern the function of contralaterally projecting CeS neurons
(CeScer-contray (Eigures 4A and 4B). These neurons are localized to the fastigial and IntP
nuclei, which act in concert with their input zones—the vermis and the paravermis,
respectively—to exert proximal limb and trunk control (Carrea and Mettler, 1947; Chambers
and Sprague, 1955; Darmohray et al., 2019; Yu and Eidelberg, 1983). Given this, we
hypothesized that silencing these neurons would produce ataxia and adversely affect
balance, posture, and locomotion. Surprisingly, we found that silencing these neurons did
not affect locomotor gait parameters (Figures S4B-S4D) and did not alter the time to cross
wide or narrow beams (a skill that requires balance) (Figures 4D and 4E). Moreover, in
contrast to silencing CeSCeriPSi neurons, we found that silencing CeSCer-contra neyrons had no
effect on skilled limb control in a single-pellet retrieval task (Figure 4C).

We next considered that these neurons may be necessary for more challenging skilled
locomotor tasks. To test this, we subjected the mice to an accelerating rotarod task, a skilled
locomotor task in which mice are tested on their ability to adjust their gait and posture to
stay on an accelerating rod (Buitrago et al., 2004; Dunham and Miya, 1957) (Figure 4F).
While vehicle-treated animals improved and spent increasing amounts of time on the rod
over successive trials and days of testing, animals that received CNO were impaired in their
ability to sustain skilled locomotion on the rotarod (Figure 4G). We observed similar results
upon using alternative strategies to silence (rAAV2:KORD, a pharmacogenetic neuronal
silencer that is controlled by the drug salvinorin) (Vardy et al., 2015) or ablate (rAAV2:DTA,
a toxin) (Wu et al., 2014) CeSCer-contra neyrons (Figures S4F-S41). CNO treatment or
salvinorin treatment alone had no effect on rotarod performance (Figure S4E; Vardy et al.,
2015).

This impairment in motor performance could reflect an acute requirement for activity in
CeScer-contra neyrons during motor skill execution, or it could reflect a role for these neurons
in the acquisition of the skill. To dissociate between these two possibilities, we allowed mice
that expressed hM4Di in the CeSCe"-contra neyrons to train normally on rotarod with daily
vehicle injections and then treated these mice with CNO after learning had occurred.
Strikingly, we found that manipulating these neurons once the task had already been learned
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did not affect rotarod performance (Figure 4H). Together, these data uncovered the
requirement for CeSCcer-contra neyrons in the learning phase of a skilled locomotor task.

The CeScer-contra Tract Targets Spinal Neurons That Mediate Limb Coordination

To gain insights into the circuit mechanisms underlying the role of CeSCer-contra neyrons in
skilled locomotor learning, we sought to identify the spinal termination zone and post-
synaptic partners of the CeSCer-contra tract, To map the axon trajectory and synaptic terminals
of CeSeer-contra neyrons, we used an intersectional viral labeling strategy, which allowed
selective labeling of these neurons with the fluorescent reporter protein, mCherry, or
synaptophysin fused to eGFP, respectively. We found that the axons of CeSCcer-contra neyrons
exited the IntP and fastigial nuclei, crossed the midline within the cerebellar commissure
(above the fourth ventricle), and descended in the medial brainstem before entering the cord
and traveling within the ventral funiculus (Figures S5A-S5C).

Since laminar identity and dorso-ventral position of spinal neurons correlate well with
function (reviewed in Levine et al., 2012), we focused on the termination pattern of
CeSecer-contra neyrons in the spinal gray matter. We observed axons and synaptic terminals of
CeScer-contra neyrons in the medial portion of the ventral horn (lamina VII and VII1), which
contains both local segmental and long-range intersegmental pre-motor neurons (Figures
5A- 5C and S5C-S5F; Jankowska, 1992; Watson et al., 2009). Within this termination zone,
synaptic terminals of CeScer-contra neyrons were closely apposed to the post-synaptic density
of spinal neurons (Figure 5C). Roughly 73% of neurons targeted by CeSCcer-contra terminals
were in lamina V111, followed by 24% of neurons in lamina VII. Lamina IX, where
motoneurons reside, was largely devoid of CeSCer-¢ontra terminals (Figure 5D). No synaptic
terminals were seen on the proximal dendrites or soma of large ChAT+ alpha motoneurons,
suggesting that CeScer-contra neyrons are unlikely to synapse onto these cells. The negligible
fraction of lamina IX neurons receiving CeSCer-contra jnput were presumptive gamma
motoneurons, identified based on their location in lamina IX, small size, ChAT expression,
and lack of NeuN (Figures S5G and S5H; Friese et al., 2009). While these inputs could
account for the observation that some cervical motoneurons receive short-latency excitatory
input from the contralateral fastigial nucleus in the cerebellum (Wilson et al., 1978), it is
unlikely that they mediate the behavioral role of CeSCer-¢ontra neyrons,

Next, we reasoned that the lack of improvement in skilled locomotor performance might
reflect an inability to coordinate the activity of the major body regions: neck, forelimbs,
trunk, and hindlimbs. This prompted us to consider two distinct subpopulations of spinal
neurons: (1) segmental pre-motor neurons that innervate neck and forelimb motoneurons at
cervical levels; and (2) long descending propriospinal neurons, whose soma reside at
cervical levels but whose axons innervate pre-motor and motor neurons in the thoracic and
lumbar segments of the spinal cord, which control the trunk and the limbs, respectively
(Flynn et al., 2017; Miller and van der Burg, 1973; Ni et al., 2014; Ruder et al., 2016;
Sherrington and Laslett, 1903; Skinner et al., 1979).

