Chapter 37
Cerebellar Modules and Networks Involved
in Locomotion Control

Carla da Silva Matos*, Maria Fernanda Vinueza Veloz’, Tom J.H. Ruigrok,
and Chris 1. De Zeeuw

Abstract Modern neuroscience is paving the way for new insight into cerebellar
functions including the control of cognitive, autonomic and emotional processes.
Yet, how the cerebellum coordinates basic motor behavior such as locomotion is
still only partly understood. Here, we will review the role of the cerebellum in loco-
motion from the perspective of neuro-anatomical and clinical reports as well as
cell-specific rodent studies. Evidence has been emerging that different modules and
networks exert synergistic roles in the preparation, performance, adaptation and
consolidation of locomotion, highlighting their contribution to interlimb coordina-
tion and the accuracy, efficiency and regularity of locomotion patterns.
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37.1 Introduction

Whereas the cerebellum does not initiate movement, it does facilitate the acquisi-
tion and performance of well-timed, smooth and efficient movements aimed at a
specific target in space and/or proper coordination with respect to other body parts.
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Accordingly, typical signs of cerebellar dysfunction include deficits in the acquisi-
tion and performance of such movements. In the initial stages of mild cerebellar
disease, deficits are predominantly reflected in the inability to adapt the amplitude
and timing of movements to new environmental challenges or to acquire new asso-
ciative motor behaviors. However, when cerebellar degeneration progresses, perfor-
mance deficits emerge, often leading to full-blown ataxia (De Zeeuw et al. 2011).
The name ataxia literally means “without order’” and highlights the robust coordina-
tion deficits of this disorder, while setting it apart from the inability to move (paral-
ysis), a disorder occurring in non-cerebellar diseases such as amyotrophic lateral
sclerosis or stroke of the cerebral motor cortex.

37.2 Modular Organization: Evidence from Neuro-
Anatomical and Clinical Studies

The cerebellar cortex can be divided into distinct functional sagittal zones identified
by their specific afferent and efferent connections (Voogd and Glickstein 1998).
Each zone of cerebellar Purkinje-cells projects to a specific cerebellar or vestibular
nucleus, which in turn inhibits the olivary subnucleus that provides the climbing
fibers to the Purkinje-cells of the corresponding zone (De Zeeuw et al. 2011). These
topographically organized triangular loops are referred to as olivocerebellar
modules.

Lesion studies of the cerebellum or inferior olive in mammals suggest that most,
if not all, modules are involved in locomotion, but probably each in a specific way.
The medial zones of the cerebellum (A, B) regulate posture and balance by control-
ling extensor tone and modulate related rhythmic muscular activity by controlling
spinal interneurons (Mori et al. 1999; Pijpers et al. 2008; Horn et al. 2010). By con-
trast, the intermediate zones (C1 to C3) are more relevant for controlling the trajec-
tory, reflexes, timing and amplitude of limb movements (Chambers and Sprague
1955; Yu and Eidelberg 1983). Finally, the lateral zones (D1 and D2) are important
in the adaptation of locomotion patterns to unusual and complex circumstances,
especially when visual guidance is needed (Thach et al. 1992; Aoki et al. 2013).
Indeed, retrograde transneuronal tracer studies show that multiple modules are
involved in the control of individual hindlimb muscles (Fig. 37.1; Ruigrok et al.
2008).