First, we tested whether CeScer-contra neyrons target the V1 class (Engrailed (En1) lineage)
of segmental, local inhibitory neurons (Briscoe et al., 2000; Saueressig et al., 1999), sub-
types of which provide mono-synaptic input to ipsilateral motoneurons (Bikoff et al., 2016;
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Wenner and O’Donovan, 1999) for three reasons. First, contralateral fastigial stimulation can
evoke inhibitory synaptic potentials in cervical motoneurons, even after descending
pathways in the medial longitudinal fasciculus of the brain have been lesioned (Matsuyama
and Jankowska, 2004; Wilson et al., 1978), suggesting that local inhibitory spinal neurons
relay this input. Second, previous studies have shown that ablating V1 cells perturbs
locomotor performance at higher speeds on an accelerating rotarod (Gosgnach et al., 2006),
similar to the phenotype we observed upon cumulative silencing of CeSCcer-contra neyrons,
And third, the ventral limit of V1 distribution covaried with the target domain of
CeScer-contra synantic terminals, especially at rostral levels. To test if Enl-derived V1
neurons receive synaptic input from CeSCer-¢ontra neyrons, we analyzed CeScer-contra
terminals in Enl1:Cre;Ail4 tdTomato mice, in which Enl-lineage neurons express the
fluorescent tdTomato reporter protein (Figures 5E-5G). Indeed, we observed many direct
CeScer-contra synaptic contacts onto V1 neurons, with ~30% of all V1 neurons in lamina VIII
receiving CeScer-contra inpyt (Figure 5G). In contrast, excitatory Chx10-expressing V2a
neurons, which have also been implicated in regulating the speed of locomotor rhythm
(Ampatzis et al., 2014; Crone et al., 2009; Kimura et al., 2006), were only infrequently
targeted by CeSCcer-contra neyrons (Figure S51).

Next, we tested if CeSCer-contra neyrons synapse onto long descending propriospinal (LDP)
neurons. We labeled LDP neurons by injecting rAAV2-retro:Cre into the lumbar spinal cord
of Cre-dependent Ail4 tdTomato reporter mice and labeled CeSCe"-Contra terminals in the
same mice by injecting rAAV:FLP into the cervical spinal cord and a FLP-dependent
rAAV:Synaptophysin/GFP into the contralateral DCN (Figures 5H-5J). We then examined
GFP* synaptic terminals onto tdTomato* cell bodies in the cervical spinal cord (Figure 51)
and found that 44% (44% + 5%, mean = SEM, n = 4 mice) of cervical LDP neurons received
inputs from CeSce"-contra neyrons (Figure 5J).

In summary, CeSCe-¢ontra neyrons, which originate in the IntP and fastigial nuclei, target
specific classes of local and long-range spinal neurons—including cervical V1 interneurons
—which contribute to neck and forelimb control and descending propriospinal neurons,
which coordinate forelimb-hindlimb movements. These results delineate two
complementary spinal targets of CeSCer-¢ontra neyrons, which could be recruited as
ensembles to coordinately regulate multiple body segments and may thereby mediate the
role of CeScer-contra neyrons in skilled locomotion.

An Integrated Network for Cerebellar Output to Spinal Motor Circuits

It is well established that descending pathways to the spinal cord collateralize extensively
within the brain and likely act through distributed networks of downstream neural
populations. Accordingly, we examined if CeSC¢er-contra neyrons target motor areas in the
brain (Figures 6, S6C, S6D, S6F, S6H, and S6J) and found axons and pre-synaptic terminals
of CeScer-contra neyrons in regions of the midbrain and brainstem that give rise to the
rubrospinal, reticulospinal, and vestibulospinal descending pathways, including the red
nucleus, the pontine reticular nucleus, the medullary reticular formation, and the lateral
vestibular nucleus (Figures 6B—6D). Notably, CeScer-contra terminals were absent in the
inferior olive, which is known to receive input only from inhibitory DCN neurons (De
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Zeeuw et al., 1998; Figures S61 and S6J). We also observed CeSCer-contra go|laterals in the
cerebellar cortex (Figure 6A) and the ventral postero-medial/ lateral thalamus (Figure S6F),
which is known to relay cerebellar output to the motor cortex. Lastly, we observed dense
CeScer-contra oo aterals in the reticulotegmental nucleus (TRN) in the pons (Figure 6C),
tracing a recurrent loop from the DCN to the cerebellar cortex via this nucleus (Brodal and
Szikla, 1972). To estimate the degree of collateralization of CeSCe-¢ontra neyrons in the
brain, we performed dual labeling experiments and found that approximately 50%, 27%, and
A47% of CeScer-contra neyrons also projected to the contralateral thalamus, the midbrain/red
nucleus, or the medulla (Figures S6K-S6S), respectively, indicative of heterogeneity even
within this circumscribed population of CeS neurons.

In summary, these results suggest that CeS neurons may simultaneously access spinal motor
circuits through direct inputs to spinal interneurons and indirect relays via descending
neurons in the brain to exert nuanced control over motor output.

DISCUSSION

Motor areas in the brain need to ultimately act through pre-motor and motor networks in the
brainstem and the spinal cord to enable movement. Thus, by unraveling how motor centers
in the brain are organized with respect to spinal centers that execute movement, we may gain
fundamental understanding of the functional logic of motor networks. We took advantage of
virus-based intersectional genetic techniques to define the organization and function of CeS
neurons, a poorly understood, circumscribed population of neurons in the DCN with direct
inputs to the spinal cord. Specifically, we (1) identified distinct sub-populations of neurons
in the DCN based on their patterns of connectivity with the spinal cord, (2) functionally
dissected the contribution of anatomically distinct populations of pre-cervical CeS neurons
to skilled motor performance and learning, and (3) delineated direct and indirect neuronal
relays through which the cerebellum may mediate the coordination of multiple spinal cord
segments.

How are cerebellar circuits organized to precisely control different parts of the body and
exert their role in motor coordination? There is significant evidence for broad topography in
the arrangement of inputs from the cerebellar cortex to the DCN and also functional
somatotopy within the DCN and their connections with the motor thalamus and the red
nucleus (Courville, 1966; Middleton and Strick, 2001). However, it is not clear how the
topography of the DCN is transformed into control over spinal cord circuits for specific
body regions. Here, we found that a small minority of neurons in the interpositus and
fastigial nuclei display highly specific patterns of connectivity with different segments of the
spinal cord. There were clear distinctions in the organization of the DCN with respect to the
right and left halves of the cervical, thoracic, and lumbar segments of the spinal cord. While
the IntP and fastigial nuclei contained only pre-cervical neurons, the IntA contained pre-
cervical, pre-lumbar, and prethoracic neurons. Within the IntA, pre-cervical and pre-lumbar
neurons were non-overlapping and occupied distinct domains chiefly along the mediolateral
axis of the nucleus. This arrangement roughly corresponds to that of the “forelimb” and
“hindlimb” areas of the IntA nucleus (Garwicz and Ekerot, 1994), which were designated
based on inputs from cerebellar micro-zones and receptive field mapping. Together, these
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results support the idea of a modular organization of the IntA nucleus (Apps and Garwicz,
2005; Garwicz and Ekerot, 1994), where each body part is discretely represented within the
nucleus and is reminiscent of the organization of corticospinal neurons and rubrospinal
neurons, which are stratified in their resident motor areas based on inputs to the cervical and
lumbar segments of the spinal cord.

A modular organization of the IntA may offer specialized control over each major body
segment, such as dexterous hand control during voluntary forelimb movement. This idea is
supported by observations of a loss of skilled movements of the ipsilateral limb upon
damage to the interpositus (Becker and Person, 2019; Chambers and Sprague, 1955; Cooper
et al., 2000; Konczak et al., 2010; Low et al., 2018; Martin et al., 2000; Milak et al., 1997;
Uno et al., 1973; Zackowski et al., 2002). This prompted us to test whether CeScer-ipsi
neurons, which are enriched in the IntA nucleus, represent a critical cellular component of
these nuclei in skilled forelimb control. Indeed, we found a continuous requirement for these
neurons in executing skilled forelimb movement in the single-pellet retrieval task.
Additionally, two features of movement were reminiscent of the deficits seen in patients
with acute cerebellar damage (Holmes, 1917; Konczak et al., 2010; Zackowski et al., 2002)
and experimental models of IntA silencing (Cooper et al., 2000; Martin et al., 2000; Milak et
al., 1997; Uno et al., 1973). First, upon CeSCeriPsi silencing, mice took longer to establish
contact with the pellet. This may be similar to clinical bradykinesia and could stem from a
loss of predictive control and greater reliance on slow sensory feedback to guide the arm
(Wolpert et al., 1998) and/or the inability to exert corrective action upon predicting deviation
in the desired path. On the other hand, it may also be a compensatory mechanism similar to
that seen in patients with cerebellar damage, wherein movements are decomposed to favor
accuracy (Zackowski et al., 2002). Second, upon CeSCe"Psi sjlencing, mice failed to grasp
the pellet despite extending their digits and instead dislodged the pellet. This could reflect
the inability to predict or implement proper grip aperture and/or the inability to couple reach
and grasp movements to achieve endpoint precision (Jeannerod, 1984).

During normal behavior, the cerebellum cooperates with other brain regions to produce
coordinated movements, and it is likely that CeSCeriPSi neurons similarly work in concert
with other descending pathways to regulate spinal circuits. Interestingly, the effects that we
observed upon silencing CeSCe™iPSi neurons were distinct from those of acutely inhibiting
three other main sources of descending neurons that are known to be involved in dexterous
forelimb control: the motor cortex, red nucleus, and medullary ventral (MdV) reticular
formation. Ablation or silencing of corticospinal neurons perturbs multiple phases of skilled
pellet retrieval (Ueno et al., 2018; Wang et al., 2017), while silencing the broader motor
cortex blocks ongoing forelimb movements (Guo et al., 2015). Lesion of the red nucleus
does not affect the reach component of the task, but it results in a faster grasp and defects in
the arpeggio movements of the digits (Morris et al., 2015; Rizzi et al., 2019; Sybirska and
Gorska, 1980; Whishaw and Gorny, 1996). Similarly, silencing the MdV also impairs the
grasp phase of pellet retrieval (Esposito et al., 2014). Thus, although CeS neurons represent
only 1%-2% of all descending neurons targeting the spinal cord (Liang et al., 2011),
CeSeer-ipsi neyrons have a unique role in skilled reaching that cannot be compensated
through other pathways.
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CeS neurons in the fastigial and IntP nuclei predominantly project to the cervical spinal
cord, in contrast to those in the IntA. CeS neurons within the fastigial nucleus were found
throughout the nucleus and specifically targeted the contralateral cervical spinal cord. Within
the IntP, CeS neurons may be further fractionated into two populations based on target and
anatomy: ipsilateral IntP CeS neurons that were diffusely distributed throughout the nucleus
and contralaterally projecting neurons that tended to be located closer to the midline.
Notably, the medial portion of the IntP receives input from the X and CX zones of the
cerebellar cortex, as opposed to greater C2 input into the rest of the IntP (Buisseret-Delmas
et al., 1993). Additionally, our observation that medially located IntP neurons project to the
contralateral cervical spinal cord, together with the somatotopic organization of CeScer-ipsi
and CeS!UM-ipsi |ntA neurons, suggests that the highly refined olivo-cortico-nuclear circuitry
(Jansen and Brodal, 1940; Oscarsson and Uddenberg, 1966; Voogd and Koehler, 2018) may
be extended to the outputs of DCN neurons.

By manipulating CeScer-contra neyrons, we found a specific requirement for these cells in the
skilled locomotor rotarod task in which animals need to learn to adapt their motor output to
stay on an accelerating rod (Buitrago et al., 2004; Dunham and Miya, 1957). It is known that
the broader fastigial nucleus is the site of the “cerebellar locomotor region,” which, when
stimulated, can drive locomotion (Mori et al., 1999, 2000) and, when ablated, results in
ataxia and defects in interlimb coordination (Chambers and Sprague, 1955; Yu and
Eidelberg, 1983). However, the fastigial and IntP contain only pre-cervical neurons, which
raised the question of how these neurons fulfill the roles of their broader nuclei in locomotor
stability and coordination.