Clinical studies of cerebellar patients suffering from focal lesions following
stroke or resection of tumors also indicate that all olivocerebellar modules contrib-
ute to locomotion in specific ways. Here, too, lesions in the medial zones affect
balance, posture and undisturbed gait, whereas those in the intermediate and lateral
zones deregulate leg placement and interlimb coordination as well as planning and
gait adaptation to demanding circumstances (Schoch et al. 2006; Morton and
Bastian 2007; Ilg et al. 2008). Moreover, similar to animal studies, lesions affecting
the cerebellar nuclei in humans are more difficult to compensate for than lesions
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Fig. 37.1 Multiple cerebellar modules are involved in the control of single hindlimb muscles. (al,
b1) Injection of the retrogradely and transneuronally transported rabies virus into either the gas-
trocnemius (GC) or anterior tibial (TA) muscles of the rat resulted in zonal labeling of vermal
Purkinje cells after 5 days survival time. (a2, b2) These zones adhered to the zebrin pattern as
demonstrated in a plot of the anterior lobe based on ten superposed double labeled sections. This
enabled identification of the labeled zones. Note that virtually all rabies-labeled cells are zebrin-
negative. Minor differences exist between patterns resulting from GC and TA injections. Yellow
dots, rabies-labeled Purkinje cells; grey dots, zebrin-positive cells; red dots, double labeled cells.
(¢, d) Lengthening the survival time to allow for a single more transsynaptic passage also labeled
Purkinje cells in the paravermis (arrows) and hemispheres (arrowheads). I11, IV, V, vermal lobules,
SL simple lobule; star, injected side; stippled lines indicate approximate lateral border of vermis
and paravermis; scale bar: 500 pm (Adapted from Ruigrok et al. 2008)

affecting solely the cerebellar cortex (Morton and Bastian 2004; Konczak et al.
2005; Schoch et al. 2006). Together, the cerebellar cortex and nuclei may act as an
internal model of the motor apparatus, allowing sensorimotor predictions of body
state in the future following particular motor commands (Wolpert et al. 1995;
Bastian 2006).
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37.3 Network Organization: Evidence from Cell-Specific
Rodent Studies

The cerebellar cortex is a continuous sheet of repeated networks of neurons folded
into folia. Its most remarkable structural feature is the orthogonal arrangement of
many of its cells and afferents. The dendrites and axons of Purkinje-cells, axons of
molecular layer interneurons, ascending axons of granule-cells, dendritic domains
of Golgi-cells as well as the climbing-fibers and Bergmann glia-sheaths are all pre-
dominantly oriented in sagittal planes, whereas the parallel-fibers originating from
the ascending granule cell axons are orthogonally oriented in a medio-lateral direc-
tion (De Zeeuw et al. 2011). In this respect, the mossy-fibers exhibit a somewhat
ambiguous distribution in that they can show sagittally oriented input patterning as
occurs in large parts of the anterior lobe, whereas in other parts they traverse mul-
tiple modules (Gao et al. 2012). Interestingly, the sagittally oriented mossy-fiber
inputs also entail some of the areas involved in locomotion, such as those receiving
input from the spinal cord and dorsal column nuclei (Gerrits et al. 1985).

Purkinje-cells are most critical for operations at the network level of the cerebel-
lar cortex; deleting these cells in rodents leads to irregular and smaller movements
of the limbs just like those of other body parts such as the eyes (De Zeeuw et al.
2011; Vinueza Veloz et al. 2014). Their climbing-fiber input has been suggested to
carry an error signal affecting the strength of their parallel-fiber inputs (Marr 1969;
Albus 1971). With regard to adaptation of locomotion patterns, intrinsic plasticity of
Purkinje-cells and long-term potentiation (LTP), but not long-term depression
(LTD), of the parallel fiber-Purkinje-cell synapse appear to be essential (Schonewille
et al. 2011; Vinueza Veloz et al. 2014). Moreover, processing at the level of the
interneurons in both the granular layer and molecular layer also appears to contrib-
ute to gait patterns, albeit less prominently and predominantly during demanding
tasks (Galliano et al. 2013; Vinueza Veloz et al. 2014). Likewise, electrotonic cou-
pling of neurons in the inferior olive is also critical for fast modification of locomo-
tion reflexes (Van Der Giessen et al. 2008). Thus, although Purkinje-cells and their
potentiation are most critical for generating accurate, efficient, and consistent walk-
ing patterns, their input structures also all play a relevant role; and this role is most
prominent during interlimb coordination and obstacle crossings (Stroobants et al.
2013; Vinueza Veloz et al. 2014). Indeed, the cerebellar networks operate in a dis-
tributed synergistic fashion allowing for ample possibilities of compensation (Gao
et al. 2012).
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