We found that these CeSCe"-€o""a neyrons contacted a diverse set of synaptic targets that,
together, could serve as substrates for binding the activity of descending neurons in the brain
with that of segmental and long-range neurons in the spinal cord. This in turn could allow
CeScer-contra neyrons to orchestrate the output of multiple motor segments to bring about
coordinated movements. First, CeSe"-coOnt"a neyrons targeted Enl+ neurons within the
cervical spinal cord, which controls the neck and forelimbs. These are segmental, inhibitory,
pre-motor neurons, which are known to regulate the burst duration of local motoneurons
(Bikoff et al., 2016; Falgairolle and O’Donovan, 2019; Gosgnach et al., 2006; Wenner and
O’Donovan, 1999). Second, CeSCer-contra neyrons targeted LDP neurons in the cervical cord,
which synapse onto pre-motor networks and motoneurons in the thoracic and lumbar regions
and thus exert control over the trunk and hindlimb, respectively (Flynn et al., 2017; Miller
and van der Burg, 1973; Ni et al., 2014; Ruder et al., 2016; Sherrington and Laslett, 1903;
Skinner et al., 1979). Thus, CeS¢e"-contra neyrons may recruit spinal neurons as ensembles to
coordinate the output of multiple spinal segments. Third, we observed extensive
collateralization of CeS neurons in the brain. With the exception of the pontine TRN, the
cerebellar cortex, and the thalamus, most of the observed targets of CeS¢e"-contra neyrons in
the brain are important sources of descending pathways. The collateralization pattern of
CeScer-contra neyrons is in accord with the proposal that the cerebellum may enable
coordinated movement by accurately timing the output of descending pathways, which was
based on observations of a loss of rhythmicity in descending neurons during locomotion in
decerebellated animals (Arshavsky et al., 1983; Orlovsky, 1972a, 1972b; Shik and Orlovsky,
1976). Given that some CeSCer-contra neyrons can simultaneously target multiple descending
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pathways and the spinal cord, we propose that the cerebellum brings about coordinated
motor outputs by orchestrating the activity of other descending pathways together with that
of its direct spinal targets.

Notably, manipulating CeSCer-contra neyrons did not produce overt defects in normal
locomaotion, balance, or the execution of skilled locomotion once motor learning had
occurred. This is in contrast with the other descending pathways and may reflect the fact that
each of these descending pathways synapses onto a unique complement of functionally
diverse spinal neurons. CeSCce"-contra neyrons terminate principally in lamina V111 of the
cervical spinal cord, the hub of interlimb coordination (Jankowska, 1992; Watson et al.,
2009). This termination zone partly overlaps with that of the vestibulospinal and
reticulospinal pathways. Vestibulospinal neurons from the lateral vestibular nucleus also
terminate in lamina 1X, where they directly synapse onto ipsilateral extensor motoneurons,
and to a lesser extent in laminae V11 and V111 (Basaldella et al., 2015; Grillner et al., 1970;
Liang et al., 2014; Murray et al., 2018). Accordingly, stimulating the vestibulospinal
pathway provokes extensor activity to support balance, and ablation of these neurons leads
to overt deficits in balance and locomotion (Orlovsky, 1972c; Yu and Eidelberg, 1981). The
reticulospinal pathway originates in various discrete nuclei in the brainstem and targets the
ventral horn broadly, including extensor and flexor motoneurons (Esposito et al., 2014;
Liang et al., 2016; Watson et al., 2009), and plays diverse roles in motor control. The
rubrospinal pathway targets laminae 1VV-V1 in the contralateral spinal cord (Liang et al.,
2012), where reflex encoders (Schouenborg et al., 1995), motor synergy encoders (Levine et
al., 2014), and other populations involved in sensorimotor integration reside. While the red
nucleus is known to be rhythmically active during locomotion (Orlovsky, 1972a), its role in
skilled locomotor learning in unclear. Nevertheless, ablation of the red nucleus impairs the
ability to control distal joints in the forelimb and hindlimb (Rizzi et al., 2019; Shik et al.,
1966). Finally, the corticospinal tract targets both the deep dorsal horn and the ventral horn
of the spinal cord. While broad interventions that target the primary or secondary motor
cortex perturb rotarod locomotion, a specific role for corticospinal neurons in basic or
skilled locomotion is not clear (Cao et al., 2015; DiGiovanna et al., 2016; Farr et al., 2006;
Hayashi-Takagi et al., 2015; Miri et al., 2017). Together, the requirement for CeScer-contra
neurons in skilled locomotor learning is distinct from the functions of other descending
neurons and may reflect the complementary roles played by different descending pathways
and their corresponding motor areas in mediating the learning and execution of skilled
locomotion.

How may CeSCce"-contra neyrons participate in motor learning? One possibility is that these
neurons, which are known to receive multimodal sensory input and cerebellar input (Eccles
etal., 1974; Wilson et al., 1978), may modulate the responsiveness of their spinal targets to
other descending and sensory input (Matsuyama and Jankowska, 2004; Wilson et al., 1978)
during the learning phase of the task, in a manner that allows sensorimotor adaptation. This
possibility is supported by the following reports. First, it has been shown that individual
LDP neurons receive convergent input from multiple descending pathways, including the
fastigial nucleus (Alstermark et al., 1987). Second, there is evidence for temporal facilitation
of post-synaptic potentials in spinal neurons following stimulation of the cerebellar
commissure and the ipsilateral lateral vestibular nucleus or reticulospinal pathways

Cell Rep. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sathyamurthy et al.

Page 14

(Matsuyama and Jankowska, 2004). Alternatively, the site of synaptic plasticity may be in
the cerebellum. For example, neurons in the interpositus and fastigial nuclei have recently
been shown to participate in motor adaptation (Brooks et al., 2015; Darmohray et al., 2019).
Lastly, CeS neurons may work in concert with the motor cortex through relays in the
thalamus to enable motor learning (Ito, 1984).

Together, this suggests that there are dual modes through which CeSCer-contra neyrons can
influence spinal output: (1) directly through its spinal targets and (2) through descending
neurons in the brain. However, it is unlikely that the dual paths from these neurons are
functionally redundant because each of these descending pathways synapses onto a unique
complement of functionally diverse spinal neurons; far from being passive relays, they
perform unique integrative functions and thereby serve as anatomical substrates for the
differential contributions of each of the descending pathways to motor control. Moreover,
the extensive collateralization of CeS neurons is reminiscent of other descending pathways
(Akintunde and Buxton, 1992; Beitzel et al., 2017; Brodal and Gogstad, 1954; Economo et
al., 2018; Wang et al., 2018; Wiesendanger, 1969) and may serve several important
functions: (1) to provide internal copies of motor commands to update the collateral targets
of the current status of the effector (Sperry, 1950); (2) to coordinate the output of the
rubrospinal, vestibulospinal, and reticulospinal neurons, and spinal neurons to bring about
complex patterns of sequential muscle contractions (Shik and Orlovsky, 1976); or (3) to
facilitate or gate the responsiveness of descending pathways and spinal neurons to incoming
sensory input (Brooks et al., 2015; Orlovsky and Pavlova, 1972) and that of shared spinal
targets to convergent descending inputs (Matsuyama and Jankowska, 2004). These dual
paths from CeSCer-contra neyrons could serve to provide a broad range of synergistic control
over spinal output. However, one of the technical implications of this extensive pattern of
collateralization for any descending pathway is that it is currently difficult to ascribe the
behavioral phenotype specifically to the spinal axonal branch of descending neurons without
differentially silencing the axons in the spinal cord. Future advances in genetic techniques
may facilitate experiments to dissect the behavioral role of each of these pathways at the
synaptic level.

Overall, this study establishes a contemporary foundation for our knowledge of CeS neurons
and is an important step toward the goal of understanding how various regions of the central
nervous system function together to mediate voluntary movement and behavior.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Ariel J Levine (ariel.levine@nih.gov).

Materials Availability—All unique/stable reagents generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—This study did not generate any unique datasets or code.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal experiments were performed in accordance with institutional guidelines
and approved (protocol#1384) by the National Institute of Neurological Disorder and
Stroke’s Institutional Animal Care and Use Committee. All mouse lines were maintained on
a mixed background of C57BL/6J and BALB/cJ and were housed on a 12hr/12hr light dark
cycle with standard chow. In addition to wild-type mice, the following strains were used:
Ai14 tdTomato reporter mice (B6.Cg-GT(ROSA)26SortM14(CAG-tdTomato)HZe/5) (Madisen et
al., 2010), En1-Cre (Kimmel et al., 2000) (En1tm2(Cre)/Wrst/j mice), and ChAT-Cre
(B6;129S6-Chat(tmicre)Lowl;g) (Rossi et al., 2011). Approximately equal numbers of male
and female mice between 3-20 weeks of age were used for all experiments.

Viruses—AAV viruses were produced at Vigene Biosciences or were purchased from the
UNC Viral Vector Core and Addgene. Plasmids for each AAV were either produced in-
house using pAAV-hSyn-DIO-hM4Di-mCherry as a backbone (Krashes et al., 2011), or
were obtained from Addgene (Krashes et al., 2011; Madisen et al., 2015; Xue et al., 2014).
Viral particles were injected at a titer of 1-5512 genome copies per ml.

METHOD DETAILS

Surgery for spinal cord and cerebellar injections—Mice were anesthetized by
intraperitoneal injection of a drug cocktail containing fentanyl (0.2 mg.kg), dexmedetomidin
(1 ma/kg), and midazolam (5 mg/kg) dissolved in saline. For spinal injections, a small
incision was made in the skin and the underlying musculature or adipose tissue was teased
apart to reveal the vertebral column. Tissue joining the dorsal processes of consecutive
vertebrae was removed and the vertebral surfaces were cleaned with fine forceps and gently
separated (for lumbar injections) to reveal the dorsal surface of the spinal cord. The dura was
punctured by pinching with sharp forceps to facilitate smooth entry of the needle. Virus was
pressure injected through a pulled glass needle at a depth of 700-800 pm from the dorsal
surface and 250 nL of viral particles was released at a rate of 100 nl/min. Craniotomies were
made above the corresponding target areas (coordinates for ipsilateral cerebellar nuclei are
AP:-5.88, ML:-1.65, DV:3.37; coordinates for contralateral cerebellar nuclei are AP:—6.12,
ML:1.57, DV:3.26; coordinates for thalamus are —2.18; —1.81; 3.45; coordinates for red
nucleus are AP:- —3.52; —0.58; 3.75; coordinates for medulla are AP: —-6.12; -1.37; 4.15)
and viral particles were released at a rate of 100 nl/min, ~150 nL per site. Following
injections, the overlying muscle was sutured, and the skin incision was closed using wound
clip. Anesthesia was reversed by intraperitoneal administration of buprenorphine (0.1 mg/
kg), atipemazole (2.5 mg/kg), and flumenazil (0.2 mg/kg) in saline. Additionally, mice
received intradermal injection of meloxicam SR for analgesia and were returned to their
home cages.

Histology, immunofluorescence, and in situ hybridization—Anesthetized mice
were transcardially perfused with PBS followed by cold 4% paraformaldehyde (PFA).
Spinal cords and brains were harvested and post-fixed in cold 4% PFA overnight at 4°C,
cryoprotected by immersion in 30% sucrose overnight at 4°C, embedded in OCT medium,
and sliced into 20 um (for /n situ hybridization) or 35-50 um (for immunofluorescence)
sections in a cryostat. For immunofluorescence, transverse spinal sections were directly
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mounted onto glass slides or floated in PBS, washed in PBS, blocked in blocking solution
(PBS containing 0.3% Triton X-100, 1% bovine serum albumin (BSA), and 4% normal
donkey serum), and incubated in primary antibodies, which were diluted in blocking
solution at the following concentrations: NeuN (1:500), PSD95 (1:500), and EBFP/GFP
(1:500), and CHX10 (1:500), for 24-48 hours. Sections were then washed, incubated with
secondary antibodies and fluorescent Nissl stain (1:1000, Neurotrace, Thermofisher,
N21483/N21479) for 1-2 hours and mounted. Cerebellar sections (coronal) were washed
once in OCT, incubated in PBS containing 0.1% triton and fluorescent Nissl stain (1:2000)
for 12—24 hours, and mounted onto slides. For /n situ hybridization, RNAscope Fluorescent
Multiplex Reagent Kit (ACD) was used according to the manufacturer’s instructions.
Sections were imaged using a Zeiss LSM 800 confocal microscope and processed (tiles were
stitched using “stitch tile” function; slices were Z-projected using “orthogonal projection”
function) using FIJI (NIH image) and/or Zen2 (Zeiss) software. All images shown are tiled
and/or projected z stacks unless otherwise indicated.

Behavioral analysis—Behavior experiments were performed between 4 — 10 weeks
following surgery. The experimenter was not blinded to the treatment group. Mice that
expressed hM4Di were given saline or CNO (3-5 mg/kg, dissolved in DMSO/saline via
intraperitoneal injections) 30 —35 minutes prior to testing. Mice that expressed KORD were
given DMSO or salvinorin (10 mg/kg, dissolved in DMSO via subcutaneous injections) 15
minutes prior to testing.

Single pellet reaching task: Mice were food restricted to 85%—90% of their body weight
for four days leading up to the test and throughout the entire duration of the test. On days 3
and 4 following food restriction, chocolate pellets were placed on the cage floor to
familiarize the mice with these pellets. Four days following food restriction, mice were
habituated to the test chamber (plexiglass box, 1°[1]x1°[h]x0.5"[w] with an 8 mm wide slot)
for 15 minutes. A chocolate pellet was placed on pedestal (height 5 mm), which was placed
outside the box, at a perpendicular distance of 8mm from the right edge of the slot. Mice
were then motivated to use their left paw (paw corresponding to the injected side) to retrieve
the pellet. Once the mice made 5 consecutive attempts to reach for the pellet, they were
given at least 20 trials on days 1 and 2 and were given 40 trials on subsequent days. Each
trial was scored as a success or a failure according to the following definitions. A trial was
scored as success when the mouse was able to retrieve the pellet and place it in its mouth
(Video S1). Failed trials were classified into three groups based on the nature of the error -
failure to guide arm to the pellet; “‘dislodging the pellet’ in which the mouse touches the
pellet but knocks it off the pedestal or fails to grasp the pellet; dropping of retrieved pellet
(Video S1). Mice were excluded from the task if they failed to attempt to reach for pellets
within 3 days of training or if they preferred using the tongue or the paw corresponding to
the uninjected side. On day 10, the trials were videotaped at 240 frames per second and the
duration of the three main phases of the task was calculated from trials where the mouse
made a single fluid attempt to retrieve the pellet (> 80% of all trials). Phase 1: time from lift
off to establishing contact with the pellet (for successful or dropped trials) or dislodging the
pellet (for failed trials), phase2: time spent to grasp the pellet (only successful trials and
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dropped trials), phase 3: time from lifting pellet to putting it in the mouth (only successful
trials).

Open-field analysis: Mice were placed in an open field (Cleversys, Inc.) and the first five
minutes of their activity (distance traveled and velocity) was recorded and analyzed using
manufacturer supplied software.

Gait analysis: Mice were forced to run on a motorized treadmill belt (Cleversys, Inc.) at a
constant speed of 20 cm per second for 20 s with and without CNO. Videos were captured at
a rate of 80 frames per second. Seven to eleven consecutive steps were analyzed for each
mouse using manufacturer supplied software.

Rotarod analysis: Mice were habituated to the rotarod apparatus (Panlab, Harvard
apparatus) a day prior to the test. During this period, mice were placed on a rotarod rotating
at 4 rpm for a maximum of five minutes. On subsequent days, mice were treated with either
vehicle or ligand (CNO or Salvinorin B) and the latency to fall from the accelerating rotarod
(4 — 40 rpm over 5 minutes) was measured. The mice were given 4 trials a day for four days.
Mice were excluded from the task if they failed to stay on the rotarod for longer than 30 s on
the day of habituation or if they intentionally jumped off the rod on subsequent days.

Beam walk analysis: Mice were trained to cross two beams (1 m long) of different widths
(wide beam: 12 mm; narrow beam: 6mm). Two- and four-days following training, mice were
tested with vehicle and CNO, respectively. Videos were captured at a rate of 120 frames per
second and the time taken to cross a 0.7 m section of the beam was measured. Mice were
given a maximum of six trials and only trials that did not involve any stalling were analyzed.

Exclusion criteria: Twenty-seven percent of injected mice were excluded before from
behavioral analysis due to apparent abnormalities of the limb corresponding to the injected
side of the spinal cord. For viral injections, the brain and spinal cord of every experimental
animal was examined post hoc to ensure that viral expression was present and was
accurately and specifically targeted to the desired location while maintaining normal tissue
morphology. Approximately 20% of animals were excluded due to inaccurate injections of
the deep cerebellar nuclei that spread to the nearby vestibular nuclei or due to disrupted
morphology. Assay-specific exclusion criteria are described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral statistical testing—Two-way ANOVA (repeated-measures) was used for
multi-day testing behaviors (reaching and rotarod) and two-tailed t tests (paired or unpaired)
were used all for all other behavioral analysis, as indicated in figure legends. Differences
among groups were considered significant if p < 0.05. P values are denoted by asterisks: *p
< 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s — not significant. Data are
represented as mean + SEM unless otherwise indicated. Statistical analyses were performed
using GraphPad prism software.

Cellular target quantification—Laminar borders were determined based on an
established adult mouse spinal cord atlas (Watson et al., 2009). Synaptic contacts onto
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candidate target cells were counted in 20X single optical sections. Serial optical sections
(1.16 um) over a depth of 35 um were collected using a 20X lens and determination of
presence or absence of synaptic input (apposition of synaptophysin EGFP and PSD95) was
made by analyzing single optical sections. For each candidate target cell type, quantification
was done using at least four sections per spinal cord and at least three independent spinal
cord samples.

Estimation of co-infection efficiency of AAVretro-H2B-GFP and AAVretro-H2B-
mCherry—The above viruses were co-injected into the spinal cord. Quantification of the
total number of GFP+ neurons, mCherry+ neurons, and double-positive neurons revealed
80% co-localization efficiency (percentage of double positive neurons: 81.4 + 1.7%, mean +
SEM, n =3 mice). Results from collateralization estimation experiments in Figures S6K-
S6S need to be interpreted within the context of this experiment and collateralization
estimation could be an underestimation of percentage of CeS neurons with collaterals to the
respective targets.

Deep cerebellar neuron quantification—Deep cerebellar nuclei were delineated in
coronal sections stained with fluorescent Nissl stain based on an established brain atlas ()
(Paxinos and Franklin, 2007). For quantification of total number of neurons, only ‘large’
neurons with conspicuous cytoplasm around the nucleus (diameter > 10 pm) (Heckroth,
1994) were counted.

Density plot of synaptic terminals—For each level of the spinal cord, an image each
was collected of sections from the same level from three different animals. The images were
aligned using the central canal as an anchor and stacked together using the z-project function
in F1JI. The individual channels were separated (NeuN - blue, synaptophysin - green) and
signal from either channel was thresholded and filtered based on mean particle density.
Using the Look-Up Table (LUT) function, a “fire’ color gradient was assigned to each
image.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Cerebellospinal (CeS) neurons constitute approximately 5%-10% of
excitatory deep cerebellar neurons

Ipsilateral CeS neurons to the cervical cord are necessary for skilled forelimb
movement

Contralateral CeS neurons (CeScer-contray are necessary for skilled locomotor
learning

CeScer-contra neyrons target local and long-range neurons in the cervical cord
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Figure 1. A Direct Excitatory Projection from the DCN to the Spinal Cord
(A and B) Experimental strategy for labeling pre-spinal neurons. Predicted (A) and observed

(B) pre-spinal pathways are highlighted.

(C) Coronal section showing pre-spinal neurons in the DCN (fastigial and interpositus)
(outlined in red) and the brainstem. Also highlighted (arrows) are descending pathways,
including the vestibulospinal, reticulospinal, and corticospinal pathways. C’, C”, and C
are higher magnification images of boxed areas.

(D-F) Excitatory nature of cerebellospinal (CeS) neurons. Coronal sections (from mice with
intraspinal injections of rAAV2-retro: EBFP-Cre) showing colocalization of £b67p (green)
and S/c17a6AGlut2 (red) mRNA in CeS neurons of the interpositus (D) and fastigial (E)
nuclei. Quantification of percentage of CeS neurons (Ebfp?) with S/c17a6 (red bar) or
without S/c17a6 (white bar) (F). A total of 367 Ebfp-expressing neurons from two mice
were analyzed. Individual values and mean + SEM are shown.

Scale bars, 500 pm (C); 100 um (C'~C”); 200 um (D and E); 50 ym (D’ and E”). Stitched,
Z-projected images are shown in (C), (D), and (E). Also see Figure S1.
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Figure 2. Anatomical Organization of CeS Neurons
(A) Experimental strategy for visualizing pre-cervical (CeS®®") and pre-lumbar (CeS!'™) CeS

neurons.
(B) Rostro-caudal (top-bottom) coronal sections showing retrolabeled GFP* CeS®®" neurons
(green) and mCherry™ CeS!'™ neurons (red) in the DCN (outlined). Boxed area in row 2
shows anatomical segregation of CeS°®" and CeS'U™ neurons in the IntA. Stitched, Z-
projected images are shown.

(C) Quantification of total number of neurons (gray, n = 3 mice, dentate excluded) and the
total number of CeSC®" (green, n = 7 mice) or CeS!UM (red, n = 4 mice) neurons in the
respective DCN (~20 sections per mouse). Individual values and mean + SEM are shown.
(D) Summary schematic depicting the main anatomical subdivisions of CeS neurons.
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Scale bar, 200 um. See also Figures S1 and S2.
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Figure 3. CeS®"PS! Neurons Are Required for Skilled Reaching o
(A) Experimental strategy for expressing hM4Di specifically in CeS®€PS! neurons. (B and

C) Specificity of viral-labeling strategy. Representative sections showing specific expression
of hM4Di-mCherry in the ipsilateral DCN

(B) and unilateral expression of EBFP-Cre (immunostained with anti-GFP antibody) in the
cervical spinal cord (C). Stitched, Z-projected images are shown.

(D) Schematic depicting the experimental timeline for behavioral testing and single-pellet
retrieval.

(E) Reduced rate of success in animals treated with CNO (red, n = 9 mice) during the
learning/execution phase as compared to vehicle-treated controls (black, n = 21 mice) (two-
way ANOVA).

(F=1) Control mice (black) in (E) were treated with either vehicle (n = 10 mice) or CNO (n =
11 mice) on day 10 to assess the effect of silencing on performance post-learning.
Quantification of the percentage of successful trials (F) and three types of failed trials (G-I)
(fail to guide arm to the pellet in G, dislodge pellet in H, drop pellet in 1) on day 10
compared to day 9 for each mouse (vehicle treated in black and CNO treated in maroon,
paired t test).

(J) Quantification of duration of the three different phases of the trial in (F=I) (n = 5 mice).
Phasel: liftoff to establishing contact with the pellet or dislodging the pellet; Phase2:
grasping or manipulation of the pellet; Phase 3: lifting pellet to mouth (paired t test).

Scale bar, 200 um (B and C). Mean = SEM and/or individual values are shown. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not significant. See also Figure S3 and
Videos S1, S2, and S3.
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Figure 4. CeSer-contra Neyrons Are Important for Skilled Locomotor Learning
(A) Experimental strategy for expressing hM4Di specifically in CeS¢e-¢on"a neyrons,

(B) Specificity of viral-labeling strategy. Stitched, Z-projected images are shown.

(C) Similar rate of successful pellet retrievals in a single-pellet retrieval task. Vehicle (n =7
mice) or CNO (n = 6 mice) was delivered throughout the learning/performance phase (days
3-7) of skilled reaching task (two-way ANOVA).

(D and E) Similar performance in beam-walk task. Mice were tested on wide (D) and narrow
(E) beams before (white bars) or after (red bars) CNO delivery, and the time taken to cross a
0.7-m section of the beam was measured (n = 7 mice, paired t test).

(F) Schematic depicting rotarod behavioral testing.

(G) Quantification showing reduced rotarod performance (presented as latency to fall) in
mice treated with CNO (n = 9 mice) (red) on days 1-4 (learning/performance phase) as
compared to vehicle-treated controls (n = 10 mice) (two-way ANOVA).

(H) Similar rotarod performance upon CNO-delivery post-learning. Quantification of latency
to fall in animals treated with vehicle during days 1-3 of rotarod testing, followed by either
vehicle (n =7) or CNO (maroon, n = 8) on day 4, revealed no significant differences
between both groups (two-way ANOVA).

Scale bar, 200 um (B). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n.s., not
significant. Mean = SEM and/or individual values are shown. See also Figure S4.
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Figure 5. CeSCer-contra Neyrons Target Specific Neuronal Populations in Laminae VII and VIII
in the Ventral Horn of the Cervical Spinal Cord

(A) Experimental strategy for visualizing synaptic terminals of CeSe"-contra neyrons.

(B and C) Transverse section through the cervical spinal cord showing the distribution of
synaptic terminals in laminae VII and V111 of the spinal cord (rendered in black in B and
green in C). Higher-magnification image (C'-C”) (single optical slice, ~1 um thick) of a
boxed neuron (C) shows close apposition of synaptic terminals of CeSce"-contra neyrons
(green) and post-synaptic density (PSD95, red) of a spinal neuron.

(D) Quantification of the relative distribution of spinal neurons that receive synaptic input
from CeScer-contra neyrons in laminae VI-X (4-7 sections per mouse were analyzed, n = 3
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mice). (E) Experimental strategy for visualizing CeSCce-contra synaptic contacts onto Enl-
lineage neurons (in En1-Cre; Ail4F/* mice).

(F) Transverse section through the cervical spinal cord showing CeS¢e"-contra synaptic
terminals (green) onto Enl-lineage neurons (red). Higher-magnification image (F") (single
optical section) of a boxed neuron.

(G) Quantification of the percentage of Enl-lineage neurons in laminae V11 and V111 that
receive synaptic input from CeSCer-contra neyrons (4-7 sections per mouse were analyzed, n
= 3 mice).

(H) Experimental strategy for visualizing CeSCcer-contra synaptic contacts onto long
descending propriospinal (LDP) neurons (in Ai14F* mice).

(1) Transverse section through the cervical spinal cord showing CeSCcer-contra synaptic
terminals (green) onto LDP neurons (red). Higher magnification images (1" and 1) (single
optical section) of two individual boxed neurons.

(J) Quantification of the percentage of LDP neurons in laminae VI, VIII, and X that receive
synaptic input from CeSCer-contra neyrons (6-9 sections per mouse were analyzed, n = 4
mice).

(K) Schematic depicting CeScer-contra jnpyts onto segmental \V1-lineage neurons and
intersegmental LDP neurons.

Mean £ SEM and individual values are shown. Rexed laminae are indicated. Stitched, Z-
projected images are shown in (B), (C), (F), and (I). Scale bars, 200 pm (B and C); 5 um (C
"); 100 um (F); 5 um (F”); 100 um (1); 10 um (1" and 1”). See also Figure S5.
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Figure 6. CeSCer-contra Neyrons Target Sources of Major Descending Pathways
Experimental strategy for visualizing CeSe"-contra synaptic terminals (green) against a

background of labeled pre-cervical neurons (red). Coronal sections showing soma of
CeScer-contra neyrons (red and green) in the IntP and fastigial nuclei and synaptic terminals
of CeScer-contra neyrons (green) in the cerebellar cortex (arrows) (A-A"). Coronal sections
showing CeScer-contra tarminals in the region occupied by pre-cervical rubrospinal neurons in
the red nucleus (B); reticulospinal neurons and pontine reticulotegmental nucleus (TRN) in
the pontine reticular formation (C); and reticulospinal neurons in the gigantocellular nucleus

and vestibulospinal neurons in the L\Ve (D).

Fluorescent Nissl stain (blue) was used to delineate the various nuclei. Images are
representative of results from four mice. INRN, intermediate reticular nucleus; LVe, lateral
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vestibular nucleus; MaRN, magnocellular reticular nucleus; mcp, middle cerebellar
peduncle; MVe, medial vestibular nucleus; NTB, nucleus of the trapezoid body; PGRN,
paragigantocellular nucleus; PRP, nucleus prepositus; py, pyramids; SPV, spinal nucleus of
the trigeminal. Scale bars, 100 pm (A); 200 um (B and C); 500 um (D). Stitched, Z-
projected images are shown. See also Figure S6.
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